








4.4.2 Market Coupling and Implicit Auctioning

Transmission DK-East - Germany 2007
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Figure 3: Transmission on Kontek compared to price difference between DK-East and Kontek in
2007, after implicit auction and market splitting was implemented. (Data: www.nordpool.com)

Limitations

The road towards a more integrated system goes through a bumpy landscape. The goal of
‘only’ a market coupling of all European markets like the new initiative between Denmark
and Germany needs a lot of adjustment and coordination between market actors, TSOs, power
exchanges, etc. But the experience with EMCC will, hopefully, be a success, and hence, the
first step towards a further integration of the European markets.

The present arrangement only includes day-ahead trade, whereas, monthly and yearly
auctions remains explicit.

Dependence on other measures

Need for the TSO’s and the power exchanges to co-ordinate the auction method. In the
mentioned case this is done by co-ownership of EMCC.

Environmental impact

Business issues
Costs

Patents

Status

Existing installations

At present the trade design between Denmark and Germany is being changed from explicitly
auction to implicitly auction with market coupling for the Western connection, and from

Ecogrid.dk WP4 170



4.4.2 Market Coupling and Implicit Auctioning

implicit auction with market splitting* to implicitly auction with market coupling for the
Eastern connection (illustrated in Figure 4) .

Interconnector DK West -

Germany
NTC: 1200/800-MW- KONTEK (DK East - Germany)
from 1st of February 2007 NTC: 550 MW
1500/950 MW I
Capacity holder: Energinet.dk
Capacity holder: E.ON Vattenfall AB
Netz, Energinet.dk

Vattenfall Europe Transmission,
Currently: annual, Currently: market splitting

thi d dail licit between NPS bidding area East Denmark and
montnly and daily explicl NPS bidding area "KONTEK” in Germany
auctions

Figure 4: Overview of the current interconnections at the German-Danish border. (Source:
Nordpoolspot.com)

Potential development

The implementation of implicit markets does not include monthly and yearly auctions. These
are still open for discussion. The most forward suggestion would be to include them in the
implicit auction method, but some aspects still gives argument for the explicit auction method
for long-term agreements. As an example, Eurelectric finds that it is important to use explicit
auctions for long-term allocations as “it ensures that market participants are able to hedge
their position for their cross-border operations in the long-term for at price fixed beforehand.”
(ERGEG, 2006). This does not only apply for power producers, as the need for more flexible
systems probably rises a need for more investments in transmission capacity.

An issue not handled in the above discussions of implicit auctions is intra-day and balancing
markets, i.e., how are the coupling between these and the transmissions handled. One could
imagine a solution where the coupling company also coordinates reserved transmission
capacities for unbalances in order for those to be optimally allocated as well. ERGEG
suggests several alternatives for acquisition of transmission capacity for balancing purposes
(ERGEG, 2006). One is that the TSOs can acquire the desired amount of capacity through the
day-ahead markets, which secures a market based handling of transmission capacity for
balancing purposes rather than the present bilateral agreement between the TSOs.

Research and development

For the coming period is will be very important to collect and analyse the experience form the
EMCC initiative. This does not only include the coming daily operation data, but also more
on how the process of co-ordination has been so far between the partners in EMCC. This part
is very useful for other regions that wish to copy the EMCC initiative.

! with market splitting (as in the Nord Pool area) the cross-border activities are handled by one single
power exchange, and hence, cross-border flows are determined by the use of price areas.
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Bottlenecks

Other issues

Next steps

A natural next step would be to include more partners in the EMCC, e.g., Sweden, Norway,
the Netherlands, and Poland, which all have cross-border activities with Denmark and/or
Germany. The Netherlands could be of special interest since the Norned cable going from
Norway to the Netherlands are expected to have significant influence on the power flows in
both Denmark and Germany, and since, the Norned cable is planned to be handled through
explicit auctions that could lead to non optimal power flows.
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4.4.3 Full EU Market Coupling

Technical description

Brief description

A full EU market coupling will give the maximum flexibility of cross border trade in Europe.
In principle this would allow the markets from Gibraltar to Nordcap to be coupled, and
thereby create a large buffer that can smooth out fluctuations in the power system. Market
coupling with cross border trade and exchange of power can help smoothing out fluctuations
in inland supply and demand. Market coupling gives a simultaneously allocation of energy
and capacity. l.e., market-coupling integrates the energy and transmission capacity markets
and ensures that flows of electricity go in the right direction, i.e. from the low to the high
price areas.

Title Full EU Market Coupling

Type of market Physical market
Day-ahead market/ Hour-ahead market / Capacity
auctions /

Generation or demand Import/export

Transmission or distribution Transmission

Scale 150 kV, 220 kV, 400kV network level

Supporting systems and procedures

Main players TSO and market actors

Impact

Benefits (and drawbacks/limitations) to power system
Smoothing out fluctuations in inland supply and demand at the transmission network level.

Dependence on other measures
Well functioning markets and co-operation between the system operators. This includes clear
market signals of prices and electricity trade.

Environmental impact

There are no direct environmental issues. However, smoothing out fluctuations may decrease
the use of emitting peak load capacity and thereby decrease the environmental impact of the
power system. Do to the potential large amount of energy that can be smoothed up by trade,
the corresponding environmental impact is huge.
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Business issues
Costs

Manufacturers
Agreements between the TSO’s and power exchanges in different countries. ETSO,
EuroPEX, Eurelectric and European Market Coupling Company (EMCC)

Patents

Status

Existing installations (examples if available)
There exist several regional incentives towards market coupling. Examples are:

o0 Denmark — Germany (EMCC)
Daily cross-border capacity trade between by implicit auction. The partners involve
are Nord Pool Spot, EEX, E.ON Netz and Vattenfall Europe Transmission. The see
description in other impact report.

o France — Belgium — Holland, TriLateral Coupling (TLC)
Launched on 21 November 2006 Trilateral Market Coupling was the first coupling of
separate, independent exchanges in Europe. The six parties involve are RTE,
Powernext, Elia, Belpex, TenneT and APX.

0 Holland — Norway (NordNed)
The NorNed-cable will be an interconnection between The Netherlands and Norway.
The license is given on the condition that the flow shall be decided based on implicit
auction. This will be handled by the power exchanges APX and NordPool and the
TSOs Statnett and TenneT. The final design of the auction has not jet been found.
One of the discussed solutions is the Multi Market Coupling (MMC) which
involves integration of many markets with a diverse set of local situations and
requirements.

o0 lberia; Spain — Portugal — Marocco

0 Span - France

Since 2000 several organisations and other actors have been discussing a full EU market
coupling. The Electricity Regulatory Forum in Firenze has had the subject on the agenda
several times. The discussions have resulted in several proposals. European Transmission
System Operators (ETSO) and Association of European Power Exchanges (EuroPEX) has
presented a model, which is often referred to in the discussions. However several other
models exist.

For day-ahead, a number of market-based solutions for handling congestion at the
interconnections between markets are feasible (Eurelectric, 2005):

Flow-based market-coupling (FMC) as proposed by ETSO and Europex

In the proposal for flow-based market-coupling, the day-ahead allocation of capacity is done
on power exchanges, via implicit auctions. This can co-exist with physical transmission rights
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assigned for the month or year-ahead. In addition to this, flow factors calculated by the TSOs
are used to represent the physical parallel flows that result from the scheduled commercial
flows. This modelling allows optimal use of the physical capacities on the interconnectors
concerned.

Open market-coupling (OMC) as suggested by EEX

The open market-coupling proposal requires the creation of a central auction office to
centralise information, assign capacities and perform settlements. All market based methods
for capacity allocation can be used with this model, i.e. explicit auctions, implicit auctions or
even FMC. An example of an OMC is European Market Coupling Company (EMCC) that
will coordinate the market coupling between Denmark and Germany from June 2008.

Market-splitting as done on Nord Pool

Market-splitting on the Nord Pool regional power exchange is currently applied for the day-
ahead allocation of capacity on the borders between Norway, Sweden, Denmark and Finland,
where the market rules are uniform throughout the area. Market splitting results in different
price areas when there are congestions between the areas.

Potential development

The Nord Pool market splitting idea requires a harmonisation of the institutional set-up if the
different power exchanges in Europe. This is not likely to happen in the near future, but could
be a target in the long-run.

Therefore, it is likely that one of the two market coupling models (FMC and OMC) will be
the preferred goal in the future. However, several actors are working for hybrid models,
where explicit capacity auctions can co-exist together with a EU-wide market coupling.

The speed of the process is partly a political decision. Eurectric calls for a rapid move to
market-based allocation methods on all EU interconnectors as a way to increase efficiency in
capacity allocation (Eurelectric, 2005).

Research and development
There is a need for analyses of market designs and different designs of auctions and what the
different designs implies for the flexibility of the systems.

On the technologic side there is a need to develop market coupling mechanisms, system
analysis and transmission modelsm and TSO actions to ensure firmness of cross border
commercial exchanges.

On the regulatory side, there is a need to coordinate regulatory and contractual matters.

On the EU - national level, there is a need to ensure compatible regional development.

Bottlenecks

Different grid codes and market rules have been created in the different countries. These are
often based on the fuel mix or political priorities in the individual countries. E.g. rules at Nord
Pool are based on Samkjgringen (co-ordination) of water based regions in Norway from the
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late 1980’ies. Other power exchanges in Europe have rules which are designed for thermal
based power and closed borders.

Agreement on a common structure for market coupling will require a certain coordination of
the rules (the degree depends on the model chosen). Though the FMC is a manageable
solution with minimum harmonisation requirements, it might be a challenge to get an
agreement between the different countries.

Other issues
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4.5 Ancillary services markets

Technical description

Main issues

Title Ancillary services markets

Type of market Physical market

Generation or demand Generation

Transmission or distribution Transmission / Distribution

Scale

Supporting systems and procedures Metering (instantaneous power, reactive power)
Main players power producers

Brief description

A brief definition of ancillary services is given in Stoft [1]: The system operator must keep the
system in balance, keep the voltage at the right level, and restart the system when it suffers a
complete collapse. The system operator carries out these basic functions by purchasing what are
called “ancillary services”.

With this definition, Stoft suggests to group the ancillary services as follows:
1. Real-power balancing (frequency stability)
2. Voltage stability (for customers)
3. Transmission security
4. Economic dispatch
5. Financial trade enforcements
6. Black start

The idea of a market for ancillary services as a new measure is to activate other costumers than the
central power plants to provide the necessary ancillary services. From this point of view, the main
focus is on the ancillary services 1 and 2, but also 6 can be considered. The costumers that can
participate in an ancillary service market are first of all the remaining central power plants and the
decentralised power plants including wind power plants. But also the demand side can participate,
especially in the real-power balancing.

Energinet.dk defines ancillary servicses as “the joint name for various services to which TSOs

require access in the operating phase in order to maintain the safe and stable operation of the
electricity system” [2]. Power balancing / reserves is the main focus, but it will also be necessary
to ensure reactive power and black start capability to be able to phase out central power plants.

Impact

Benefits (and drawbacks/limitations) to power system

The idea of a market for ancillary services is to avoid the dependency on central power plants. or
on any specific type of power plants. If the distributed generation can supply the ancillary
services, there would be less need to run central power plants in times with high wind speeds / low
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market prices just. It the wind power can contribute to the ancillary services, it can reduce the need
for other generation including decentralised CHPs in periods where there is sufficient wind to
supply the system. In that sense, a real time market is optimal, but there is a trade off between
market horizon and costs.

Dependence on other measures

There is a need for additional metering. Stoft [1] states (on page 21) that “it is possible, though
expensive, to measure reactive power by individual customers”. Reactive power should be
considered when investing in new meters to support demand side response.

The present measure is also linked to the demand response measures.

Environmental impact

Business issues

Status

Existing installations (examples if available)
Place Time | Capacity | Function Manufacturer | Ref
Denmark | 2007 Daily market for ancillary services [2]

Potential development

Real time markets for reserves and reactive power could ultimately phase out the dependency
on having specific types of generators online.

Research and development

Bottlenecks
Other issues

References
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4.6.1 Demand response — hourly prices

Technical description

Main issues
Title Demand response — hourly prices
Type of market Physical market
Generation or demand Demand
Transmission or distribution Distribution
Scale <10 kKW
Supporting systems and procedures Interval meters needed
Main players End-users, retailers, TSO

Brief description

Demand response is the voluntarily adjustment of electricity demand as reaction to a price
signal. E.g. delaying demand in hours with high prices. End-users with an interval meter can
already today sign up for a spot price type of tariff and adjust demand to hourly prices.

A spot price (day-ahead) is one relevant type of tariff, others are Critical Peak Pricing (CPP: a
type of time-of-use tariff where a high price can be announced when needed), or time-of-use
tariff (TOU: tariffs with a fixed time structure, e.g. day and night and often combined with a
seasonal structure). In some countries pricing of maximum demand (effect) is also in use.
Direct load control can also be considered as voluntary if the end-user allows a third party to
control selected equipment (e.g. air condition, or electric heating).

Impact

Demand response can increase the demand in hours with low prices and reduce demand in
hours with high prices. How this is done in practise can vary a lot, but often the change in
demand is in the short time scale, e.g. delaying a demand for 1 to 3 hours. The impact can be
pictured as short term electricity storage.

Demand response can also act by substituting energy source. In such case demand response in
not only delaying the demand bur can remove the electricity demand completely or introduce
new electricity demand, e.g. in the form of dump load in relation to low prices.

Benefits to power system

A higher degree of demand response than is known today can benefit the power system and
the electricity market in many ways:

¢ Avoid investment in peak power plants with limited hours of operation.
e Improved utilisation of transmission lines (more hour with full use of capacity)

e Improved competition in electricity market (including reduced misuse of market
power)

e Improved integration of wind power

These benefits are closely related to the “electricity storage” function of demand response.

Dependence on other measures

Demand response can be practised today by all end-users with en interval meter. All large
end-users (>100.000 kWh/year) has an interval meter and can choose to buy electricity at a
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hourly price. Many small end-users have or will have advanced meters (in 2008 plan for new
meters covers 46% of all users). These will in must cases be able to record and transmit
hourly electricity demand.

The current incentive for demand response is limited. The variation in the spot prices is low.
This is partly because of the high share of hydro power in the Nordic system.

When using a spot price type of tariff the user is removed from the profiling system. The
profiling system divides the hourly demand in an area to all end-users without interval meters.
Leaving the profiling system is a benefit for some and not for others.

Business issues

Costs

Interval meters will eventually be installed to measure electricity demand for all users. The
typical cost is in the order of 1.000 DKK per unit including all costs.

Also communication lines will be installed in all houses.

Many arguments indicate that demand response should be according to individual
preferences, but should be automatised. The cost of such equipment can be critical if it is only
used for demand response (e.g. in the order of 5-10.000 DKK), however if multiple purposes
can be found (e.g. security or entertainment) the investment can be shared by the different
purposes.

Status

Existing installations

All Danish end-users with an interval meter can buy electricity with hourly price, e.g. with a
spot price. All users with a yearly demand above 100.000 kWh have an interval meter.
Current level of demand response in Denmark is very limited. Examples of demand response
exits in metal industry and demonstration projects have taken place in a cold store, a malt
house, a water facility, greenhouses and shops.

Estimated  potential ~ for Potential (excl. electric Electric heating

demand response heating)

Residential 100 MW 187 MW

Commercial, service and 385 MW 270 MW

industry

Backup-generation 300 MW -

Total 785 487
1.242

Source: [14, 17, 19]

Spot prices in Denmark are less volatile then those in Germany, but more volatile than in the
other Nordic countries.
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Research and development

Title Country Grant Year
EFFLOCOM (24 houses with electric heating) | DK Elkraft, 2003-
Eltra 2004
Demand response with electric heating DK PSO 2006-
2009
Priselastisk elforbrug som reservekraft — et | DK PSO 2006-
demonstrationsprojekt i gartneribranchen. DEG 2008
Green Team
Priselastisk elforbrug og elproduktion i | DK PSO 2006-
industrien. Dansk Energi Analyse A/S 2008
4,00 4
3,75 1
3,50 {
3,25 {

kr/kWh

3,00 9
2,751
2,50 1
2,25 1
2,00 1
1,75 1
1,50 1
1,00

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 1S 16 17 18 19 20 21 22 23
Time

Example of e-mail informing test households about hourly prices for the next day. Colours are
used to highlight high and low prices. The tariff is a spot price for energy added to a constant
payment per kWh for transmission and distribution and taxes.

Bottlenecks

Demand response can be practised today by all costumers with an interval meter. The little
use of demand response is related with the limits economic incentive as well as limited
interest from the retailers of electricity.

For small costumers the investment in a new meter can be an obstacle. For small costumers
with a interval meters the grid company must be interested in delivering interval data and the
end-users must in must cases invest in automation equipment. Examples of automation
equipment exist but are still quite expensive.

Dynamic prices for losses, nodal pricing and time varying taxes would increase the incentive
for demand response.
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4.6.2 Demand as Frequency Controlled
Reserve

Technical description

Main issues
Title Demand as frequency controlled reserve
Type of market Ancillary service market
Generation or demand Demand
Transmission or distribution Distribution
Scale individually small in capacity but large when

aggregated

Supporting systems and procedures with/out communications for monitoring and
business purposes; either market or regulation can
be used for business model;

Main players TSO, electricity end-users

Brief description

Demand as frequency controlled reserve is a technology that controls electricity demands in
response to frequency signal to provide reserves to power systems, including continuous
primary control reserve and fast disturbance reserve [1] [2] [3]. This technology utilizes
frequency as the control signal that is universal in power systems and can be measured using a
simple electronic circuit. The demands of interest for this technology include those from both
industrial and domestic sectors, such as aluminium smelters, refrigerators and electric heaters
[1] [2]. For monitoring or business purposes, the DFR can be implemented with or without
communication system [2].

Impact

Benefits (and drawbacks/limitations) to power system

The DFR makes use of available recourses inside power system therefore reducing the need
of extra generation capacity (for power balance control) and greenhouse emission
accordingly. The r DFR is well distributed in low voltage network and thus no transmission
congestion will be incurred when activated. Most importantly, the DFR will facilitate further
integration of fluctuating renew energy into power systems. Besides, DFR will enable demand
side participation into ancillary services business, thus contributing to realize full deregulation
of power systems.

Not all demands are compatible with the technology. Thermostatically controlled loads are
most appropriate for the DFR. With proper design, DFR can provide both up and down
regulation services to the grid [1] [3]. The technology may but not necessarily lead to extra
wear outs to the electric appliances [3].

