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EXECUTIVE SUMMARY

One of the main aimef the DSM Integration Platform (DSM)developmentis to suggest solutions to the
identified challenges of cross border power transfers in existing and future transmission networks at
regional and global level, relying on efficient transnational useleshand side management (DSMi.

order to establish the extent to which differeBtSMactions could contribute tohe alleviation of different
identified cross border power transfer constraingd the feasibility of applying DSM for this purpoae,
analysis of both technical and regulatory requirements and constraints should be perfoifhsdreport
addresses th aforementioned requirements with ithree main contributions:

1) Probabilisticanalysis othe possible impact widscale DSM cahaveon the transmission system
performance bothin steadystate and disturbed conditions, in the presence of high peneiraof
renewable energy sourcéRES)

The results of this analysis serve as an illustratiomefossible impact afiational/transnational DSM on

the operation of individual/multiple transmission networks, but also on the power transfers between them.
As the next stepwith the deployment of monitoring devices in the networks of the four Tg&scipating

in the CROSSBOWSMIP demonstration activities (hnamely EMS, HOPS, NOSBIH and &@®ESith
further development of DSNP, similar analyses will be performed on a generic (simplified) network
representing the four interconnected systems using actual data

2) An overview of possible coordination schemes between the transmission systemt@pér&0O)
and the distribution system operatdDSORs a demansbide flexibility provider

¢{ha &dK2dZ R 0S I6FNB 2F G(G(KS aSOdaNRARiGe 2F (KS RA&GI
network. Similarly, the TSO should be informed of any EBg0est for DSM services, which could have
impact on the operation of thgpower systemas a wholg(i.e., security, energy balancing and frequency
control). Furthermore, TSOs and DSOs should put in place measures to ensure that thetioSwill not
endanger the security of the distribution systerBeveral coordination schemes are examined in this
respect: centralised and local ancillary serid&)market modes, shared balancing responsibility model,
common TSEDSO AS market model and integrated flexibility market model.

3) Theoretical and practical insights into the technical requirements and obstacles in the interaction
between the TSO and the DSM providers.

The TSO, which is responsible for balagdhe grid, is one of the main procurers of flexibility services.
Another function of flexibility is to manage congestion in the distribution network for which the DSO is the
buyer of flexibility. The third usage of flexibility is for portfolio optimiaati the market players (e.g.,
aggregators, supplierBalance Responsible Partiesc.) can obtain flexibility services to fulfil their energy
obligations in a costfficient way.The interaction between the TSOs and DSM providers is determined
bothbyKS ¢{ hQ& NBIdANBYSYyia IyR GSOKYAOlIf IyR (SOKY
therefore very important to create an interface that will allow both sides to cooperate effectively and
timely in real time situations.

In additionto the above mntributions, the report defines the main participants in the D$Rand suggests
proceduresfor facilitating interaction between them. Thegeocedures as well as the overall architecture
of DSMIP,will be further developed and reported in DIEBMIP Platform

D92 DSM suitability for improving cross border issues with increased penetration of RES 4
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1 INTRODUCTION

1.1 PURPOSE OF THE DOCUMENT

This report aims to identify and asseke feasibility of using demand side management (DSM)redtional

and transnational level for improving cross border power transfers and associated issugarianaission
system with increased penetration of remeble energy sources (RES). analyses the technical
requirements for largescale DSM deployment for transmission network operability support and devalop
preliminary set of demonstration activitiesbased on operational experience tfe local transmisgon
system operatorgTSO¥ At this stagethe analysis is performed in a simulated environment, on a generic
network model. The conclusions of this analysis will be used for further development of test scamakios
a series of studies (demonstration adties) which will be performed either on representative network
models of the local TSOs or on skewthermore, the technical requirements and possible obstacles in the
coordination between the TSO and the DSM prowder a distribution system operat, i.e., the DSO), as

a critical enabler for the operation of the DGR, are analysed.

1.2 SCOPE OF THE DOCUMENT

The report introduces the main actors participating in the D8Mand theprocedures supporting
interaction between themlt continues by analysg the possible impact of widecale DShbn different
aspects of power systesteady stateand stabilityperformanceusing a generic network model illustrating
an interconnected transmission systefirthe analysis includes the effect of different load typad demand
composition participating in DSM on the transmission network performance indik@®owing this, a
preliminary DSMP demonstration plan is presented, describing the proposed demonstration activities
related to different experiments defined bad on the HLU6 use cas€sirthermore,the report gives both
theoretical and practical insights into the coordination between the two main actors in the platform: the
TSO and the DSM provider (or the DSO). Technical and regulatory enablers and obstables i
coordination arealsopresented in the documentinally, the report introduces a high level architecture of
the TSEDSO coordination platform developed in a demonstration site in Greece.

1.3 STRUCTURE OF THE DOCUMENT

The document is organised in&x sections. This section (section 1) is the introductory section, providing
the overview of the deliverable, focusing on the scope of the document.

Section 2 describes the main actors participating in BSMvith an overview of the interconnections
between them.

Section 3 presenta probabilistic analysis of the possible effects wédale DSM could have on different
aspects othe stability of the transmission networks with increased penetration of renewable generation. It
also introduces the prelimary demonstration plan and possible options for monitoring the DSM assets
duringthe demonstration.

Section 4details on technical characteristics and constraints in the coordination between TSOs and DSM
providers, and provides practical insights takisgaa example the Interruptible Load Service in Greece.

Section 5provides a literature review on the possible coordination schemes between TSO and DSO in the
Greek demonstration site in Peloponnese. It also introduces albigh architecture of the ADNEHEDNO
coordination platform with some practical insights.

Section 6 provides a summary with concluding remarks.

D92 DSM suitability for improving cross border issues with increased penetration of RES 11
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2 THE ROLE OF ACTORSSMIP

Based on the definitions provided in previous CROSSBOW deliverableRRSSBOW Use cases, scenarios
and KPls identificationwhere the initial definition of the roles and actors involved in CROSSBOW project is
provided, this section describes the specific roles of each actor participating in DSM campaigns as potential
users of DSMP.

2.1 Details about the roleof each actor in DSMP

Within the DSMframework, CROSSBOW project focuses its demonstrations on demand regpdtise
programs for prosumers connected to transmission network (e.g., large industrial users). This means that
smalland mediumsized enterpries, community and individual residential users are not considered within
the project scope for DSM. Therefore, the following ecosystem of actors has been identified to meet the
particular condition®f DSMIP at CROSSBOW projesttme descriptions rely athe roles defined in1, 2]):

2.1.1 Market operator

DSM is considered to be one of the key elements of restructured power systembekdectricity market
operator, the coordination of DSM programs is a critical concern. The coordination is further intehgified
the addition of distributed renewable energgpmpaniedrom the supply side.

Themarket operatoris a centralized institution being responsible foe operation of an organized market
for the commercial exchange of energy or other productdehalf of market participantf3]. Itsfunctions
are:

Implementation of market rules;
Registration of market participants;
Receiving bids/offers from market participants;

Market clearing and

= =4 4 -4 -

Delivery, settlement and invoicing.

The market operator places its DR requoient and seeks participationdm the prosumers. The prosumer