Dependence on other measures

Extra investment may be needed for accurate monitoring for DFR. This monitor of DFR relies
on using advanced information and communication technology, or statistical sampling
method [2].

Ecogrid.dk WP4 183



4.6.2 Demand as Frequency Controlled Reserve

Environmental impact
No pollution for using DFR itself.

With DFR the need for frequency reserve from conventional resources will be reduced.
Thereby the efficiency of the operation of conventional power plants will be improved and the
environmental impact will be reduced.

Business issues

Costs
Is it possible to give some idea about costs.
Issue Value Ref
Specific investment (M€/MW) lower than traditional reserve, [2]
e.g. 20 Euro/kw
Availability (%) Very close to 100 % for large
population of DFR
Technical lifetime (years) Life time of appliances e.g. 10 [2]
years
Construction time (years) 0
Fixed O&M (€/MW/year) 0
Variable O&M (€/MWh) 0
Manufacturers
no
Patents

Donnelly et al., “Electrical appliance energy consumption control methods and electrical
energy consumption systems’, United States Patent 7,010,363, March, 2006 [4]
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4.6.2 Demand as Frequency Controlled Reserve

Existing installations (examples if available)

New consumer appliances e.g. heaters and refrigerators can be manufactured with DFR
function embedded, and existing appliances can be retrofitted to have DFR function. No large
scale implementation of the technology is currently available, but several relevant
demonstration projects have been run or under planning, e.g. Long Island Power Authority
LIPAedge responsive load pilot project [5], Pacific Northwest National Laboratory (PNNL)
Girdwise™ Northwest Demonstration Project in US [6] [7], and Danish PSO project on DFR
Phase II: Practical demonstration [1-3] [8].

Place Time | Capacity Function Manufacturer Ref
US Long | 2003 Totally 234000 residential and Carrier Corporation | [5]
island 24.9 MW small commercial air- developed the
reserve conditioners, retrofitted ComfortChoice™
realized with ComfortChoice™ thermostat for
thermostats responsive air-
conditioners
uUs 2005- | Total Clothes dryers in 150 PNNL with [6]
Olympic | 2006 reserve homes and water heaters industrial partners [7]
Peninsula, achieved in 50 homes
Washingt <1 MW
on
Denmark | To Total about 200 appliances, CET with industrial | [8]
including | start reserve including electric water partners from Ea
Bornholm | from achieved heaters and electric boilers | Analyses, Danfoss
late <1 MW etc. Heating, Vestfrost.
2008 gskraft
Potential development
a) Large customers (>100.000 kwWh), e.g. aluminium smelters [9], waste water
processing plant
b) Small customers, household appliances refrigerators, freezers, electric water and
space heaters, tumble driers, dish washers, and ovens etc.
Research and development
Title Country Grant Year
Gird Friendly and GridWise program us US DOE Grant | From 2003
LIPAedge program UsS US LIPA Grant | From 2002
Danish DFR project Phases | and 11 DK Danish PSO From 2006
Grant
Dynamic Load [10-12] UK Since 2004

Bottlenecks

In general, the utility’s acceptance of such services could be an obstacle in relation to
effective monitoring of the service. This may be resolved with the development of ICT.
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Other issues
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4.6.3 Demand response — customer
equipment

Technical description

Main issues
Title Customer equipment for demand response
Type of market Physical market
Generation or demand Both
Transmission or distribution Both
Scale Small
Supporting systems and procedures Interval meters, communication needs according to
actual market (e.g. spot or ancillary)
Main players Customers, DNO/TSQO, power retailers

Brief description

A physical system enabling customers to take advantage of fluctuating power prices by
changing between different heat supply regimes based on fuel and/or electricity.

An example for “domestic” use is shown below, where the original boiler is supplemented by
a small heat-pump and two small cylinders for heat storage, one of which is equipped with an
electric heater. For larger installations a micro-chp can be added in parallel with the boiler.

Heat can be provided from component or combination of components.

@ @ Flow

High temp.
Storrage
(50 1)

Elec. heater Hot tap water

-

]

Low temp.
Storrage
Heat (50 1)

pump

Return

The system is governed by a control system choosing the most attractive producer or
combination of producers based on electricity and fuel prices.
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As the example below shows, the relative attractiveness of the different heat sources changes
constantly.

DK1*, Samfundsmaessige forbrugerpriser, varme

600,00

500,00 - ”

400,00 -

300,00 -

gre/kWh

200,00 -

100,00 -

0,00

JMHHHFMMHFMMHFMHHHFMHHHFHMHFMMHFMHHH

26-09-2007 | 27-09-2007 | 28-09-2007 | 29-09-2007 | 30-09-2007 | 01-10-2007 | 02-10-2007 | 03-10-2007

‘—Realpris el =—=Kedelvarme ===Varmepumpe ‘

And the systems choice of heat producer changes accordingly
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Impact

Benefits (and drawbacks/limitations) to power system

Heat demand constitutes a very substantial part of the total energy demand. Response based
on usefull heat has an equally substantial potential as it only limited by total heat demand
(summer less, winter more) and is free of the time-limitations normally associated with
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“customer response”. It is capable of absorbing — and increasing the value of — huge injections
of renewable production, e.g. wind-power, and do this with great predictability because of the
very high number of individual systems.

The physical components are characterised by extreme response capability, as shifting from
one regime to another will last from less than a second to a few seconds. For that reason, the
utilisation of this potential for power balancing is solely decided by the quality of metering,
communication systems and general system intelligence. The scope can be framed by two
extremes: with “low resolution” being simple response to “spot” prices (one message/day, one
hour interval meters), and “high resolution” being in-time balancing, which will call for a
different control regime with embedded intelligence and online communication.

Ultimately, such systems can be used to achieve a desired balance in any system/network/part
of network down to the individual installation, thus keeping the utilisation of transmission
systems and networks at optimum and the need for back-up power at a minimum. It should,
however, be appreciated that even the most simple “spot-response” will provide very
substantial socioeconomic benefits by economically optimised integration of different energy
resources .

The system is open to the inclusion of new elements as they may appear (e.g. hybrid cars)

Seen from the supply network, the consequence of the system’s function is an “added
consumption profile”, which happens to be a mirror image of network electricity price. This is
a very attractive function as high price reflect shortage of capacity, while very low price
reflects “excess production”.

DK1*, Flex-system
Elprofil til varmeproduktion (Smf)
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Dependence on other measures

Meters & communication. Ideally, it would be nice if somebody could come up with a “petrol
pump” type meter capable of:

- Receiving an in-time price,

- passing this price on to customer equipment

- and counting money as well as Wh’s.

None of which should overstretch anybody’s imagination.

Environmental impact

Substantial reductions in the use of fuels, emissions of greenhouse gasses, particulates etc. by
increased ability to absorb and optimise the utilisation of fluctuating injections from
renewable sources, thus enabling very high shares of e.g. wind-power in the total energy

supply.
Business issues

Costs

Ordinary off-the-shelf —products (except micro-chp), at least one element present in any
heating system.

Customer price indications:
- Water cylinder with electric heater: 100€/kWe
- Small heat pump: 1.000€/kWe

Manufacturers
Products available from innumerable manufactures in the heating business

Patents

Status

Existing installations (examples if available)

At least EC Power has installed a substantial number of systems with micro-chp, heat-
pump(s), boiler & electric heaters from 1998 onwards.

In the absence of real-time prices, these systems have been operating on assumed fixed-price
relations.

We are just now changing the system to work on “NordPool spot” —based prices for one
customer.

Potential development

For system function: Unlimited. The ultimate high resolution, in-time balancing scenario is
best described as an all-including, totally fluid “organic” energy supply system. Less will do
for a while.

For customer equipment: The new competition across traditional energy boundaries will bring
more efficiency, lower prices and new products, partly by tougher competition in general,
partly by introducing new producers. E.g. the car industry, where extreme competence and
capacity in research, development & manufacture is very likely to revolutionise the price level
on (and quality of!) power production equipment, in particular micro.
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Research and development
Ongoing at EC Power, others??

Bottlenecks

Lack of networks with appropriate meters & communication, lack of demonstration project of
relevant size.

Other issues
References

Contact(s)
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5. Control and IT measures
The control and IT measures work package focused on the following tasks and measures:
- Communication: IEC 61850 and 61400-25 standards;
- Protection: multi-agent based wide-area protection system;
- Interactive meters: Energy Flow Control (EFC);
- Wind farm control:
0 Active power control
0 Reactive power control
0 Low Voltage Ride Through
o0 Grid synchronization and Monitoring,
0 Black start support,
o HVDC connection,
o Island operation support,
o Optimal production control,
0 Overload capability,
o Virtual inertia ;
- Fluctuation forecasts:
0 Wind Power Point Forecasting;
0 Wind Power Forecast Uncertainty,
0 Load Forecasting,
- Micro production power control: Local Grid Support;
- PMUs;
- State estimation : Real time state estimator;
- Dynamic Transmission Line Rating Systems;
- Virtual Power Plant based on Emergency Generation Assets.

The above control and IT measures are considered very important tools for dealing with ever changing
and rapidly growing energy market combined with increasing renewable energy capacity, which
makes monitoring, control and easy communication between different systems very important. A basic
requirement for easy communication between different systems requires that communication is vendor
independent, which can be guaranteed by standards like IEC 61850 and 61400-25.

A phasor measurement unit (PMU) is a device that provides synchronized measurements of real-time
phasors of voltages and currents along with a measurement of the frequency. PMUs provide new
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opportunities for power system operation and control and possible applications for Denmark should be
investigated.

Figure 1 shows a schematic overview over both existing and potential applications of PMUs. All of
them are very important applications for the future power system operation in Denmark.

Frequency Stabillity - Ear!y_ Warning/_ Detection }7 Islanding Detection
Instability Prediction
Angle Stability Detect!on of El_ecu_'o-
mechanical Oscillations

Voltage Stability

Event Detection,
Disturbance Loacationing

Robust Fault Analysis

System Monitoring & —
Overload Monitoring

Frequency Corrective

Control Wide Area Control —

Wide Area PSS Thermal Monitoring
Congestion Management State Estimation
& re-dispatch
Contingency Analysis
var Optimisation

Offline Analysis

‘ Wide Area Protection &
‘ Out of Step Protection ‘ Special Protection Schemes Adaptive Protection

Figure 1: Schematic view over both existing and potential applications of PMU data.

Post Disturbance Analysis

Model Validation and
Calibration

I
}

With increasing penetration levels of wind power and micro generation in Denmark, wind farms as
well as micro-generation such as solar panel (photovoltaics), micro wind turbines, fuel-cells, micro
CHP based on gas-turbines with an istalled power < 10 kW will have to become more active in
supporting power system operation and control. It is expected that new features for wind farms and
micro generation will play a significant role in a power system with large wind share. For wind farms
such new possible features are grid synchronization, black start support, island operation support,
virtual inertia and production control. It is recommended that those technical options are further
investigated and possible coordination of these measures are investigated. A similar recommendation
can be give to further R&D projects related to wind forecasting systems as well as load forecasting
systems and possible improvements of the relevant weather forecasting tools.

Another measure that will play a significant role in the future is the Energy Flow Control (EFC),
which has the functionality not only to measure electricity, gas, water or other energy sources, but also
to optimize the usage of the energy sources, see also Figure 2 for an overview of the concept. It is
recommended that the possible role of EFC in the future power system is further evaluated.
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Figure 2 Principle of Energy Flow Control

5. Control and IT measures

Finally, Virtual Power Plant (VPP) based on emergency generation assets as well as dynamic
transmission line rating systems have been investigated. The VPP based on emergency generation
assets would be used as reserves in case of power system emergency situations and has a significant
potential in Denmark. It would follow a VPP design similar to brief outline discussed in work package
2. The dynamic transmission line rating is also a very promising measure to increase the transmission
capacity; however, it seems Energinet.dk is already considering outside temperature and wind speed
when determining transmission capacity, hence the benefits might not be as large as in other countries.
It is, however, recommended that the benefits of a dynamic transmission line rating are evaluated

compared to the existing approach used by Energinet.dk

Ecogrid.dk WP4

194



5.1 Communication standards IEC 61850 and IEC 61400-25

5.1 Communication standards IEC 61850 and
IEC 61400-25

Technical description

This technical description will give an introduction to 61850 and 61400-25 standards. These are
the state of the art within communication networks and systems in substations and wind power
plants. A short introduction to security issues is also given as the standards are developed to
operate in a distributed system which may have to operate in insecure environments such as the
internet.

Brief description of 61850.

Substation automation is essential in order to maintain an efficient and reliable electrical
infrastructure. The IEC 61850 standard is developed to make this automation interoperable and
cost-efficient. The general title of the IEC 61850 standard is Communication networks and
systems in substations [1]. The standard consists of the following parts:

- [EC61850-1 Introduction and overview.

- IEC61850-2 Glossary.
Explains terms and abbreviations used throughout the standard

- IEC61850-3 General requirements.
Specifies system requirements with emphasis on the quality requirements of
the communication network.

- IEC61850-4 System and project management.
Specifies system and project management regarding the engineering process
life cycle of overall system and the integrated developers environments, and the
quality assurance.

- IEC61850-5 Communication requirements for function and device models.
Describes all required functions in order to identify communication requirements
between the technical services and the substation, and between the integrated developers
environments within the substation. The goal is interoperability for all interactions.

- IEC61850-6 Substation automation system configuration description language.
Specifies the system configuration description language file format for describing
communication related integrated developers environments parameters communication
system configurations, function structures, and the relations between them. The purpose
is to exchange integrated developers environments capability description, and
substation automation system descriptions between the integrated developers
environments’ engineering tools and different system engineering tools.

- IEC61850-7 Basic communication structure for substation and feeder equipment:
IEC61850-7-1 Principles and models.

Introduces modelling methods, communication principles and information models
used in IEC61850-7. Also, detailed requirements and explanations are given regarding
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the relation between IEC61850-7 and the requirements from IEC51850-5.
IEC61850-7-2 Abstract communication service interface.

Presents the abstract communication service interface providing abstract interfaces
describing the communications between a client and a remote server, such as interfaces
for data access and retrieval, device control, event reporting and logging.

IEC61850-7-3 Common data classes.

Specifies common attribute types and common data classes related to substation
applications. The common data classes specified, are for instance, classes for status
information, measured information, controllable status information, controllable
analogue set point information, status settings and analogue settings.

IEC61850-7-4 Compatible logical node classes and data classes.
Specifies the compatible logical node names and data names for communication
Between integrated developers environments.

IEC61850-8 Specific communication service mapping.

IEC61850-8-1 Mapping to Manufacturing Message Specification (ISO/IEC 9506
Part 1 and Part 2).

Specifies how time-critical and non-time-critical data may be exchanged through
local area networks by mapping abstract communication service interface to
Manufacturing Message Specification

IEC61850-9 Specific communication service mapping.

IEC61850-9-1 Serial undirectional multidrop point to point link.

Specifies the specific communication service mappings for the communication
between bay and process level and a mapping of the abstract service for the
transmission of sampled values. These are specified on a serial unidirectional
multi drop point to point link.

IEC61850-9-2 Mapping on a IEEE 802.3 based process.
Defines the Specific Communication Service Mapping for the transmission of sampled
values according to the abstract specification in IEC61850-7-2.

IEC61850-10 Conformance testing.
Specifies how a substation automation system should be tested to ensure conformance
with the IEC61850 standard.

Brief description of 61400-25.

The IEC 61400-25 series is a specialized version of defining and standardizing a unified
communication for monitoring and controlling wind power plants. One aim is to enable systems
from different vendors to mutually communicate.

The IEC 61400-25 series is an extension of the previous IEC 61850 series of standards, which in
general defines communication networks and systems in substations. IEC 61400-25 does not
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simply replicate IEC 61850 but reuses the definitions which in general apply to all power systems
[1, 2].

The standardization expands over the information modelling of the target system and the
communication protocol for communicating the data encapsulated in the information model. As a
result of this approach, the standard addresses the domain by separating it into three main
categories of interest which together encompass all the important aspects of the communication
and control of wind power plants. The different main categories are as follows [3, 6, 9]:

-Part25-1  Overview and general principles.

- Part 25-2 Information model.

- Part 25-3 Information exchange model.

- Part 25-4 Mapping to communication profile.
-Part 25-5  Conformance testing.

Security issues in 61400-25-3

IEC 61400-25-3 defines the security aspects for the standard and how to solve it in general, but
how it is handled specifically is completely up to the individual supplier.

One supplier might simply use a secure line, and therefore remove any security aspects of the
service itself, while another might want to use a public ISP where the service related traffic must
be secured by the service itself. This calls for a solution where security is built on top of the
communication as a separate layer in a modular fashion easy to add, remove or change on
demand

In TC 57 [4] a proposal has been presented in which a security model has been suggested.

Another aspect of security is access control. Access control has the duty of ensuring that only
authorized individuals can gain access to the data. How and what the security includes is defined
by the service mappings (SCSM). In IEC 61400-25 the minimum requirement for access control
is only defined as the need for supplying a valid username and password to gain access. This
ensures that only people with a valid password can gain access to the system. Different users
might have the rights to perform different actions.

Impact

Benefits with use of 61850 standard.

The IEC 61850 standard has a number of benefits compared to previous standards, often referred
to as legacy standards. These can be described as artefacts of the eighties’ - the time in which
many of them were developed.

The communication protocols of these legacy standards were developed for serial link technology
and were later adapted to run over TCP/IP-Ethernet [5]. From the start, one of the objectives of
the legacy protocols was to account for bandwidth limitations by minimizing the number of bytes
sent. Many of these protocols were proprietary and thus communication between devices from
different vendors was not always possible.

From the start, the IEC 61850 standard was designed to operate over modern networking

technologies. Interoperability is ensured by the standard and many features
are included which would be impossible to include using previous standards.
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Compared to legacy standards, a few of the specific benefits of the IEC 61850 standard
include the following features:

- Every element of data is named using descriptive strings whereas legacy protocols
often use storage location and register numbers to identify data.

- The communication protocol supports:
- Generic Object Oriented Substation Event ( GOOSE) which is an abstract data
model mapping in the communications.
- Generic Substation Status Event ( GSSE ).
- Sampled Measured Values (SMV ).
- Many other services not supported in legacy protocols.

- The standard includes a Standardized Configuration Language (SCL) for substations
which uses Extensible Mark-up Language ( XML ), which is a widely used mark-up
language which facilitates sharing of structured data across platforms, typically over the
Internet. XML files are used for the configuration of a device and removes ambiguity
issues in previous standards.

Benefits with use of 61400-25 standard.

Wind power plants have over the years steadily gained a bigger and more dominant position in
the power generation industry. Each vendor has their proprietary solutions of controlling and
monitoring the products supplied.

In today’s ever changing and rapidly growing energy market, monitoring and easy
communication between different systems, are essential. Through this communication the current
state of the individual wind plant can be controlled and monitored when required, and counter
measurements can be enforced if needed, in order to meet the changing demand for energy and to
maintain the stability of the distribution system. It is vital that the overall dispatching systems are
able to control the energy generation from a wind farm on demand in order to meet the
fluctuations in the energy consumption. A common way to achieve this is a vendor independent
approach.

As the complexity of the power distribution network increases, methods for efficient analysis,
monitoring and coordination of the network control become essential. This in turn requires a
highly efficient and dynamic control strategy for the power system network. Several
organizations have addressed this issue in manners where the main objective has been to develop
communication standards for interconnecting electric power generation systems.

The project team behind 61400- 25 standard has been formed by various members from many
companies e.g. Vattenfall, Energi E2, Hydro Tasmania, Statkraft, Vestas Wind Systems, GE
Wind Energy, Siemens Wind Power, Schwarz Consulting Company, Garrad-Hassan, natcon?,
ECN Wind Energy, kk-electronic, SecondWind, EnerNex, KC Associates, Ecotecnia, Robotiker,
Ingeteam and Q-Technology. The following companies have been represented in the team during
the working period: Enercon, Nordex, RePower and Gamesa.
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Dependence on other measures

Business issues

Costs

Manufacturers

Patents

Existing installations (examples if available)
Potential development

Research and development

Bottlenecks

Other issues

Since the standards are being developed in a distributed system which may have to operate in
insecure environments such as the Internet there are a number of security issues which have to be
considered. Since it is impossible to ensure that the physical connection is not being tapped it
must be assumed that all traffic can be recorded by another party. The traffic can subsequently be
analyzed and replayed at a later stage or even be altered. Moreover it is hard to be certain that the
party at the other end of the communication channel is really the party with whom the
communication is intended to be performed.

It is important to look at security both in the backend integration and in the communication
between the client and the substation or wind plant. In many cases sensitive data might be
replicated in local databases or on devices which makes this a potential point of entry for hackers.
As the old saying goes: “the system is only as strong as its weakest link”. It is important that the
final solution anticipates all potential security breaches and that security is considered in all
phases of the development to ensure a secure result. An overview of the possible threats should be
presented in a threat modelling document which is not a part of the standards.
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5.2 Description of a multi-agent based wide-
area protection system

Development of protection technologies

The majority of the protection principles were developed within the first 3 decades of the
last century which can be found in Fig.1.

B In the late 1960's, Rockefeller proposed the application of a centralized substation
protection system based on a centralized computer system

B In the late 1970's, research into non-power system frequency fault detection techniques
to increase the speed of the relay response

B In the 1980s and 90s, new means to advance power system protection, specially
‘Adaptive Protection’ and the Artificial Intelligent (Al) based protection techniques.

B In recent years, high frequency transients, new protection principles and techniques,
growth in signal processing power, modern communication technology [1]
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Fig.1. History of relay development [1]

However, the power system become more complex to operate and to control, and thus more
vulnerable to a disturbance. Therefore, the protective system will meet more and more
problems and challenges:

B Most of the protective system designs are centered around individual components.

B System-wide disturbances in power systems are becoming a frequent and challenging
problem.

B The occurrence of major disturbances in power systems requires coordinated protection
and control actions to stop the system degradation, restore the normal state, and
minimize the impact of the disturbance

B Local protection systems are often not capable of protecting the overall system

On the other hand, the development in communication and measurement accelerates the

occurrence and applications of wide-area protection, a kind of advanced protections based on
wide-area measurements.
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Multi-agent and wide-area measurement

Multi-agent

With the application of DAI (distributed artificial intelligence) in power system, the
protection system based on MAS (Multi-agent system) can improve performances of existing
protection. An agents can operate continuously and spontaneously to implement a series of
computing entity or program by itself according to environment [2].

Wide-area measurement

As the dynamic behavior of the system can be determined by wide-area synchrophasors,
system-wide synchronizing phasor measurements have good potential for applications in power
systems, such as state estimation, adaptive relaying, online instability prediction, fault
recording, etc.

As for the sources of timing signals, GPS (Global position system) can provide continuous
precise timing at better than 1-ms level, which makes it very suitable for applications in
synchronizing phasor measurement systems [3]. They are placed on some selected locations, to
measure real-time positive sequence (and negative and zero sequence quantities, if needed)
voltages and currents of a power system with precise time synchronization, and then send these
data to a center for comparison, evaluation and other further processing. A synchronizing signal
is used in the PMU (Phasor Measurement Unit) to tag the measurements.

Serial comm.
port

ig

GPS receiver

Filter

| A/D —| Microprocessor

Fig.2. Phasor measurement unit [3]
Architecture

MAS consists of a group of intelligent agents, and usually is structured in the format of
layers, a typical structure is illustrated Fig.3.
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Fig.3. The architecture of MAS
There are three layers:
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The information layer— external information collection. SCADA (Supervisory Control and
Data Acquisition) collects data from the system, including network parameters and the
operation information. Then the information layer agents deliver the information to the agents
in the cooperating layers.

The cooperating layer— the agents analyze, detect and infer the information with each
other and send the information rapidly to the decision-supporting agents by certain telecom
language.

The interface layer— combines users with computer based on graphics and it performs the
data management and operations in program. The intelligent interface understands the actual
intention as soon as possible and then takes proactively to implement operation [3] [4].

Features

MAS not only alters the attributes of each agent but also enhances the intelligence of agent
through mastering social activity by communicating with each other with a special language.
MAS covers many domains, such as system organizing structure, the telecom, coordinating and
collaborating,, dynamic features, etc [4][5].

The attributes

of MAS Function Comments

control interior states and motion

Autonomy without any help

the basic attribute of agents

cooperate with other exterior
Cooperation | agents to accomplish complicated
tasks with certain language

one of the important attributes and
embodies its activity

i learn in the surroundings and Furthermore, agents can apperceive
Intelligence . . . : UL
cooperation and improves itself environment and proactive in time
. extend, limit or modify local knowledge
Adaptation open to others and adapts itself to and grasp proper time to finish its objects

conditions

by itself through inducing actions

Dependence on other measures

Communication

A reliable and fast communication system is an indispensable infrastructure of a wide-area
protection system and MAS. To build a fast, robust and reliable communication network,
several very important factors to be considered are media, communication protocols, and
topology of the network.

Currently, a combination of analog and digital communication systems, consisting of
power line carrier, radio, microwave, leased phone lines, satellite systems, and optical fiber, is
often utilized in protection systems. The fiber optics is best choice for its good characteristics
[7].

Communication protocols are an intrinsic part of modern digital communications. The most
popular protocols, which are suitable for wide area protection and control, are the distributed
network protocol (DNP), Modbus, International Electrotechnical Commission Standard
IEC870-5, and the Electric Power Research Institute (EPRI) universal communications
architecture/multiple messaging system (UCA/MMS) [8]. TCP/IP is probably the most
extensively used protocol and will undoubtedly find applications in wide-area protection.

The typical communication architecture is a combination of trees, rings and meshes, with a
ring as the backbone. Self-healing capability is a distinctive feature of a ring topology, and it
could greatly increase the reliability of the communication system. The main protocols used in
an optical fiber system are synchronous optical networks (Sonet/SDH) and the asynchronous
transfer mode (ATM).Wide-band Ethernet is also an alternative in non-backbone systems, and
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the most widely used Internet Protocol (IP) is employed as a network transmission protocol [7]
[8].

Intelligent Electronic Device (IED)

Definition: An Intelligent Electronic Device (IED) is a term used in the electric power
industry to describe microprocessor-based controllers for power system equipment, such as
circuit breakers, transformers, and capacitor banks.

Function: IEDs receive data from sensors and power equipment, and can issue control
commands, such as tripping circuit breakers if they sense voltage, current, or frequency
anomalies, or raise/lower voltage levels in order to maintain the desired level.

Common types of IEDs include protective relaying devices, load tap changer controllers,
circuit breaker controllers, capacitor bank switches, recloser controllers, voltage regulators, etc
[9].

Comments: Protection relays being manufactured these days are primarily IEDs. Based on
microprocessor technology, a single unit can perform several protective, control, and similar
functions. Whereas, before the microprocessor technology, a single unit would contain only
one protection function, if several protection functions were required, the one would have to
combine a number of different units of protection relay [10].

A typical IED can contain around 5-12 protection functions, 5-8 control functions
controlling separate devices, an autoreclose function, self monitoring function, communication
functions etc. Hence, they are named as Intelligent Electronic Devices. Some recent IEDs are
designed to support the IEC61850 standard for substation automation, which provides
interoperability and advanced communications capabilities [11].

Benefits

Compared with the traditional protection, the scheme is more reliable and less vulnerable,
and it provides power grid intelligence protection with an effective method.

B By employing the concept of agent theory (MAS), an agent-based protection system

can be developed to extend the coverage of protection to dynamic protection zones.

B The agent in the protection system is an active entity. It continuously perceives the
changing of the environment with traditional protection computing, and uses the
integrating rules to find the fault of a system.

B The collaboration of multi-agent in the protection system is very important. It gives
elaborate designs of the agent and improves the ability and adaptability of whole power
system.

B WAMS is based on the best synchronizing clock in wide area provided by GPS and can
carry out real-time monitor for the operating state of the power system.

B [ocal protection is to clear the fault, while Wide Area Protection or System Protection
is used to save the system from a partial or total blackout or brownout in operational
situation.

B Wide area protection and control system (WAPCS) work together with the data from
PMUs (also agents) for stability assessment and stabilization algorithms, provide a
reliable security prediction and optimized coordinated actions so that potential large
area disturbances can be mitigated or prevented.

There are some exiting applications of wide-area protection and control systems, such as
southern Sweden’s SPS against voltage collapse, and Florida’s FALS, employ SCADA for
information gathering that allows a time frame only of several seconds for actions
[31[81[91[10][11].
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Bottlenecks

B The proposed scheme may not be justifiable to extend the proposed protection system
to the radial distribution networks, which can be protected effectively with traditional
protections with retrofit cost considered.

B It may not be appropriate to implement upon extra-high-voltage or ultra-high-voltage
long lines which require high-speed tripping of all terminals for stability purposes, as
the long time delay over long distance broadband network communication is not
acceptable.

B All the wide-area protection schemes are based on global information and their
performance depends on the reliability of communication systems.

Up to now, only simulation work has been done for higher speed wide-area protection

systems to demonstrate its validity, and few practical applications reported [2][4][8][9].

Conclusion:

The rapid developed MAS (Multi-Agent System) technology has provided a new way for
building large distributed protection and control system, which has many applications, such as
the industry control, information system, etc.

Meanwhile, wide-area protection is currently a research hotspot in power systems, and
appears very promising for wide industrial applications. Much effort has been made in the past
10 years or so, and significant progress has already been achieved. However, there is still a big
gap between current research status and industrial applications. In fact, only some simple forms
of wide-area protections have been applied in a few power systems around the globe.
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5.3 Interactive Meters
- Concept of Energy Flow Control (EFC)

Technical description

Brief description

The core of Ecogrid phase 1 is a survey of possible new measures for maintaining the Domestic
system flexibility and security. This requires a mobilization of new resources, even at end-user
level. The potential for more active customer participation in the system requires end-user control
possibilities. The emerging new technologies in the field of information and communication
technology, provides new business opportunities for the users of the system.

Measurement is all known today and can be done by several types of meters within water, gas,
electricity etc. But the controllability is not present today. A lot of research within demand
response and other related topics has been done, but the break through is still in front of us. It is
a good idea to install remote metering facilities at all customer sites, but we need to prove that the
effort in doing this is worth taking. Remote metering is not the key to a more flexible system,
but it's a tool to make the flexible system to work.

The principle for the Energy Flow Control (EFC) has the functionality not only to measure
electricity, gas, water or other energy sources, but also to optimize the usage of the energy
sources in accordance with the needs from System, Society, Market and End User. This also
includes local production as the unit is seen placed at both customer site and at local minor
production sites. The EFC is a ‘concept, it can be either all in one unit, partly centralized as well
as a complete centralized system. The Interactive Meters is a component somewhere in this
concept. This description is about a concept that should be able to fulfill the future demands, as
it's flexible, consists of mostly well known technology used together in a new way and has the
cost potential. The threat against it is the need for standardization within the different interfaces.
This is not a detailed design description of meters, but how to use them.

Ecogrid WP4 — task 4.3 EcoGrid’
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Issues to explore in phase 2 of Ecogrid

No doubt that some kind of remote readable meter is a tool to make the future flexible energy
system and market working. A precondition to optimize the use of energy sources and to get the
CO2 reductions needed. In the phase 2 of the Ecogrid project there should be focused on
some of these issues:

Regarding Interactive Meters in the context of Energy Flow Control:

1.

2.

Is the future of Interactive Meters a remote readable meter with extended functionalities
as we see the vendors doing it today, or

Is the future of Interactive Meters deeply related to the energy optimization of the system
and the system flexibility and therefore need to be an integrated part of that system that
makes a concept and standardization work needed?

And with respect to the optimization architecture:

An optimization unit, an Interactive Meter, an Energy Flow Controller, which controls all
at a decentralized level and has access to all data necessary? Need to be a part of Smart
Home!

A Smart meter that controls household demand / production and report measurements
and system data to a centralized system? May be a part of Smart Home!

A simple Remote readable meter that only does measurements, system optimization and
control all done centralized by use of internet as example? No Smart home link!

And the customer comfort:

The energy optimizations has to work easily and automatic, if the services and the
benefits should be used by the customer. How do we manage to make it easy for all of us
to explore all the possibilities and benefits for system, market, society and ourselves?
Integrations to developments in the Smart Home area. We need to follow and connect
with that development. Else it will be a competition in getting the customers attention and
not a synergy!

Ecogrid WP4 —task 4.3 EcoGrid"
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And the requlatory framework:

The regulatory framework means a lot within the future for the remote readable meters or even
more complex versions. It's very important that the meters installed is the right type to fulfill the
future demands from the electricity and gas system as well as the market services. Else a need
for reinstallations could be a risk which gives a high increase in costs!

e Technology consequences have to be a part of the regulatory framework. Today the
installed meter based is mostly old fashioned, without electronic components and
software. When interactive meters are installed we both have electronics, software and
communications and data warehousing. This gives a need for frequently operations with
software updates, lower life times of hardware, new communications standards to
implement, data systems to install, maintaining and all the handling of data to all
operators in the market. All gives operational costs that are not part of the business
today!

In the following part the long list of functionalities and things to consider is listed. All this,
and probably even more issues, has to be considered, when the concept and principles for
Interactive Meters and Energy Flow Control shall be discussed.

Grid connection

The Smart, Remote or Interactive Meter must be placed at the customer or plant connection point
to the grid, in some cases even with several meter systems as slave units. If it's a complete
decentralized Energy Flow Control concept, the Interactive Meter will work as a master. For
example one master unit with electricity meters for each generator at a local production plant or
each of a solar panel, gas fired unit etc. at a household.

Normally it will be a low voltage (400 V or 600 V) connection or in case of larger local productions
units at medium voltage (1 kV, 6 kV or 10 kV).

The Danish energy association has to develop a set of rules on which connection can be done,
as much of it as possible based on international standardization. There is a substantial work to be
done on this subject.

Status

By today there are descriptions and criteria’s in the area of local production, solar cells etc. Also
today’s types of meters are described. The work is described at:

http://www.danskenergi.dk/Netteknik/Elmaaling

Substantial work within handling and reliability of new electronic and remote meters has been
done during the last years. See [4]

Technical data

Functionalities
To ensure an optimization between end user, market, system and society many parameters has
to be taken into account. The possibilities of functionality are wide. This is a ‘long list' of
functionalities and benefits to discuss in relation to the Energy Flow Control concept, and then
whether it's to be implemented in the Interactive, Smart or Remote Meter or should be supported
in other system components:

e Society
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o Energy saving unit as well as carbon burden reduction of energy stream — gas,
electricity, heat and cooling
0 Optimization between energy sources — environmental and cost as well as
combining with transportation fuels
o Providing information for authorities and researchers
0 Pushes market flexibility
e End User (customer)
o Services for monitoring and improving energy efficiency of end use consumption
and dispersed generation
Customer information feedback
End use energy management
Link to Smart Home, home automation, remote control of appliances by customer
Customer services from suppliers
o Safety, security, telemedicine, social alarm services
e System (including DSO and TSO)
o Demand response for network operation support
o Capacity and peak load limitation
o0 Ancillary services such as frequency controlled reserve, voltage and reactive
power control
Connect, disconnect, limit load remotely
Load analysis, modeling and forecasting
Settlement and billing
Fraud detection
Meter management
State estimation of power distribution networks
Monitoring of power quality and reliability
Analysis of failures and preventive maintenance

©oo0ooo

Demand response for electricity market

Active price-signaling based on interface with customers
Tariff setting (Time of Use, Maximum Demand, Seasonal)
Tariff of energy stream — gas, electric, heat and cooling
Virtual Power Plant, embedded renewables and cogeneration
Improving competition and efficiency in energy markets
Prepayment

[ ]

<

2
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The requirements need to be established in order to guarantee minimum services for customers
and reduce investment risk for meter operators. The use of technical standards both within and
between countries needs to be promoted and third party access to metering data should be
possible.

Measured quantities by the meter

All utility meters purchased for billing purposes in Europe must comply with the Measuring
Instruments Directive. This specifies the minimum accuracies required for meters of different
classes. It also specifies the quantities that meters should measure: kWh for active energy
electricity and heat and m3/s or kg/s for gas. Purchasers may specify other quantities but,
under the MID, it is not legal for governments or national bodies to specify them. The Measuring
Instruments Directive was implemented in October 2006. This set the minimum essential
requirements for utility metering. The MID directive only addresses the metrological aspects of
the meter. For example setting the minimum accuracy levels and which quantities should be
measured. However, it is illegal under European law for member states to impose additional
requirements above the essential requirements of the MID. This will constrain the ability of
Governments or National regulators to mandate technical requirements for smart metering. A
series of harmonized standards have been published by CEN and CENELEC that can be used to
demonstrate compliance with the MID. It should be noted that for electricity meters, the MID does
not include reactive energy within its scope. However, purchasers of meters are free to request
reactive energy metering. Other quantities that can be measured are:

Ecogrid.dk WP4 209



5.3. Interactive meters

e Electricity: Reactive energy, Instantaneous power, Power factor, Voltage, Each phases,
Maximum demand
e Gas: Flow, pressure, Energy, Maximum demand, Heat/Cooling

All of these quantities can be useful as part of a smart metering scheme. In addition, all of the
measured quantities can be recorded over different lengths of time; ranging from 10 / 15 minutes,
1 hour up to 1 month.

Energy Consumption Analysis Software

Many of the listed functionalities require a MMI for the user. This deals with software and displays
that have to draw data from a number of different sources (including different kind of meters) and
combine these in useful ways. This will raise a number of issues of which will be the need for a
common understanding of data meanings and units.

Smart Home

To ensure controllability there is a need to line up with the requirement for smart homes
applications. Smart homes devices should be able to cooperate with the Energy Flow Control
concept and access the available data or to perform the full functionality.

Smart homes technology, like Smart Meters, has many applications and is difficult to define. The
BEAMA Smart Homes Group (se references) has divided the various applications into four
categories:
¢ GREEN SMART HOME
Allows the householder to reduce their impact on the environment by providing energy
usage information, control strategies and automated operation of products
e SAFE AND SECURE SMART HOME
Enables householders to be more secure in their homes via security products allowing for
increased user interaction, more remote controls and monitoring, internet use and other
communications methods
e ASSISTED LIVING SMART HOME
Has features enabling householders to enjoy, and remain longer in their homes,
irrespective of age and/or disability
e LIFESTYLE SMART HOME
Possesses products with functionality to provide lifestyle benefits, including intelligent
entertainment systems and on-line on-demand services

Of these the first, Green Smart, is most relevant for the Ecogrid project, but the other aspects
have to be taken into account as they all will influence each other and will be expected by the
customer.

The key elements of the green smart home are the heating control system, individual appliance
controls, house sensor networks etc. Primarily this allows heating controls to minimize the energy
input to the heating system whilst satisfying the comfort requirements of the occupants. It can
also minimize the cost of running the heating system or appliances where energy costs vary
predictably; such as an off peak power tariff. The smart homes components can all be linked
together to optimize the operation of the heating system by, for example, reducing the
temperature in unoccupied rooms, either pre-programmed or in response to occupancy Sensors.
The operation of appliances can be controlled to minimize the peak house power demand or to
exploit time of day tariffs. This is exact an important part of the Energy Flow Control concept.

Energy Flow Control functions, that could be a part of the Interactive Meter:
e Enable a secure, 2-way link between the smart homes and meter systems. Such links
must be controlled so that only authorized parties can make this connection
e Provide access to consumption data from the meter, identifying different energy steams
and measures
e Provide access to tariff and other energy descriptions; price, carbon burden etc.
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e Support communications between the smart homes system and the remote RESC,
ESCO or other authorized party
e Support future innovation in both smart home and smart meter

It is clear that the nature of smart home technology is rapidly evolving. This must be allowed for in
the development of protocols for smart homes and smart metering. In all likelihood, the way to
achieve this flexibility is to provide undefined communications channels between the systems that
can be used for future needs.

Some good links within the Smart Home subject is the organizations CECED, CENELEC, Smart
Homes Group, TAHI, Homeplug, Home Alliance and Elsparefonden.

Communications

For the communication part there are many considerations. This part only gives the headlines of
some of them. It might be most challenging part of defining the future EFC and the units taking
part of it. Some important functional requirements are:

Bandwidth

Speed of Response

Data packaging

Network Topology

Peer to Peer, Star/Concentrator or Mesh

All communication networks must consider the following issues:
e Universality
o Reliability
e Long Term Availability

The communication from the centralized base to the household fall into the following categories:

e Leased Line
e PSTN
e Optical Fibre
e Wireless WAN
o GSM
o GPRS
o 3G
o WiMax
o Low Power Radio
o Power Line Carrier (PLC)
o ADSL / Broadband

At the household some LAN technologies should be considered:

Wireless system

e Wi-Fi

e Bluetooth

e Zigbee

o Z-Wave

e Proprietary Systems

Wired system
e Power Line Carrier
e Twisted Pair
e Optical fibre

The design chosen depends 100% on the actual demand and required functionality of the operator. But it will
have an important impact on the business case!
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Safety issues

The control functions need to ensure safety and security of supply. This must be addressed when
the concept and units is designed.

Impact

Benefits to power system

There are a number of benefits for the different stakeholders within this subject. Work has not
calculated numbers on them but concentrates about listing specific areas that could be
calculated. Sharing of costs and benefits of smart metering is a major challenge in the unbundled
electricity market.
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The benefit areas are covered by the list of functionalities in the technical part (page 4). The
different categories are: Potential benefits from customer point of interest, Potential benefits from
society (and environment) point of interest, Potential benefits from market point of interest and
Potential benefits from system point of interest. Specific benefits within this areas can be
calculated when system functionality is decided.

Distribution grid perspectives

Seen from the distribution grid company this development gives major challenges for the
traditional way til build and operate grids. Load curves and characteristics will change, customers
will act by themselves, power production comes from the low voltages side etc. A lot of
challenges will rise over short or long time, the companies must be ready.

Dependence on other measures

As the Energy Flow Controller relates to the market and systems tasks in Ecogrid phase 1, there
is a need for discussions in a later phase. Within the meter area it's mostly the communication
part that might benefit from other tasks concerning IT and Control issues.
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Specific relations to other measures are:
o Demand Response — customer equipment

Environmental impact

There are a few things to concern about regarding the Interactive Meters environmental negative
impact:

e Energy usage — the EFC and the metering system must use less power than it claims to
save?

o Need for battery back-up - battery life and the use of batteries would create issues over
energy usage, recycling, replacing?

e Master of optimization — is it the economics for the customer or is it less environmental
impact?

But on the other hand, if we succeed making an Energy Flow Control system that enables the
benefits for all stakeholders, and makes it an easy controllable way, there are tremendous
benefits in front of us to public utility.

Business issues

Costs

The cost for a meter with starts at about €100 including modem facilities and installation. In
addition to that is the infrastructure costs needed to collect data to the central hub. In addition to
that the costs for the central IT-platform who do the data handling and data exchange within the
market. If it's coordinated with Smart Home functionalities there might be some synergy between
those 2 subjects.

No further analysis done in this stage of the project, as specifications still is uncertain and
therefore difficult to estimate cost of.

Benefits on Interactive or Smart Metering

Benefit estimates are needed to justify and design investments in smart metering. The direct
benefit part of the Interactive or Smart Meters will traditionally be:

e Reduced operation costs

e Increased Data reliability and security.

e Improved customer service

These will normally not be sufficient to cover the investments. But when Smart Metering is
needed because of Market and System functionality, the direct benefits is add on.

Standardization

Standardizations is an important issue, but too complex to discuss in details in this document.
This is a brief pro and con:

Benefits of Common Standards Approach
e Meter and associated equipment would be manufactured in larger volumes resulting in
lower costs. Larger markets would also encourage more innovation from hardware and
software developers
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By avoiding the need for each member state to investigate and develop its own
approach, less Regulatory and government cost would be required.

By repeating a common approach across Europe there would be a significant benefit
arising from shared experience

A common approach would also support European Commission objectives for free
market in services. There is a danger that the development of incompatible national
schemes will restrict market access to local companies that have the necessary
knowledge to operate the schemes

The costs for new entrant companies would be lower if they could replicate a common
approach in different countries

Disadvantages of Common Standards Approach

A common approach across Europe would require the agreement of a majority of
Member States on any new standards. Given the need to account for local conditions in
any such standard, the difficulty of reaching such agreement should not be
underestimated.

Once a common approach has been agreed it will be harder to introduce innovation,
simply through the greater numbers of parties involved. Also, a number of national
schemes will provide more opportunity to try different approaches than a single
international scheme

The variety of national conditions will result in making any common system complicated.
For instance it must include data entities as required for all member states and allow for
all commercial models

A fundamental stage in developing a common approach would be the agreement on
common system architecture. Whilst many different local arrangements can be accounted
for within the detail of the common approach, it is not possible to bring together
fundamentally different system architectures.

Status

Existing installations

There are a high number of operators working with Smart-metering or Interactive metering. There
are a large number of references on the world-wide web, some of them can be seen in the
documents in the part References of this format. It's just to seek them. But no one has started
really to think about the Energy Flow Control in general, time is to come.

Research and development

Dependent on strategy, there is a need for development for concept and control together with
data communications, if the customer should be able to optimize his usage of the market in
respect of the system needs. Especial in the area of optimization between energy sources used
for heating, transportation, household etc. There are many activities running throughout Europe,
but there is a need for coordination and this could for the Danish part be phase 2 of Ecogrid.dk
together with Ecogrid.eu for the European part. This is proposed to be in scope for phase 2 of
Ecogrid.dk.

Bottlenecks
Major bottlenecks are:

Standardization within all communication and data protocol issues
Decision of who to control the optimization, centralized or decentralized >< Economics or
Environmental?
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Other issues

There are several producers in the world which produce systems for the grids. Grid Agent
Distributed Energy Management and Control System was developed by CSIRO Energy
Transformed Flagship (Australia) is used for fully automated control of appliances. That is
working on developing a distributed intelligence platform to aggregate and control on-site. The
platform and its capabilities are based on intelligent agent technology, particularly the installation
of software to create an intelligent device situated in customers’ homes and premises. Software
agents sense, compute, switch and communicate with each other across the premises to
automatically switch the load and on side generators according to an energy savings policy
decided by, and optimized for, each customer. An agent monitors the energy consumption of
each appliances or piece of equivalent in the premises and communicates to the rest of the agent
system its capability to turn on or off and/or shed load. As system needs change, new price
signals or other cost functions can be communicated to the local agents, and depending on
customer preferences that steer these agents, they can choose how they will contribute to the
overall response.

In Denmark the TSO Energinet.dk operates a large project working with cell structures to operate
the distributions system more active when system needs help to avoid break downs. This project
communicates in several levels and has as perspective that the communication platform can be
used to ensure a more dynamic market for production and load; all controlled in smaller areas
called cells.
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5.4 Overview of wind farm control

Graphical overview

The figure below provides an overview of the described wind farm control measures, relating
them to main grid connected operation or island operation
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Active Power Reactive Power
Regulating Functions Control \

Overload
Legend
New Function

Existing Function

Optimal Production
Control

Island Operation
Support

Black-Start
Support

Dependency Function/Operation Mode

2200

Dependency between Functions

List of measures

Existing Functions
e Active power regulating functions
0 some required in grid codes
o0 some implemented in WT and/or WF Control
e Reactive power control
O required in grid codes
o different specifications (e.g. P/Q, P/PF, etc) -> difficult for benchmarking
o different limits in control
e Low Voltage Ride-Through
different requirements in grid codes
fault duration
voltage dip
recovery time

© O O ©O
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5.4 Overview of wind farm control

0 reactive current injection during fault (e.g E-On) -> critical issue
e Grid Synchronization & Monitoring
0 standard methods

o0 new methods shall be considered for supporting New Functions and
Operation Modes

New Functions
e Virtual Inertia
e Optimal Production Control
e Overload Capability
e Black-start Support
0 WT level - requires a power converter based WT
0 WEF level -
e Island Operation Support
0 includes voltage and frequency control
0 requires advanced grid synch. and monitoring methods
e HVDC Connection
0 not used on large scale for wind power
0 may increase the connectivity & the control capabilities for wind power
0 high interconnectivity with Existing or New Functions
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Paul Bach Thggersen, pbt@kk-electronic.dk

Poul Sgrensen, poul.e.soerensen@risoe.dk
Thomas Ackermann, thomas.ackermann@ieee.org
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5.4.1. Wind Power — Power Regulating Functions

5.4.1 Wind Power — Power Regulating
Functions

Technical description

Main issues
Title Wind Power — Power regulating functions
Type of market Regulation power and grid control
Generation or demand Generation
Transmission or distribution Transmission and Distribution
Scale 100% of future wind turbine power (3000 MW)
Supporting systems and procedures | Existing control systems
Main players TSO, DSO and wind farm owners

Brief description

Specifications for power regulations of wind farms connected to transmission level
are given in [1]. The following specifications for the active power and power
regulation shall be noticed:

e it shall be possible to limit the wind farm production to a random set-point
value in the range of 20+100% of rated power

e it shall be possible to set the regulation speed at upward and downward
regulation in the interval 10+100% of rated power per minute.

e The wind farm controller shall have different type of regulations as shown in
Table 1. In order to avoid unwanted interference between these regulating and
constraint functions a priority ranking is assigned for each of them. These
active power control functions shall be agreed in detail with the system
operator.

e Wind farm shall provide to system operator an estimation of the possible
production
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5.4.1. Wind Power — Power Regulating Functions

Table 1. Power regulating function for wind farm connected to transmission system according to

[1].

Control type | Priority | Objective Primary control objective

System 1 Protection function that shall be able to | 4 Power g o brotection two- regulation

protection perform automatic down-regulation of possible
the power production to an acceptable
level for electrical network. In order to
avoid system collapse it should act fast.

lime

Frequency 2 All production units shall contribute to | Automatic control of power

control the frequency control. production based on frequency

measurement to re-establish the
rated frequency.

Stop control 3 Wind farm shall keep the production on | 4 power Btamoundiotion
the actual level even if it is an increase w
in the wind speed -

—J actual
. lime

Balance 4 The power production shall be adjusted | 4 power Balance control

control downwards or upwards in steps at possible
constant levels.

“~actual
time

Production 5 Sets how fast the power production can | # power Bower Grad et Conetrain

rate be adjusted upwards or downwards o

time

Absolute 6 Limit the maximum production level in | 4 power  Absolute production constraint

production the PCC in order to avoid the possible

limit overloading of the system.

i actual
time
Delta control 7 The wind farm shall operate with a 4 power

certain constant reserve capacity in
relation to its momentary possible
power production capacity.

Delta control

possible

time

A possible characteristic for frequency control without and with 50% down-regulation is
presented in Figure 1.

Ecogrid.dk WP4

219




5.4.1. Wind Power — Power Regulating Functions

A Production[%]

Possible production
100 — 3 esssscssssssss -

90 —

80 - without

With 50% down-regulation

down-regulation

60 +

70 —

50 - Voo

40 — |
Dead-band

30 -
20 —
10 —

| | — I I L

e |
47 48 49 50 51 52 53 54 [Hz]
48.7 49.85 50.15 51.3

Figure 1. Possible frequency control characteristics with 50% down-regulation.

Maximum Ramp rates for power control are high (10 to 20 % per second) compared to other
generators.

Impact

Benefits (and drawbacks/limitations) to power system
Increase value of wind power. Reduce the need for other spinning reserves.

Dependence on other measures

Accurate dynamic grid measurement data (voltage, frequency and perhaps even phase) must
be available, both at Wind Farm as well as Wind Turbine control system level.

Wind Farm/Turbine overload capability will increase the control range during periods with
high wind speeds (with full/rated Wind power available).

Environmental impact
Reduce the need for fuel consuming spinning reserves

Business issues
Costs

Manufacturers
Implemented in Horn Reef wind farm controller

Patents
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Status

Existing installations (examples if available)

5.4.1. Wind Power — Power Regulating Functions

Place Time Capacity | Function Manufacturer | Ref
Horns Rev 160 MW Vestas
Nysted 165 MW SIEMENS
Potential development
Research and development
Title Country | Grant Year
Operation and control of large wind Denmark | PSO Elkraft FU2102 2002

turbines and wind farms

Bottlenecks

Other issues

These regulating functions are addressed to wind farms connected to transmission system.
They can be also applied to distribution system in the feature

References

[1] Energinet - Grid connection of wind turbines to networks with voltages above
100 kV, Regulation TF 3.2.5, December 2004, pp. 25.
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5.4.2 Wind power - Reactive power control

5.4.2 Wind Power — Reactive Power Control

Technical description

Main issues
Title Wind Power — Reactive power control
Type of market Regulation power and grid control
Generation or demand Generation
Transmission or distribution Transmission and Distribution
Scale 100% of future wind turbine power (3000 MW)
Supporting systems and procedures | Existing control systems
Main players TSO, DSO and wind farm owners

Brief description
Different requirements for reactive power control exist in the grid codes.
Denmark

According to [1] the reactive power flow between the wind turbine including the
transformer and the electrical network must be calculated as an average value over 5
min within the control band shown in Fig. 1. This chart is valid for WTs connected to
voltages below 100 kV.
4 p/prated

1 -

0.5 —

Consumption Production
- -

i e Q/Prated

f | b
-0.2 -0.1 0 0.1 0.2

Fig. 1. Requirements regarding the reactive power exchange for WT connected to the Danish
grids with voltages below 100 kV.

’
’
]
+

An identical control characteristic for reactive power is required also for wind farms
connected to grids with voltage levels above 100 kV [2]. However, some additional
requirements are provided in [2]. Three types of control shall be implemented in this case:

e MVAR control — shall provide the desired MVAR exchange in the reference
point for the entire wind farm;

e Voltage control — shall provide the desired voltage in the reference point by
means of reactive power control for the wind farm;
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5.4.2 Wind power - Reactive power control

e Reactive power control based on minimum requirement — the reactive power
of the wind farm shall be kept at the minimum allowed value in the PCC.
Ireland

Voltage control is required for Wind Farm Power Stations (WFPS) connected at 100
KV bus [3], [4]. These power stations shall have a continuously-variable and
continuously-acting Voltage Regulator System (VRS) with similar response
characteristics to a conventional Automatic Voltage Regulator and shall perform
generally as described in BS4999 part 140 or equivalent European Standards.

The voltage step emissions limits are according with the IEC standard 61000-3-
7/1996 Assessment of Emission limits for fluctuating loads in MW and HV power
systems.

The slope setting of the VRS shall be capable of being set top any value in the range
0% t010 %.

The reactive power capability of all kind of WFPS is summarized in Fig. 2.

A po A pr)

100 100 |

lagging leading 10 lagging

1 -ttt o e e e S e -
-40 -30  -20 -10 10 20 30 40 0.8 085 09 095 095 09 085 08
Q %) Power Factor

Fig. 2. Reactive Power Capability of Wind Farm Power Stations in Ireland.
Germany

leading

The reactive power control for wind power connected to the transmission system is
defined in [5] and [6].

All generating units shall provide in the connection point without limiting the active
power output the range of reactive power provision as shown Fig. 3

4 Voltage
o e
[
! Operating
e points
U, —
U, = 3
: leading lagging
- -
Power factor
| I | | I | | -
0.925 0.95 1 0.95 0.925

Fig. 3. Reactive power provision of generating units without limiting the active power output.

The reactive power exchange is defined by E-On through a set-point value given as
power factor, reactive power level or voltage level (with a tolerance band if
necessary). A new operating point of the reactive power exchange shall be achieved at
the grid connection point after no more than 1 min.
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5.4.2 Wind power - Reactive power control

Great Britain

All generating units other than synchronous ones with a Completion date after 1
January 2006 [7] should be able to support an active reactive power flow as shown in
Fig. 4.
A Prated [%]

100% +5%
\ PF=0.95 PF=0.95 /

leading lagging |
! 1

-32.86 -12 -5 5 -32.86
Q/Prated [%]

Fig. 4. Active/reactive power flow in the PCC for embedded generation in GB grid.

The reactive power output under steady state conditions should be fully available
within the voltage range 5% at 400 kV, 275 kV, and 132 kV and lower voltages
except the distributed generation if embedded at 33 kV and below where the
requirements shown in Fig. 5 are applied.

A
Voltage [%]

400kV, 275kV, 132 kV
105 —

<33kV
Operatm
T \pomts
95 —

-------------------- leading | lagging
- | -

| 1 1 [l 1 1 1 -
| I I 1 I I 1 =
0.925 0.95 1 0.95 0.925
Power factor @ Rated Power
Fig. 5. Reactive power control characteristic.

Canada - Alberta Province
Reactive power control is according to Fig. 6.
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5.4.2 Wind power - Reactive power control

Continuous Reactive
Power Capability

A
A 4

Dynamic Reactive
Power Capability
-

. Lall

PF=0.95 PF=0.985 A P [%] PF=0.95 PF=0.9
@ Rated Capacity @ Rated Capacity 7100 @ Rated Capacity @ Rated Capacity

| T V.

| 150 p

| L y.

| 1 f«
I | i it Ik ! Il 1 , /\ L ! L il Ik |
I T T T T T T T T T T T T T 1

-40 -30.28 -20 -10 10 20 30 40 48.4
Q [%]

B Anticipated dynamic reactive power capability area

IL Anticipated continuous reactive power capability area
Fig. 6. Reactive power control range in Alberta/Canada [8].

Canada — Ontario Province
e asynchronous generators must have the same capabilities as synchronous
generators

e at full MW output — a provision of 30 MVAR for every 90 MW or real power ->
ca 0.95 power factor

e For WTs is required
e dynamic reactive power capability or VAR compensation in PCC
e VAR compensation

Canada — Quebec Province

Reactive power control is not mandatory, however a power factor of 0.95
leading/lagging is required for full scale power converter based WTs and DFIG WTSs.

Impact

Benefits (and drawbacks/limitations) to power system

Increase value of wind power. Reduce the demand for other Reactive Power Compensation
units in the system.

Dependence on other measures
Frequency and voltage control in connection with active power control.
LVRT requirements shall be considered beside normal operation demands.

HVDC connection removes grid control/support demands from the wind farm/turbines, here
reactive power control/supply at the wind farm side of the HVDC connection will more be a
matter of optimising system efficiency.
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Environmental impact

Business issues

Costs

Manufacturers

Patents

Status

Existing installations (examples if available)

Potential development

Research and development

5.4.2 Wind power - Reactive power control

Title

Country

Grant

Year

Operation and control of large wind
turbines and wind farms

Denmark

PSO Elkraft FU2102

2002

Bottlenecks

Other issues

References

[1].

EnergiNet — Grid connection of wind turbines to networks with voltages below
100 kV, Regulation TF 3.2.6, May 2004, p. 29;

[2]. Energinet - Grid connection of wind turbines to networks with voltages above
100 kV, Regulation TF 3.2.5, December 2004, p. 25;

[3]. ESB Networks — Distribution Code, version 1.4, February 2005;

[4]. CER - Wind Farm Transmission Grid Code Provisions, July 2004;

[5]. E.ON-Netz — Grid Code. High and extra high voltage, April 2006;

[6]. VDN - Transmission Code 2003. Network and System Rules of the German
Transmission System Operators, August 2003;

[7].  National Grid Electricity Transmission plc — The grid code, Issue 3, Revision
17, September 2006;

[8]. CanWEA - Canadian Grid Code for Wind Development Review and
Recommendations, Document no. 11163/OR/01 B, 2005 Garrad Hassan
Canada Inc.;
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5.4.3 Wind power - Low voltage ride through

5.4.3 Wind Power — Low Voltage Ride-
Through Capabilities

Technical description

Main issues
Title Wind Power — LVRT Capabilities
Type of market Regulation power and grid control

Generation or demand Generation

Transmission or distribution Transmission and Distribution

Scale 100% of future wind turbine power (3000 MW)
Supporting systems and procedures | Existing control systems
Main players TSO, DSO and wind farm owners

Brief description

Currently, many national grid codes require fault ride-through capabilities for wind
turbines/farms [1]-[18]. A summary of these requirements is given in Table 1. [19].
Voltage profiles are given specifying the depth of the voltage dip and the clearance
time as well. However, in some of the grid codes the calculation of the voltage during
all types of unsymmetrical faults is very well defined, e.g. Ireland, while others do not
define clearly this procedure

Table 1. Summary of ride-through capability for wind turbines/farms in different national grid
codes.

Fault ride-through capability
Voltage i
Country g Fault Voltage | Recovery | Voltage Reactive
Level ! : . current
duration | drop level time profile o
injection
DS 100 msec 25%U, 1 sec 2, 3-ph no
Denmark
TS 100 msec 25%U, 1sec 1,2,3-ph no
Ireland DS/TS 625 msec 15%U, 3sec 1,2,3-ph no
Germany DS/TS 150 msec 0%U, 1.5sec generic Up to 100%
Great DS/TS 140 msec 15%U, 1.2 sec generic no
Britain
Spain TS 500 msec 20%U, 1sec generic Up to 100%
Italy > 35 kV 500 msec 20%U, 0.3 sec generic no
USA TS 625 msec 15%U, 2.3 sec generic no
Ontario TS 625 msec 15%Ur - - no
0, itive-
Quebec TS 150 msec 0%U, 0.18 sec Positive no
sequence

The voltage profile for ride-through capability can be summarized as shown in Figure
1. Ireland’s grid code is very demanding in respect with the fault duration while
Denmark has the lowest short circuit time duration with only 100 msec. However,
Denmark’s grid code requires that the wind turbine shall remain connected to the
electrical network during successive faults. The German grid code requires that the
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5.4.3 Wind power - Low voltage ride through

wind power installations must remain connected during voltage sags down to 0%
from the rated voltage in the PCC for duration of 150 msec. Moreover, during the
fault a reactive current injection up to 100% is required. Same requirement regarding
the reactive current injection is present in the Spanish grid code.

4 Voltage[%]

100 — Germany
TS
90 - -
85 — = |
80 - e
754 S -
-
must remain  Denmark - -
connected DS&TS = -_
-
50 4 - =" Ireland
--TS
25 4
20 4
154
[msec]
| l-
0
1000 1200 1500 2000 3000

Figure 1

Impact

Benefits (and drawbacks/limitations) to power system
Increase value of wind power.
Reduce the need for spinning reserves

Dependence on other measures

HVDC connection removes the direct Ride Through demands from the wind farm/turbines,
but the whole system (HVDC + Wind Farm combined) should still be able to handle Ride
Through demands.

Environmental impact
Reduce the need for fuel consuming spinning reserves

Business issues
Costs
Manufacturers

Patents

Status

Existing installations (examples if available)
Today, all major wind turbine manufacturers provided LVRT
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5.4.3 Wind power - Low voltage ride through

Potential development

Research and development

Bottlenecks

Other issues
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5.4.4 Grid synchronisation and monitoring

5.4.4 Wind Farm control - Grid
Synchronization and Monitoring

Technical description

Main issues

Title Wind Farm control: Grid Synchronization and
Monitoring

Type of market Regulation power and grid control

Generation or demand Generation

Transmission or distribution Transmission and distribution

Scale

Supporting systems and procedures | Control systems

Main players TSO/DSO and wind farm owners

Brief description

The increased penetration of DPGS connected to the electrical grid based on
renewable sources necessitates better grid condition detection in order to meet
standard specifications in terms of power quality and safety.

Grid-connected converter systems rely on accurate and fast detection of the phase
angle, amplitude and frequency of the utility voltage to guarantee the correct
generation of the reference signals. This is also required by the relevant grid codes
which are country specific and can vary also in respect to the generation system (e.g.
PV systems, wind turbines, fuel cell, etc). The grid codes may refer to different
standards for distributed generation systems. These standards impose the operation
conditions of the grid-connected converter systems in terms of grid voltage amplitude
and frequency. The operational ranges for wind turbines connected to the Danish
distribution system (voltages below 100 kV) are shown in Figure 1.

iiE A Voltage[%)]

| min.|

105 —

10| 5

100 — sac| min | 75 A

Normal
operation

g5 - [N 1

90 —
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85 —

10
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| l | T | | | ——
47 48 49 50 51 52 53 54 [Hz]

49.7 50.3
Figure 1. Operational range of wind turbines connected to the Danish distribution system [1].

However, these requirements can be very hard for some renewable sources e.g. PV as shown
in Figure 2 [3] and [4]

80 —
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5.4.4 Grid synchronisation and monitoring

Voltage [pu]
A

Maximum Trip Time
0.05 sec
1.35
2 sec
1.10 5 I
1.00 - 0.2 sec orma 0.2 sec
operation
0.85
2 sec
0.50
0.1 sec
ZZ i ‘ ! »

49 50 51  Frequency [Hz]
Figure 2. Maximum trip times for both voltage amplitude and frequency according to the
standard IEC61727 [4].

As it can be noticed from Figure 2, the most restrictive requirement is when the maximum trip
time is 0.05 seconds for a grid voltage amplitude excursion above 1.35 pu. An accurate and
fast grid voltage monitoring algorithm is required in order to comply with these requirements.
The principle of the grid voltage monitoring which consists in obtaining the parameters of the
grid voltage is shown in Figure 3 [3].

Frequency estimation

Phase angle detection

H

Grid Voltage

</ Grid Voltage

Grid Voltage

Time [s]

% of Fundamental],

10 20 30 40 50
Harmonic order -~

/agl

Figure 3. Grid voltage monitoring principle.

Different algorithms are used in order to monitor the grid voltage. In the technical literature
numerous methods using different techniques are presented. These methods can be organized
in three main categories:

e methods based on Zero-Crossing Detection (ZCD),

e methods based on Phase-Locked Loop (PLL)

e methods based on arctangent function (tan™).
Each of these methods has advantages and drawbacks.

Recently, there has been an increasing interest in PLL techniques for grid-connected
converter systems [3]. Usually, the PLL technique is mainly applied in communication
technologies. Though, it has been proven that its application in the grid-connected converter
systems was a success [3], [5] and [6].

Using the PLL, the grid voltage parameters such as amplitude and frequency, can be easily
monitored.
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5.4.4 Grid synchronisation and monitoring

Impact

Benefits (and drawbacks/limitations) to power system

Benefits
e Provides fast and accurate information about voltage amplitude and frequency.
e Accurate fault detection

e Provides information about the fault type if single phase PLL are used. Currently,
the Distribution system is not monitored and few information exists

Drawback

¢ Voltage measurement transducers on each phase. However, these are already
installed in power converter based systems connected to the electricity network.

Dependence on other measures
Grid detection and monitoring can have an important impact on all control measures:

o Fault ride-through capability — based on the fault type different strategies for
control can be selected e.g. full reactive current injection, unity power factor, etc.

e Smooth transition from grid connected mode to island mode and back.
e Voltage control on island operation mode for unbalanced loads

o Black-start capability

e Control of converters for the HVDC-link

Environmental impact
Business issues
Costs

Manufacturers

Patents
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Status

Existing installations (examples if available)
Potential development

Research and development

Bottlenecks
Other issues
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5.4.5 Wind farm control - Virtual inertia

5.4.5 Wind Farm control - Virtual inertia

Technical description

Main issues
Title Wind Farm control - Virtual inertia
Type of market Regulation power
Generation or demand Generation/demand
Transmission or distribution Transmission
Scale 100% of future wind turbine power (3000 MW)
Supporting systems and procedures | Modified control systems
Main players TSO and wind farm owners

Brief description

The traditional plant is expected to resist the change in frequency, initially because of its
inertia and at a later stage as a result of free governor action. The inertial response is
approximately in the 0-3sec period after a system disturbance. There is no need for a control
system, and the response naturally obeys a df/dt function. However, in the variable speed type
of wind turbines this is no longer true and they do not have this sort of “rapid frequency
response” capability [1]. Hence, there is a need to provide control strategy to emulate this
“virtual inertia” effect. However, it still remains to be examined whether this control action
would be at the wind turbine level or a wind farm controller could provide it (by controlling
individual wind turbine).

In [6] some studies regarding the influence of the inertia control implemented for DFIG based

wind turbines are presented. A block diagram of this inertia control is shown in Figure 1 and
the simulation results in Figure 2.

DFIG

] JASE i

generator
|

Figure 1. Schematic of the inertia control implemented in a DFIG wind turbine [6].
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5.4.5 Wind farm control - Virtual inertia

50.2
Without supplementary control
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Figure 2. Comparison of frequency traces following loss of 400 MW of generation for power
converter based DFIGs with and without virtual inertia control [6].

Impact

Benefits (and drawbacks/limitations) to power system
Advantages

e Contributes to the “inertial response” and there by reduce the rate of change of
frequency and even maximum frequency dip.

e Some of the energy stored in the rotating mass of the wind turbine can be used for
dynamic frequency support

Drawbacks:

e Additional stress on the wind turbine mechanical drive train (yet to be
investigated).

¢ Reduced wind turbine rotor speeds can cause the wind turbine to stall and become
unstable

Dependence on other measures

Could benefit the power system protection and may limit false operation of the relays (Rate of
Change of frequency relay).

Could be integrated with the other Active Power Regulating Functions into an ‘optimised
package’ for improved dynamic frequency support.

Environmental impact
Reduce the need for fuel consuming spinning reserves

Business issues
Costs
Manufacturers

Patents
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Status

Existing installations (examples if available)

Potential development

Research and development

Bottlenecks

Other issues
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5.4.6 Wind Turbines Optimal Production
Control

Technical description

Main issues
Title Wind Turbines optimal production control
Type of market Variable energy price demand
Generation or demand Generation
Transmission or distribution Transmission and Distribution
Supporting systems and procedures | Existing control systems
Main players wind farm owners

Brief description

The idea is to control the wind turbine power according to an optimisation (cost/benefit)
function. This function should calculate an optimal power level based on actual values of
energy and power payment and cost of operation. These calculations can include the
following aspects:

o Life-time consumption

e Operational costs

e Electricity price on the spot market

e Regulating Power (active and reactive) price on the spot market

Impact

Benefits (and drawbacks/limitations) to power system
Advantages:
o Decrease power production as function of energy price
e Optimise operational life of wind turbines based on a cost/benefit function

e Increased headroom for Active and Reactive Power Control functions during low
price periods.

Drawbacks:

e More difficult to predict wind power production available, as it will be a function
of the price of energy (and perhaps also regulating power)

Dependence on other measures

Environmental impact

o Decreased wind energy production, possibly increased CO2 emissions in
neighbour countries due to lower export during low price periods. On the other
hand, increased headroom for Active and Reactive Power Control functions
during low price periods may reduce the need for fuel consuming spinning
reserves.
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Business issues

Costs

Issue Value Ref

Specific investment (M€/MW) Low guess

Manufacturers

Patents
Status
Existing installations (examples if available)

Potential development

Research and development

Title Country | Grant Year Ref
Operation and control of Denmark | PSO Elkraft 2002 [1]
large wind turbines and wind FU2102

farms

Bottlenecks
Other issues

References

Sgrensen, P.; Hansen, A.D.; Thomsen, K.; Buhl, T.; Morthorst, P.E.; Nielsen, L.H.; lov, F.;
Blaabjerg, F.; Nielsen, H.Aa.; Madsen, H.; Donovan, M.H., Operation and control of large
wind turbines and wind farms. Final report. Risg-R-1532(EN) (2005) 44 p.

Contacts
Paul Bach Thggersen, pbt@kk-electronic.dk
Florin lov, fi@iet.aau.dk

Poul Sgrensen, poul.e.soerensen@risoe.dk
Thomas Ackermann, thomas.ackermann@ieee.org

Ecogrid.dk WP4 238



5.4.7 Wind farm control - overload capability

5.4.7 Wind Farm control - Overload
capability

Technical description

Main issues
Title Wind Farm control Overload capability
Type of market Regulation power
Generation or demand Generation
Transmission or distribution Transmission and Distribution
Supporting systems and procedures | Existing control systems
Main players TSO and wind farm owners

Brief description

At wind speeds higher than the rated values, wind turbines can produce higher than rated
power, if the design allows for it. There will be a trade of between use of lifetime and value of
production. Overload capability for future wind turbines will make it possible to operate in
delta-control (with a defined up-regulating capacity) at a higher power level. For example,
instead of operating at 80% rated power with a 20% reserved up-regulating capacity, this
level could be shifted to 90%, if the wind turbine could operate with 110% load.

Impact

Benefits (and drawbacks/limitations) to power system

Increase value of wind power.

Increase production during delta-control and/or increase up-regulating capacity
Drawbacks:

Extra consumption of lifetime in overload operation.

Dependence on other measures

If other (expensive) regulating power sources can be shut down, the value of the wind
power/energy during high wind conditions will be increased.

A number of functions must be available in order to gain full benefit from Overload
Capability, such as Active Power regulating, Reactive power control and Optimal Production
Control.

Environmental impact
Reduce the need for fuel consuming spinning reserves.
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Business issues

Costs
Issue Value Ref
Specific investment (M€/MW) 0.2 guess
Availability (%) above rated wind
speed, 1-10%

Specific investment (ME€/MW) = 0.2 is a roughly estimated value based on a wind turbine cost
of around 1 M€/MW and a marginal cost of a 10% high wind overload capability equal to 2%.

Manufacturers

Patents

Status

Existing installations (examples if available)
Potential development
Research and development

Bottlenecks
Other issues
References
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5.4.8 Wind Farm control - Black start
support

Technical description

Main issues
Title Wind Farm control Black start support
Type of market Back up power and control in future Transmission and
Distribution grids
Generation or demand Generation
Transmission or distribution Transmission and Distribution
Scale 100% of future wind turbine power (3000 MW)
Supporting systems and procedures | Existing control systems, perhaps upgraded
Main players TSO, DSO and wind farm owners

Brief description

In a future grid setup with much more wind power, control functions are needed, so that the
Wind Farms are able to support the grid control together with other available generators (CHP
etc.). The Wind Farms may constitute a major part of the generator power available on the
actual TS/DS grid.

The wind farm control functions to be investigated could include black start support, which
could be at TS as well as DS level.

This function must be coordinated with the overall generator control in the grid control
system, perhaps as a part of Virtual Power Plant control system [2].

Command, Control and Communication philosophies (Central versus de-central control, high
performance communication etc.) should be considered.

Impact

Benefits (and drawbacks/limitations) to power system
Advantages
e Increase value of wind power.

e Increase robustness/reliability/up-time (if it is possible to black start and operate a
grid in island operation)

Drawbacks:
e Possibly a more complex and costly control and communication system
e More complex and costly wind turbines.

Dependence on other measures
Island operation support functionality should be available.

Micro-grid structure/organisation with some kind of Virtual power plant (or similar) control
setup may be needed, so that the new wind turbine/wind farm control functions can be
utilized, at least at DS level.

For Wind Farms with HVDC connection there are several possibilities. The Wind Farm could
continue operation (together with the Wind Farm side HVDC converter) during the black-out
of the grid, and therefore be able to deliver power through the Black Start operation. If there
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is a total black-out including the HVDC and the Wind Farm, then the system could be
restarted either from the HVDC side or the Wind Farm side (both would require Black Start
capability).

Environmental impact
Low, mainly based on smarter control of existing equipment

Business issues

Costs
Issue Value Ref
Availability (%) Medium and
High wind
Manufacturers
Patents
Status

Existing installations (examples if available)
Potential development

Research and development

Title Country | Grant Year

Operation and control of large wind Denmark | PSO Elkraft FU2102 2002
turbines and wind farms

Bottlenecks
Other issues
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5.4.9 Wind Farm control - Island operation

support

Technical description

Main issues
Title Wind Farm control island operation support
Type of market Regulation power and control in future transmission

system (TS) and distribution system (DS) grids

Generation or demand

Generation

Transmission or distribution

Transmission and Distribution

Supporting systems and procedures

Existing control systems, perhaps upgraded

Main players

TSO, DSO and wind farm owners

Brief description

In a future grid setup with much more wind power, control functions are needed, so that the
Wind Farms are able to support the grid control together with other available generators (CHP
etc.). The Wind Farms may constitute a major part of the generator power available on the

actual TS/DS grid.

The wind farm control functions to be investigated could include island operation support,

which could be at TS as well as DS level.

This function must be coordinated with the overall generator control in the grid control
system, perhaps as a part of Virtual Power Plant control system [2].

Command, Control and Communication philosophies (Central versus de-central control, high
performance communication etc.) should be considered.

In this case some of the concepts applied in Mini/Micro grids can be used.

levels).

“Distributed Generation, Grid and Micro Grid Problems”. Bilbao, 19™ October 2004

Figure 1. Structure of a microgrid with different renewable sources (Source [3])
This architecture requires different control levels with different control objectives as:
e MicroGrid Central Controller (MGCC)
» short term forecasting
» promotes technical and economical operation
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»  provides set points to LC and MC;

» interface with loads and micro sources and Distribution Management
System;

» load shedding
= Microsource Controller (MC)
» Maximum Power Point Tracking
»  Active power / frequency control
» Reactive power / voltage control
= Load Controller (LC)

The MicroGrid Central Controller (MGCC) is responsible with mainly two mode of
operation:

» Normal operation or grid connected operation
o0 interface with loads and micro sources and Distribution Management System
short term forecasting (sources and loads)
provides set points to LC and MC (P/Q control);
promotes technical and economical operation
on-line security functions
analysis of operation points considering reliability aspects
steady state security
dynamic criteria
demand side management functions
interruptible loads
economic scheduling -> might be considered
O participation in el-spot market
» Island operation and black-start
O maintain operation using local sources
0 grid reconnection and synchronization during/after black-outs
0 switch to voltage/frequency control and load shedding
Droop characteristics are used for both frequency and voltage control in island operation.

©O O OO0 O 0O OO0 OO0 OO

) u A
:-_-___:_-—-_______-I-- __L____L. h—. ___i____i.
fo —-'_—-T__“‘-T--—_ Ug
Af -1%
. : — : —
Pn Qn
Frequency droop Voltage droop

Figure 2. Droop control characteristics for frequency and voltage (Source [3]).

The following advantages of this droop control must be mentioned:
> allows parallel operation of multiple power converters
» no communication between sources is needed
» increased overload capability of the system
» it can be combined with any type of generator
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However this control requires fast and accurate measurement of voltage and current as well as
advanced control algorithms (DSP).

Impact

Benefits (and drawbacks/limitations) to power system
Advantages
e Increase value of wind power.
e Decrease need for standby capacity (spinning reserves)
e Increase robustness/reliability/up-time
Drawbacks:
e Possibly a more complex and costly control and communication system
e More complex and costly wind turbines.

Dependence on other measures

Micro-grid structure/organisation may be needed, so that the new wind turbine/wind farm
control functions can be utilized, at least at DS level.

The Wind Farms7Turbines should have many of the functions described in Active Power
Regulating, Reactive Power Control, Grid synchronization and monitoring and perhaps even
Black Start Support capability.

Environmental impact
Decrease need for fuel consuming spinning reserves

Business issues

Costs
Issue Value Ref
Availability (%) Medium and
High wind
Manufacturers
Patents
Status

Existing installations (examples if available)
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Potential development
Research and development

Bottlenecks
Other issues
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5.4. 10 Wind Farm control HVDC-VSC
connection

Technical description

Main issues
Title Wind Farm control HYDC-VSC connection
Type of market TS connected generator — energy, regulating power
Generation or demand Generation
Transmission or distribution Transmission
Scale 3 offshore parks (3 x 200 MW at Horn Rev) (Nysted
Havmgllepark 165MW) [1], [2]
Supporting systems and procedures | Existing grid codes
Main players TSO and wind farm owners

Brief description
Connection of big wind farms to the 400 kV system through an HVDC-VSC link is

considered due to promising technical and economical benefits, which might be further
strengthened by future demands for cabling of the HV transmission grid.

It must be considered, that this combination (HVDC-VSC + Wind Farm) is new, and that very
limited operational experience exists (Tjareborg tests with old turbines).

The Tjeereborg wind farm consists of 4 different type of wind turbine with different nominal
powers [3], [4]. Two of these turbines are pitch regulated while the other two are stall
controlled. The rated power of the wind farm is 6.5 MW while until recently an HVDC
system with 8 MV A rated power was installed

2 levels VSC 7.2 MW 2 levels VSC
' 8 MVA I 9 kV 8 MVA
Wind farm 10,5 kv T -, :1.39km P 10.5 kv

ACJ%} J_ o
! Cabl
DC —l_ !

AC Line

Figure 1. Tjereborg system.

The DC transmission system was in parallel with an AC line and it has a length of 4.3 km.
The voltage and frequency in the wind farm can be varied continuously and independently of
the transmission grid [3], [4] using this DC link. In isolated operation the frequency can vary
between 30 and 65 Hz [3].

According with [3] the control concept was implemented and tested in EMTDC program
under different conditions and it has been found a “fairly good agreement between simulation
and commissioning tests”. However, the frequency control of the wind farm was an
exception. In simulation the dynamic frequency control worked fine [3]. During the
commissioning test the frequency was varied between 47 and 51 Hz. Outside this range the
wind turbines are tripped by their protections [3]. In [3] is mentioned that a reason for
different result in simulation compared with the commissioning tests might be the difficulties
in simulating correctly the dynamics of the wind farm.
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The first large scale project, using a HYDC VSC in combination with an offshore wind farm,
is the 400 MW NORD E.ON 1 (Borkum 2), to be built in 2009
(http://www.abb.com/cawp/gad02181/306¢726f332f36d3¢1257353003b91f0.aspx).

This transmission brings power from the offshore wind farm 130 km from the German North
Sea coast to a substation 75 km inland by submarine and underground cables.

HVDC VSC technology is a proven technology for power transmission, but the combination
with wind power is new, so fast and coordinated control of the wind farm and the HVDC-link
will be a challenge, especially during grid faults with deep voltage sags, since a basic HVDC-
VSC system has virtually no DC-link energy storage (5 ms). A ‘brake chopper’ with a dump
load resistor in the DC link could be an alternative (hardware) option to the fast control.

A typical HVDC link topology uses a full scale HVDC system rated at the wind farm rated
power as shown in Figure 2. The low or medium AC voltage at the wind farm is converted
into a high dc voltage on the transmission side and the DC power is transferred to the on-
shore system where the DC voltage is converted back into AC voltage.

AC Wind Farm
SCIG —

Grid
AC
L WE-Side Grid-Side
AC

Converter Converter

AC [3]9]
DC-Line
| l } | }
DC AC

AC grid on-shore

Active N
Stall

i

AC

5
:

AC

Active
Stall

Wind Park C
Figure 2. Wind farm with an HVDC grid connection [6].

Impact

Benefits (and drawbacks/limitations) to power system
Advantages:

e Increase regulation capabilities with grid support functions (dynamic reactive
power-control, voltage and frequency support,

¢ low harmonic content for both voltage and current in the Point of Common
Coupling (PCC).

Drawbacks:

e New technology for wind farm connection, no existing experience with full scale
control and/or interaction between HVDC and wind farm/turbine control systems.

e Grid code performance (fault ride through) with HYDC-VSC and a Wind Farm

as a complete system is not established technology (this functionality must be
developed in order to fulfil basic requirements).

Dependence on other measures

Wind farm and wind turbine control systems have to be adapted for HVDC, and the HVDC
control must also be adapted for/coordinated with the wind farm/turbine control, so basically
all functions, described in Active Power Regulating, Virtual Inertia, Reactive Power Control,
Grid synchronization and monitoring, Black Start Support, Island Operation Support and
LVRT, have to be redesigned and supported (or taken care of) by the HVDC control system.
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Since a basic HYDC-VSC system has a very low energy storage capacity in the DC-link, care
must be taken when designing functions which needs fast power control. This requires tight
dynamic control of the power balance between the HVDC system and the connected Wind

Farm.

Environmental impact
Reduce the need for fuel consuming spinning reserves
Reduce the need for alternative grid supporting units

Replace overhead lines
There could be some noise from unshielded reactors due to the switching frequency in the

audio band (1-4kHz).
Cables are placed in corridors without plantation.

Business issues

Costs

Manufacturers

Patents

Status

Existing installations (examples if available)
No existing installations with modern wind turbines.

The first power plant size (offshore) wind park with HVDC link will be Borkum 2, which is
planned for operation in 2009, see link below.

http://library.abb.com/GLOBAL/SCOT/scot221.nsf/VerityDisplay/SED909FA2F75084AC12

5736A0039A67F/$File/POW-0050%20Rev3%20Borkum.pdf

Other existing installations are not used for connecting wind power (see Table)

Place Time | Capacity Function Manufacturer | Ref
Borkum 2 | 2009 | 400 MW HVDC connected wind farm Bard wind
turbines,
ABB HVDC
Light
Gotland 50 MW Wind power ABB HVDC | [5]
+ 80 kV Voltage support Light
70 km Stabilize AC lines
underground
DirectLink 3x60 MW Asynchronous Tie ABB HVDC | [5]
+80 kV Weak systems Light
65 km Environmental
underground | permitting
Murray 200 MW Asynchronous Tie ABB HVDC | [5]
Link Light
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+150 kV Weak systems
180 km Environmental
underground | permitting

Potential development

Grid code performance (fault ride through) with HVYDC-VSC and Wind Farm as a complete
system (must be done to fulfil basic requirements).

Grid support functions in HVDC grid inverter
Integration of electrical energy storage in the DC link.
More simple wind turbines with DC-interface (voltage levels, converters)

Research and development

Bottlenecks
Price and limited number of producers.

Other issues
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5.5.1 Point Forecasting of Wind Generation

Technical description

Brief technology description

Research developments on the forecasting of wind power generation started 15-20 years ago.
Since then, multiple methodologies have been developed. Commercial tools are now
available, distributed and maintained by a certain number of companies (or research
institutes) in Europe. Forecasting is still an important (and very active) research field, being
the main point of focus of several European research projects. Forecasts of wind power may
be used for different purposes, depending on the time-scale considered. From seconds to
minutes, they are used for control purposes. From hours to few days ahead, forecasts are a
basis for defining optimal energy management or trading strategies. When forecasts are for
horizons further than few days ahead, they may serve for instance for planning maintenance
operation at offshore locations. More information on wind power forecasting can be found in
Wikipedia [1], an overview of the main methodologies is available in [2], and a state of the art
on research developments (up to 2003) is available in [3].

Technical/Implementation issues

Forecasting of wind generation can be implemented in the form of software installed at the
client, or provided as a service by some forecast companies. In both cases, forecasting
methods requires as input static and dynamic information for the site considered (a wind farm,
a group of wind farm, or a region). Static information includes:
= Geographical coordinates
= Description of the wind farm layout (or spreading of wind turbines/farms if
considering a region)
= Topography/orography/roughness in the vicinity of the wind farm (generally in the
form of maps)

Note that such static information is mandatory for the so-called ‘physical’ forecasting
methodologies, while they are optional for the so-called ‘statistical’ forecasting
methodologies. In parallel, dynamic information includes:

= Meteorological forecasts of relevant meteorological variables (wind speed and

directions, plus possibly humidity, temperature and pressure)

= Availability of the turbines

= Online power measurements (SCADA data, optional)

= Online meteorological measurements (SCADA data, optional)

Regarding dynamic information, the relevance of each of them depends on the intended
application, and required level of accuracy for the very short-term (up to 6-8 hours ahead) and
short-term (further than 6-8 hour ahead) look-ahead times. Forecasts of meteorological
variables are mandatory for having a satisfactory level of performance for horizons further
than 6-8 hour ahead, while online measurements permit to increase the level of accuracy for
the very-short-term. Finally, availability of turbines is crucial for scaling the predictions to the
level of available nominal capacity.

Safety issues
There are no specific safety issues.
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Impact

Benefits (and drawbacks/limitations) to power system

Wind power being a variable source of energy, whose output is imposed by meteorological
conditions and not by human control, forecasts are paramount in order to optimally plan the
operation of the power system in view of this production. The more accurate wind power
predictions are, the higher the benefits resulting from forecast-based decisions are. Indeed, the
limitation of wind power predictions is their level of accuracy. While the various actors of a
power system are used to levels of accuracy of 2-5% for day-ahead demand (load) forecasts,
the level of accuracy of day-ahead wind power forecasts may vary between 4 and 25% of
installed capacity. Such level of accuracy may depend on the size of the wind farm (or region)
considered, on the type of the terrain, the forecasting method employed, etc. Methods for
evaluation of wind power forecasts are described in [4], along with a discussion on expected
level of performance, while the influence of some wind farm characteristics on the level of
accuracy of wind power predictions is given in [5].

Dependence on other measures

Owing to this limited and variable level of forecast accuracy, it has proven paramount to
associate wind power predictions with information on their situation-dependent level of
uncertainty. The present measure on point forecasting of short-term (up to 48-72 hour ahead)
wind power generation is therefore tightly related to that corresponding to estimation (and
optimal communication) of the uncertainty of such forecasts.

In addition, since wind power forecasts serve as a basis for making bids on the Nord Pool
electricity market, several studies now start to show what is the influence of wind power
predictions on the electricity prices (spot, but mainly regulation ones), see e.g. [6]. As a
consequence, the present measure on short-term wind power forecasting is tightly related to
some of the market measures. Evolution of the electricity market in Denmark should account
for the fact that wind power producers make their bids from forecasts which are not
completely accurate.

Finally, it is important to understand the link between demand (load) and wind power
production. Indeed, if the daily patterns for load and wind were fully correlated, this could
make the management of the power system significantly easier. Hence, measure related to
demand (load) forecasting, or demand-side management, should relate to the present measure
on short-term forecasting of wind power generation.

Environmental issues

There are no particular environmental issues.

Business issues

Forecasting of wind generation is now a mature research field, for which R&D efforts are
carried out both at research institutes and by commercial forecast providers. Prediction
services or software are not only provided as output of research collaborations, but also as
fully commercial products. In Denmark, some companies such as ENFOR A/S have been
providing forecasts as a commercial software/service since 2006, while such software/service
started to be offered few years earlier in Germany, Spain or the United States.

Forecast providers

In Denmark, the companies providing forecasting of wind generation as a service, or as
software are:

= ENFOR A/S

= Vejr2 A/S

= WEPROG A/S
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Note that a large number of other European companies provide similar services or software,
and may be present on the Danish market in the future.

Status

Existing installations (examples if available)

Current users of wind power forecasts in Denmark (thus being clients of commercial forecast
providers) include:

= Energinet.dk

= Vattenfall Danmark

=  DONG Energy Generation

= Etec.
Most of these forecast users have a long experience with the use of wind power predictions,
gained though collaborations with research institutes through Danish and European projects.

Research and Development

Research and development is very active in the field of wind power forecasting, with focus on
various ways of improving the value of wind power predictions for their users. This includes
for instance combination of forecasts, optimal selection of input information to forecasting
models, regime-switching approaches permitting to account for extreme events, etc. A list of
recent and current relevant research projects at the Danish and EU level is given below.

Projects

Title Country Grant Year
Wind power ensemble forecasting Denmark PSO 2101 | 2002-2005
Intelligent wind power prediction systems Denmark PSO 4101 | 2004-2007
Improved wind power prediction Denmark PSO 5766 | 2004-2007
High Resolution Ensembles at Horns Rev Denmark PSO 6387 | 2006-2009
Anemos EU FP5 2002-2006
Anemos.plus EU FP6 2008-??
SafeWind EU FP7 2008-?7?

An overview of the major ongoing research projects (and coordination actions) at the
European level are briefly described and discussed in [7]. Finally, the European Wind Energy
Association has set up a technology platform, in which a group of forecasting experts focuses
on defining a research agenda in order to reach a breakthrough in development of wind power

forecasting technology [8].

Bottlenecks

The bottlenecks related to wind power forecasting are:
= the accuracy of predictions (especially timing of ramps), the improvement of which is
a crucial challenge for the forecasting community in the short to medium-term
= the providing of a valuable information related to the situation-dependent uncertainty
of wind power forecasts (cf. measure on uncertainty of wind power predictions)
= the optimal use of point forecasts, which involves development of methods and

training of forecast users

Other issues

There are no specific other issues.
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5.5.2 Forecast Uncertainty Point
Forecasting of Wind Generation

Technical description

Brief technology description

Research developments on the forecasting of wind power generation started 15-20 years ago.
Since then, multiple methodologies have been developed. Commercial tools are now
available, distributed and maintained by a certain number of companies (or research
institutes) in Europe. Forecasting is still an important (and very active) research field, being
the main point of focus of several European research projects. More information on wind
power forecasting can be found in Wikipedia [1], an overview of the main methodologies is
available in [2], and a state of the art on research developments (up to 2003) is available in
[3]. Forecasts of wind generation are provided in the form of point predictions ie. a single
value (either the expected or the most likely wind generation) for each look-ahead time.
Another IT measure actually focuses on point forecasting of wind power. Because of the low
(in average) and highly variable level of accuracy of wind power point forecasts, it appears
paramount today to have them associated with a situation-dependent assessment of their
uncertainty. This may take the form of probabilistic forecasts [4],[5], which are the most
common so far, or alternatively of risk indices [6], which tell forecast users on the confidence
they may have in the provided predictions. In both cases, uncertainty information may
originate from purely statistical methods, or by post-processing meteorological ensemble
forecasts.

Technical/Implementation issues

Uncertainty on wind power forecasts will be provided along with point predictions of wind
power. Hence, similarly to wind power forecasting, tools for providing information on
forecast uncertainty can be implemented in the form of software installed at the client, or
provided as a service by some forecast companies. In both cases, the methods involved
require as input static and dynamic information for the site considered (a wind farm, a group
of wind farm, or a region). Static information includes:
=  Geographical coordinates
= Description of the wind farm layout (or spreading of wind turbines/farms if
considering a region, optional)
=  Topography/orography/roughness in the vicinity of the wind farm (generally in the
form of maps, optional)
Note that such static information is not as important as for the case of point prediction.
Uncertainty estimation is more often seen as a statistical post-processing problem, based on
the already generated point forecasts. In parallel, dynamic information includes:
=  Meteorological forecasts of relevant meteorological variables (wind speed and
directions, plus possibly humidity, temperature and pressure) — They may take the
form of ensemble forecasts of meteorological variables.
= Availability of the turbines
= Online power measurements (SCADA data, mandatory)
= Online meteorological measurements (SCADA data, optional)
Regarding dynamic information, note that online power measurements are a necessary
information if one wants to have a reliable estimation of forecast uncertainty. If not possible
to have this information online, power measurement data should be regularly collected and
used for adapting/updating the mathematical models involved.
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Safety issues
There are no specific safety issues.

Impact

Benefits (and drawbacks/limitations) to power system

Wind power being a variable source of energy, whose output is imposed by meteorological
conditions and not by human control, forecasts are paramount in order to optimally plan the
operation of the power system in view of this production. Since the beginning of research
developments related wind power forecast uncertainty 5-10 years ago, it has been shown that
optimal decisions regarding management or trading of wind power cannot be made without
information on forecast uncertainty [7-9]. The only known limitations are the potential lack of
expertise of forecast users. Indeed, if one does not how to make an optimal decision from
forecast uncertainty information, there will be no benefit from its use.

Dependence on other measures

Forecast uncertainty is tightly linked to the forecasts themselves. Therefore, the present
measure on forecast uncertainty is to be associated to that on wind power point forecasting. In
addition, since wind power forecasts serve as a basis for making bids on the Nord Pool
electricity market, several studies now start to show what is the influence of wind power
predictions on the electricity prices (spot, but mainly regulation ones), see e.g. [10]. As a
consequence, the present measure on wind power forecast uncertainty is tightly related to
some of the market measures. Evolution of the electricity market in Denmark should account
for the fact that wind power producers make their bids from forecasts which are not
completely accurate.

Finally, it is important to understand the link between demand (load) and wind power
production. Indeed, if the daily patterns for load and wind were fully correlated, this could
make the management of the power system significantly easier. Hence, measure related to
demand (load) forecasting, or demand-side management, should relate to the present measure
on uncertainty of wind power forecasts.

Environmental issues

There are no particular environmental issues.

Business issues

Forecasting of wind generation is now a mature research field, for which R&D efforts are
carried out both at research institutes and by commercial forecast providers. Prediction
services or software are not only provided as output of research collaborations, but also as
fully commercial products. In Denmark, some companies such as ENFOR A/S have been
providing forecasts as a commercial software/service since 2006, while such software/service
started to be offered few years earlier in Germany, Spain or the United States. Relevant
information on forecast uncertainty is only rarely provided so far.

Forecast providers

In Denmark, the companies providing forecasting of wind generation as a service, or as
software are:

= ENFOR A/S

= Vejr2 A/S

= WEPROG A/S
Note that a large number of other European companies provide similar services or software,
and may be present on the Danish market in the future. ENFOR and WEPROG provide
information on forecast uncertainty along with their predictions.
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Status

Existing installations (examples if available)

Current users of wind power forecasts in Denmark (thus being clients of commercial forecast
providers) include:

= Energinet.dk

= Vattenfall Danmark

=  DONG Energy Generation

= Etec.
Most of these forecast users have a long experience with the use of wind power predictions,
gained though collaborations with research institutes through Danish and European projects.
It is not known if all these forecast users are provided or not with information on forecast
uncertainty. If so, it is even less sure that such information is used for optimizing management
and trading decisions.

Research and Development

Research and development is very active in the field of wind power forecasting, with focus on
various ways of improving the value of wind power predictions for their users. A large part of
research efforts focuses on uncertainty of wind power predictions, ie. on better ways of
estimating, communicating it, and consequently using it in decision-making processes. A list
of recent and current relevant research projects at the Danish and EU level is given below.

Projects

Title Country Grant Year
Wind power ensemble forecasting Denmark PSO 2101 | 2002-2005
Improved wind power prediction Denmark PSO 5766 | 2004-2007
High Resolution Ensembles at Horns Rev Denmark PSO 6387 | 2006-2009
Anemos EU FP5 2002-2006
Anemos.plus EU FP6 2008-7?
SafeWind EU FP7 2008-7?

An overview of the major ongoing research projects (and coordination actions) at the
European level are briefly described and discussed in [11]. Finally, the European Wind
Energy Association has set up a technology platform, in which a group of forecasting experts
focuses on defining a research agenda in order to reach a breakthrough in development of
wind power forecasting technology [12].

Other issues

There are no specific other issues.
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5.5.3 Load forecasting (electricity and heat
consumption)

Technology description

Brief technology description

Load forecasting, load being considered as the demand in terms of electricity or heat, is
crucial for the management of the power system. If focusing on the electricity demand,
relevant forecast horizons range from 1-hour ahead to 7-day ahead, with an hourly or half-
hourly resolution. Over this range of horizons, forecasts have a broad range of applications,
going from economic scheduling of power systems to capacity planning and maintenance
scheduling. An overview of the electricity demand forecasting problem is given in [1].
Research efforts for the development and improvement of electricity demand forecasting have
been significant in the last 20 years, yielding a large number of alternative and competitive
methods. Forecast accuracy depends on the size of the overall power system or on the climate
of the related region. This point is illustrated and discussed in [2] for instance. For the specific
case of European countries, one can find a comparison of expected forecast accuracy in [3].
Typically for these countries, the Mean Absolute Percentage Error (MAPE) is between 1 and
3%, with an increase as the lead time progresses. In parallel, heat load prediction is a less
developed research area, as there is a significantly smaller number of countries employing
heat networks. Heat load forecasts are crucial for optimizing the flux of hot water at the point
of production [4]. In parallel, temperature forecasts at critical points of the distribution
network are necessary for the optimization of the water temperature at the production point
[5]. Relevant look-ahead times for heat load consumption are up to 72-hour ahead, with a
temporal resolution depending on the control system employed at the production point. In
terms of forecast accuracy, only few results are available in the relevant literature [6],[7].
Results from a forecasting exercise in Denmark mention a MAPE of up to 17% when no
meteorological information is used, and which can be lowered to 3-7% if appropriately
accounting for meteorological conditions and their impact of the heat load.

Technical/Implementation issues

Load forecasting can be implemented in the form of software installed at the client, or
provided as a service by some forecast companies. In both cases, forecasting methods may
require information on consumption in the past, in the form of measurement time-series, as
well as information on the meteorological conditions for the coming period, given by
predictions for a set of relevant meteorological variables (e.g. temperature or wind).

Safety issues
There are no specific safety issues.

Impact

Benefits (and drawbacks/limitations) to power system

Electricity and heat loads are stochastic variables, thus implying that forecasts are necessary
for making optimal decisions in terms of planning or of economic dispatch. In addition, the
current level of accuracy of such forecasts makes them directly useable in deterministic
decision-making approach. This contrasts with the low level of forecast accuracy in e.g. wind
power prediction, which then translates to under-optimal decisions if forecasts are directly
used in deterministic decision-making approaches. This does not change the fact that higher
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forecast accuracy for the load would permit to increase even more the benefits to the power
system as a whole.

Dependence on other measures

Regarding electricity consumption, it is important to understand the link between demand
(load) and wind power production. Indeed, if the daily patterns for load and wind were fully
correlated, this could make the management of the power system significantly easier. Hence,
measures related to demand (load) forecasting, or demand-side management, should relate to
measures on short-term forecasting of wind power generation, and its uncertainty. In parallel,
heat load forecasting is tightly related to measures on the optimal management of CHP
facilities. It can also be related to measures on wind power forecasting (and its uncertainty),
as the idea of using CHP as a buffer for wind power variable output would call for the
combined use of load and generation forecasts.

Environmental issues
There are no particular environmental issues.

Business issues

Load forecasting is na mature research field. Prediction services or software are not only
provided as output of research collaborations, but also as fully commercial products.

Forecast providers

In Denmark, it seems there is a unique company that may provide electricity and load
forecasts: ENFOR A/S. However, there exist a large number of other companies in Europe
that may be able to provide a similar service.

Status

Existing installations (examples if available)

Current users of load forecasts include Transmission System Operators (TSOs), such as
Energinet.dk in Denmark, or heat producers using advanced controllers for hot water flow
optimization.

Research and Development

Research and development related to load forecasting is pretty limited at the Danish or
European level at the moment. However, this should change in the future, as the idea of
demand-side management would call for new methods permitting to account for the consumer
behaviour and the impact of price signals on the future load. In parallel, future research works
in this area should also focus on the interaction between renewable energies and the load, as
the increase of the correlation between these two would allow for an easier management of
the overall power system, and also allow for lower electricity prices.

Other issues
There are no specific other issues.
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5.6 Local Grid Support with Micro
Production

Technical description

Brief technology description

Micro Production (MP) is an extension of the distributed generation (DG) concept where the
required electrical power in residential applications is produced locally using sources like :
solar panel (photovoltaics), micro wind turbines, fuel-cells, micro CHP based on gas-
turbines, etc. with an installed power < 10 kW. All these sources of electrical power generate
either dc or variable frequency electrical power and in order to connect them to the grid
typically a power electronic interface converter (PEIC) is required.

Apart from the main function of converting the generated power to grid synchronized power,
these power electronics interface can perform additional functions like:
1. ancillary grid supporting functions such as local voltage and frequency control
2. power quality conditioning functions dealing with compensating the local voltage
harmonics and unbalance
3. UPS (Uninterruptable Power Supply) for houses, ensuring power supply during
blackouts and improving thus the reliability of the grid
4. Participation in primary or secondary control (as regulating reserves), and reactive
power compensation. But due to the low rating of these units, coordinated cluster
control is necessary in order to achieve typically ranges of MW for primary or
secondary reserves. This is perfectly possible in the near future when a high
penetration of MP is expected providing communication and coordinated control

Technical issues

The local grid support technology is very well known from the wind power plants with power
electronics grid converters in MW range. Application to MP is only a matter of down-scaling
to kW range. It is very relevant the fact that this function can be implemented entirely in
software without requesting extra hardware [1]

The power quality conditioning technology is very well known from business area of active
filters for utility applications and UPQC (universal power quality conditioner) which is a
FACT devices designed to improve the transmission capability of ac lines. The challenge here
is to implement this technology at very low scale (<10 kW range) and many papers have
already demonstrated that it is possible, typically as an add-on to the existing grid interface
converter mostly implemented in software.

UPS systems are very well known technologies available on the market but UPS with MP is
still at the R&D level as the market for this kind of application is still small. The technical
challenge is that the grid-connected interface converters (for PV, micro-wind, etc) are uni-
directional and the converters for stand-alone applications are bi-directional converters
working in parallel with a storage system (batteries) being thus more complex and more
expensive. An optimal solution would be to use a micro-gas turbine or fuel-cell instead of
battery and to avoid thus the need of recharging as these MP are continuously supplied by gas
or H2.

The technical challenges for implementing this measures are mostly in the communication

area. Standardized communication protocols and support are required. Compatibility with grid
controller is also required
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Impact

Benefits (and drawbacks/limitations) to power system

1. Local grid support with MP has the benefit of ensuring the power system stability in
the near future where a high penetration is envisaged and central grid control can
perform unsatisfactory. Local voltage control can generate flickers so special
measures to avoid them should be considered. Another limitation is that both local
voltage and frequency control is strongly limited by the VA rating of the MP but is
still possible, specially when coordinated MP cluster control is possible.

2. Power Quality Conditioning with MP has the benefit of improving the power quality
at a local level without action for the grid operators. The degree of compensating the
voltage harmonics and unbalance can be limited by the reduced rating (VA) of the
MP but optimized control using coordinated cluster control can improve the
performances.

3. UPS control with MP has the benefit of ensuring the power supply of typical
residential applications during blackouts by automatically and seamless switching to
stand-alone mode. This function is currently implemented using diesel generator or
storage based on batteries or fuel cells that are expensive, need maintenance and are
very rare used. Providing UPS function using MP is an add-on function to the
classical MP avoiding thus the extra cost of a separate UPS system. UPS with MP
supplied by renewable energy sources like PV or micro-wind turbine may have
limited availability. Combination with MP based on FC or micro gas turbine, or
storage could ensure 100% backup supply during blackouts.

4, Coordinated cluster control of MP has the benefit to provide primary or secondary
fast reserves or reactive power compensation useful for the grid control. Some
availability limitations may apply for MP based on renewable energy sources without
back-up but using fast communication the potential of these reserves may be well
estimate. Reliability of these types of reserves may be limited as it depends on the
communication and reliability of a very high number of units.

Dependence on other measures

Local grid support is depending on the following measures:
- market measure for allowing and paying local voltage and frequency control services
- coordinated MP cluster control for more effective local grid control
Power Quality Conditioning with MP is depending on the following measures:
- market measure for allowing and paying ancillary services of voltage harmonics and
unbalance compensation
- coordinated MP cluster control for more effective compensation
UPS control of MP is depending on the following measures:
- Grid regulation incentives for this ancillary service of UPS at residential level
Coordinate cluster control of MP is depending on the following measures:
- market measure for allowing and paying primary or secondary fast reserves
(dkk/MW) and for reactive power compensation dkk/MVVAR)

Environmental issues

There are no particular environmental issues as it is a control measure implemented in
software!

Business issues

The technology is mature and some companies especially in the PV business are offering
them especially for MicroGrid application. Integration in the grid is not possible in the
moment due to grid regulations which are expected to be changed in the future

Ecogrid.dk WP4 263



5.6 Local grid support with micro production

Manufacturers (add here more manufacturers!)
SMA

Fronius (PV inverters for MicroGrid applications)
Solar Wind Works

Distributed energy systems

Proven energy,

Status

Existing installations

Germany — ISET [1]

Multifunctional PV — ISET - Pilot plant Kassel, 100 kW PV + 100 kWx1h battery (German
Ministry for Environment, Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety and EC

Functionality Wltl'! decoupling Wltho.ut decoupling
inductor inductor

Feed PV to grid Yes Yes
Supply of control Yee Yes
power
Reactive pc?wer No Vi
compensation

> Harmonlcs_ No Yes
compensation
UPS Yes No
Improvemen_t of local Ve No
voltage profile

e The Local Grid Support with MP is still not commercially available but is demonstrated
in some pilot projects. It is expected to enter the market of MicroGrids in few years

Greece: The Kythnos Island Microgrid.[2]

This system, shown in Figure 2, electrifies 12 houses in a small valley on Kythnos, an island
in the Cyclades Archipelago, of the Aegean Sea. The generation system comprises10 kW of
PV, a nominal 53-kWh battery bank, and a 5-kW diesel genset. A second PV array of about 2
kW, mounted on the roof of the control system building, is connected to an SMA inverter and
a 32-kWh battery bank to provide power for monitoring and communication. Residential
service is

powered by three SMA battery inverters connected in a parallel master-slave configuration
forming one strong singlephase circuit. More than one of the 3.6-kW battery inverters

is used only when more power is demanded by consumers. The battery inverters can operate
in frequency droop mode, allowing information flow to switching load controllers if the
battery state of charge is low, and limiting the power output of the PV inverters when the
battery bank is full.
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Battary PV |

PV-Made

Netherlands: Continuon’s MV/LV facility. [2]

Continuon operates a holiday camp with more than 200 cottages, equipped with grid-tied PV
totaling 315 kW. The cottages are connected to an MV/LV transformer using four
approximately 400-m feeders. Daytime loads are low, so most of the PV power is injected
into the MV grid. During the evening and night, support from the grid is needed. High
voltages at the end of the feeder and a high level of voltage distortion during high PV output
have been noted. With the

microgrid islanded, improvements in power quality are sought using power electronic flexible
ac distribution systems and storage.

Germany: MVV Residential Demonstration at Mannheim-Wallstadt. [2]

The 1,200-inhabitant ecological estate in Mannheim-Wallstadt has been prepared for a
continuous long-term field test site for the More Microgrids project. A total of 30 kW of PV
has already been installed by private investors, and further DERs are planned. The first goal
of the experiment has been to involve customers in load management. During a summer of
2006 2-month trial, more than 20 families and one municipal daycare center participated in
the Washing with the Sun program (Figure 3). Based on PV output availability information in
their neighborhood, customers shifted their loads to times when they could use solar
electricity directly. As a result, participating families shifted their loads significantly from the
typical residential evening peak toward hours with higher solar insolation, and from cloudy
days toward sunny days.
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figure 3.Washing with the Sun encouraged customers to shift loads to high solar generation periods

(source: MVV Energie).

The CERTS Microgrid (CM) is intended to, as seamlessly as possible, separate from normal
utility service during a disruption and continue to serve its critical internal loads until
acceptable utility service is restored. The CM provides this function for relatively small sites
(~<2 MW peak) without need for costly fast electrical controls or expensive site-specific
engineering. No single device is essential for operation, creating a robust system.
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figure 4. Schematic of an example CM (source: CERTS).

Figure 4 shows an example CM, whose salient features are:

e a lack of fast electrical controls. The operation of generators is controlled locally by
power electronic devices incorporating droop characteristics that respond to locally
monitored frequency and voltage. Consequently, devices that naturally require a
power electronic interface, e.g., dc sources, are particularly amenable to incorporation

ina CM.
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e asingle point of common coupling (PCC), and does not export. To the utility the CM
appears as a single controlled load, no different than similar “customers.”

e an explicit design to provide heterogeneous PQR. This appears in the diagram as
varying reliability on the three circuits. Circuit C is exposed to normal grid power;
however, in the event of inadequate grid power quality, e.g. voltage sag, the static
switch opens and circuits A and B are served as an intentional island until acceptable
power quality is restored.

e a dispersed plug-and-play system. No custom engineering is required for
interconnection of any single device, as long as it has CM capability, making system
configuration flexible and variable. Generators may not only be spread across
circuits, they may be physically placed around the site, quite possibly co-located with
convenient heat sinks that offer economically attractive CHP opportunities.

e generic slow controls. Other control functions, e.g., maintaining economic dispatch,
are achieved by a slow control network, represented in Figure 4 as the Energy
Manager, which could be of many types; e.g., an addon to a legacy building energy
management system.

Japan - The Aomori Project in Hachinohe

This microgrid was put into operation in October 2005 and is being evaluated for PQR, cost
ffectiveness, and GHG emission eductions over a planned demonstration period lasting ntil
March 2008. Figure 10 gives an overview of the microgrid central feature of the system is that
only renewable nergy sources, including PV, WTs (together totaling 100 W), and biomass,
are used to supply electricity and heat.The controllable DERs consist of three 170-kW gensets
(510

KW total) burning sewage digester gas, a 100-kW lead-acid battery bank, and a 1.0-t/h woody
biomass boiler. The microgrid serves seven City of Hachinohe buildings. These facilities

are interconnected through a 6-kV, 5.4-km duplicate distribution line, with the whole system
connected to the commercial grid at a single PCC. From November 2005 and July 2006,
primary energy consumption was reduced by 57.3%, thanks to reduced electricity purchases,
while carbon emissions were also reduced by 47.8%. A weeklong islanding test is planned
during the project period. The energy management system developed through this project
optimally meets building demands for electricity and heat by controlling the output of the
gensets and boilers, together with the charging and discharging of the battery bank. The
control objective is to minimize operating costs and CO2 emissions while maintaining
constant power flow at the PCC.
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figure 10. Overview of the Aomori project.

The Aichi Project near the Central Japan Airport

The first NEDO demonstration project started operation at the site of the 2005 World
Exposition in March 2005. The system was moved to the Central Japan Airport City near
Nagoya in 2006, where it began operation in early 2007. It now supplies a Tokoname City
office builging and a sewage plant via a private distribution line. Its main feature is a
combination of the following fuel cells as the main sources: two [270-kW and 300-kW molten
carbonate fuel cells (MCFCs)], four 200-kW phosphoric acid fuel cells (PAFCs), and a 50-
kW solid oxide fuel cell (SOFC). The MCFCs use biogas generated from high temperature
(1,200 °C) treatment of wood waste and plastic bottles. Both the MCFCs and SOFC are
baseloaded while the PAFCs load follow. Total PV capacity is 330 kW, and a 500-kW NAS
battery is used for balancing. Experiment results of intentional islanding mode have also been
obtained.

The Kyoto Project at Kyotango

The municipal government of Kyotango City, north of Kyoto, leads this first virtual microgrid
demonstration project covering a 40-km span called the Kyoto Eco Energy Project, which
started operation in December 2005. It incorporates the following generation capacities: 50-
kw of PV, 50 kW of WTs, 5 x 80-kW biogas gensets, a 250-kW MCFC, and a 100-kW
battery bank. An energy control center communicates with the DERS by internet protocol over
the legacy telecom network to balance demand and supply, and energy is fed into the legacy
distribution system. Imbalances can currently be rectified over 5-minute time-steps, and
shorter ones are planned.

Shimizu Corporation, a major commercial building construction company, with the
cooperation of the University of Tokyo, is developing a microgrid control system using a test
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microgrid at its research center in Tokyo. The DERs include two natural gas gensets of 90 kW
and 350 kW, 4 x 100-kW-400-kJ electric double layer capacitors, and a 200-kW x 2-h NiMH
battery bank. The principle project objective is to develop an optimum operation and control
system. The target market includes urban developments, university campuses, and high PQR
demanding facilities, such as hospitals, banks, data centers, etc.
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5.7 Phasor Measurement units (PMUSs)

Technical description

Brief description

A phasor measurement unit (PMU) is a device that provides synchronized measurements of
real-time phasors of voltages and currents along with a measurement of the frequency.
Synchronism between the individual PMUs is achieved by the use of a common
synchronizing signal from GPS satellites. The synchronization of the sampling process for
different waveforms, which may be hundreds of kilometres apart, makes it possible to put
their phasors on the same phasor diagram.

According to IEEE standard for PMUs, the accuracy limits of PMUs, defined in terms of
Total Vector Error (TVE), should be within 1%. This implies a phase error within £0.01 rad
(x0.57°) or a maximum time error of +26us [B1]. This high accuracy of the PMU elevates the
standards of power system monitoring, control, and protection to a new level [B2]. The
current and potential applications of phasor measurement units have been well documented
[B3], [B4].

The greatest impact from PMUs on power system lies in applications that utilize the unique
capabilities of PMUs to provide synchronized measurements at dispersed locations in the
grid. Such applications require PMU data to be collected at a control centre where the analysis
of the data can be carried out. A system of PMUs must be supported by communication
infrastructure of sufficient speed to match the fast streaming PMU measurements.

In power systems where the amount of renewable power production has significantly been
increased, the existing transmission system is not always designed to cope with the new
transmission requirements. In many cases, it would be desirable to strengthen existing
transmission system. Due to an increasing political and public resistance against further
expansion of the high voltage transmission grid, future expansions could possible be limited.
Another possible solution could be an operation of the existing transmission system closer to
the stability limits for the system which requires a trustworthy online monitoring of these
limits. This necessitates a research within the field of applications for on-line assessment of
power system stability. It is attractive to base such applications on wide area PMU
measurements since they provide a direct measure of the operating state of the system.

Grid connection

The grid connection of the PMUs is obtained by the use of transducers that scale the signals
of interest. The PMUs receive the waveform of currents and voltages from current
transformers and potential transformers respectively.

Technical data

The IEEE standard for synchrophasors for Power Systems addresses the definition of a
synchronized phasor, time synchronization, applications of time tags and method to verify
measurement compliance with the standard. In order to test the compliance of a PMU with the
standard, the table below can be used. The table shows the range of the influence quantity
(frequency, magnitude or phase) and allowable error limits for compliance level 1 [B1].

Ecogrid.dk WP4 270



5.7 PMUs

Influence Quantity | Reference Range of influence quantity with respect to
Condition reference and maximum allowable TVE in percent
Range TVE (%)
Signal Frequency Fnominal + 5Hz 1%
Singal Magnintude | 100% rated 80% to 120% 1%
Phase angle 0 radians +n radians 1%

The TVE (Total Vector Error) defined as shown below:

TVE:J(xr(n)—xr>2+<xi(n)—xi)2
X2+ X}

Where X;(n) and X, (n) are the measured values given by the measuring device and X

and X, are the theoretical values of the input signal at the time of measurement.

Safety issues
Not relevant for PMUs.

Impact

Benefits to power system

The technology of PMUs has matured in recent years. Their practical value is given by
applications of their measurements and are some of those applications listed below [B3],[B4]:

e Real Time monitoring and Control:
One of the benefits of PMUs is the ability to inform not only operators that they face
problems in their control areas, but as well neighbouring operators of a stressed grid.
In [B5] is presented a Wide-Area stability and voltage Control System (WACS) that
is intended to provide a flexible platform for rapid implementation of generator
tripping and reactive power compensation switching for transient stability and voltage
support of a large power system.

e Power System State Estimation:
PMUs offers a number of benefits to the State Estimation application such as
improved accuracy and robustness of bad data detection; availability of a faster
numerical solution to a linear problem [B6][B7][B8][B9].

e Real-time congestion management:
The common practice for real-time congestion management is to compare actual flow
on a line or a path against a Nominal Transfer Capability (NTC) which is calculated
in advance using offline methods. Such calculations are often based on thermal
limitations, voltage limitations or stability limitations whichever is most restrictive
for the given case. The assumptions used in NCT are often conservative and can
result in large excessive margins in the congestion management process. This may
lead to unused transfer capability and lost opportunity to reduce costs in the dispatch
process.
PMU measurements can offer significant benefits within the area of real-time
transmission congestion management by enabling improved calculations of path
limits and path flows. This can lead to significant saving through reduced congestion
and more optimum system dispatch.

e Benchmarking, validation and fine-tuning of system models:
The implementation of phasor measurement based tools, methods and applications
provides a means of improving existing models. The availability of precise and time
synchronized measurements from various locations in the power system provides new
opportunities for identifying errors in system modelling data and for fine tuning
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power system power system models utilized throughout the industry for both on-line
and off-line applications.

e Post-disturbance analysis:
The aim of a post-mortem or post-disturbance analysis is to reconstruct the sequence
of events after a power system disturbance has occurred. For this purpose, a team of
engineers assembles and studies the recordings from various data recorders that are
dispersed throughout the grid. Since the recorders are not synchronized, the job of
understanding and reconstructing a timeline of what happened becomes a time
consuming job. A utilization of synchronized measurements can make this process
significantly easier.

e Power System Restoration:
Under the process of power restoration, system operators often encounter an
excessive phase angle difference across a breaker which connects two adjacent
stations. Closing a breaker on a large angle difference can shock the system and cause
severe equipment damage. The PMUs are well suited for on-line monitoring of
angles, and thus quite helpful during a power restoration. The PMU can reduce the
time needed during a restoration process.

e Global and Inter-Area oscillations:
Several methods have been suggested for both on-line and off-line analysis of power
system oscillations which utilize PMU data. Methods that have been applied for the
detection and identification of oscillations are among others prony analysis and

wavelet analysis.

e Adaptive Protection:
Using synchronized phasor measurements, certain relays and protection schemes
could be made to adapt to the prevailing system conditions, thereby enhance their
performance.

Figure 1 shows a schematic overview over both existing and potential applications of PMU

data.
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Figure 1: Schematic view over both existing and potential applications of PMU data. All of the
applications are on-line applications except for the two under the “Offline Analysis” category.

Dependence on other measures

For applications that utilize PMU measurements from widespread locations, the reliability of
the communication system is of great importance. Another factor influencing the phasor
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measurements is the performance of the measurement transformers that provide the signal that

the PMUs measure.

Environmental impact

The PMUs have no direct environmental impact. It is though possible that the PMUs might
have a secondary impact, since PMU measurements are used for real-time congestion
management and thus contributing to power savings in the dispatch process.

Business issues

Manufacturers

ABB, Arbiter Systems, Macrodyne inc., Schweitzer Engineering Laboratories inc., GE

Multilin.

Patents

The PMU technology is a non patented technology.

Status

Existing installations (examples if available)
In the list below are give examples over some of the existing installations around the world.

Place Time | Capacity | Function Ref

Canada Post-mortem analysis, validation and fine | [B10]

(Hydro Quebec) tuning of simulation models, frequency
regulation statistics

USA (BPA) Wide Area Monitoring, Test of PMU | [B11]
performance, Post disturbance analysis,
Simulation validation.

USA (WECCQC) Disturbance monitoring, System condition | [B12],
monitoring.

Italy (TERNA) Parameter Identification [B13]

Switzerland Line Thermal Monitoring, Event Capture

(ETRANS)

Denmark PMU Measurement Methods, Model | [B14]

(ENDK) Verification, Stability Assessment.

China Generator Operation Status Monitoring, | [B15]
Oscillations analysis, State Estimation,
Power angle stability prediction and
Alarming, Online perturbation
identification.

Potential development

Some examples of potential applications which can utilize the benefits offered by PMUs are

listed below:
e Situational awareness applications

Early Warning for instability
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Research and development
Examples of PMU-related research projects:

5.7 PMUs

Title Country Grant | Period

EIPP (Eastern Interconnection Phasor Project) USA 2002-?

A Tool for On Line Stability Determination and | USA June 1, 2005

Control for Coordinated Operating between to August 31,

Regional Entities Using PMUs 2007.

Detection, Prevention and Mitigation USA June 1, 2006

Cascading Events — Prototype Implementations - August 31,
2008

Development of PMU-based Early Warning | Denmark April  2007-

System for electric power systems may 2010

Bottlenecks

When PMU data is to be used for control of power systems, the reliability of the
communication system becomes critical. A secure and robust communication system is
needed to ensure that PMU data can be transmitted reliably and sufficiently fast for real time
applications. The communication system needed for PMU based real time applications might
therefore be considered as a bottleneck for the practical implementation of such applications.

Other issues
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5.8 Real time state estimators

Technical description
Brief technology description

A real-time model is a quasi-static mathematical representation of the current conditions in a
power network. This model is extracted at intervals from snapshots of real time measurements
(analog measurements and the status of switching devices) as well as static network data
(basic configuration and parameters). State estimation is the key function for obtaining such a
real-time network model.

The first step in real time modelling is the establishment of the dynamic database. This is
performed by the data acquisition function, which processes both analog and status data.
Analog measurements include power flows, power injections, voltage magnitudes, phase
angles, and current magnitude measurements, whereas the status data consists of data
concerning the network configuration. The static data base contains network basic
configuration data along with parameter data (e.g. line impedances). If a state variable can be
calculated from the available data (both dynamic and static) it is considered to be observable.

Technical/Implementation issues

Traditionally state estimation in power network is based on a methodology from numerical
analysis. The problem is formulates as a least squares problem in which the focus in a large
part of the Literature is on solving this in an efficient way. The problems involved is related to
invert a large matrix efficiently, handle constrains and solve large scale problems.

Safety issues
There are no specific safety issues.

Impact

Benefits (and drawbacks/limitations) to power system

In conventional state estimation the real-time model is obtained from observable part of the
network and optionally to attach the external model to it. With a proper redundancy level state
estimation can eliminate the effect of bad data and allow the temporary loss of measurements
without significantly affecting the quality of the estimated values. State estimation is mainly
used to filter redundant data, to eliminate incorrect measurements, to produce reliable state
estimates and allows to a certain extend determination of power flows in parts of the network
that is not directly metered.

Dependence on other measures

The state estimation is based on measurements on the electric network and is off cause
dependent at the availability of these measurements. The newer versions of state estimation
are based on phase information and depend on the PMU measure.

Environmental issues
There are no particular environmental issues.
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Business issues

Status
Existing installations (examples if available)

Research and Development

The area has been an active research area since 1970 ([2]-[4]) and has been more important
after the deregulation of the energy marked. The introduction of PMU has improved the
applications of state estimation.

Other issues
There are no specific other issues.
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5.9 Stability assessment / Contingency
analysis

Technical description

Brief technology description

It certainly appears crucial to Transmission System Operators (TSOs) that the system should
be operated in a continuous manner, and thus constantly prevented from reaching a point at
which it may collapse. Indeed, liberalization of electricity exchanges combined to the quest
for maximum economical efficacy may lead to the use of interconnection capacities far above
levels expected when they were built. Since the system is operated closer and closer to its
physical limits, tools and methods allowing for reliable and fast detection of potential
emergency events become paramount.

The most traditional deterministic approach for contingency analysis is certainly that based on
the “N-1” criterion. Indeed it corresponds to possible events. This criterion stipulates amongst
other things that in its state “N”, that is to say when all elements of the system are in
operation, operating conditions are in accordance with rules. Generally this is tested for
different conventional states: at least for peak and off-peak load of the system, etc. It implies
further that for all types of incidents leading to the disconnection of only one element
(generator, circuit, line, transformer, etc.), the system operating point stays within the
requested area. The operating point and the system is then declared ‘“-1” secure. This
approach is often “generalized” considering, at least for some devices, the loss of more than
one element, turning the criterion from “N-1" to “N-2”, to “N-x". In these cases, the system
operating area is generally enlarged, considering some overload capabilities of system
elements. When “x”, the number of lost elements, is getting higher, the state of the system can
be driven far away from its normal acceptable conditions. The unfolding of such incidents
leads to operation of emergency controls, which can represent a difficult undertaking for
traditional contingency analysis methodology.

However, as more and more stochastic generation (e.g. wind, solar) are fed into the system,
this traditional deterministic approach may not be suitable anymore. It is for instance starting
to be accepted today that worst events (for a system largely penetrated by stochastic
generation) may not occur at peak and off-peak loads, but instead during highly unstable and
hardly predictable meteorological phenomena. New methodologies allowing to assess
stability of the system and risk in the coming period are (and should further) be developed.
An example of a thorough study on voltage instability detection for the case of Eastern
Denmark is available in [3].

Benefits (and drawbacks/limitations) to power system

Benefits for the system are here straightforward, as knowing limitations and potential risk of
failure are paramount for insuring continuous delivery of electricity.

Dependence on other measures

The possibility for contingency analysis and stability assessment in real-time is strongly
conditioned on availability of large-number of relevant synchronized measurements (e.g. from
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PMUs), and on methods for real-time state estimation giving a snapshot of the current state of
the system.

Technical/lmplementation issues

Such issues will be relevant when methods will be sufficiently developed. So far, they consist
more of offline analyses investigating on limitations of the system.

Environmental issues
There are no particular environmental issues.

Safety issues
There are no specific safety issues.

Business issues

Business issues are most probably irrelevant here, as TSOs would certainly prefer to have
such tools and methods developed, tested, and employed in-house. This allows them to have
full control, in addition to have them tailored to their systems and their needs.

Existing installations (examples if available)

Research and Development
Projects

Bottlenecks

Other issues
There are no specific other issues.
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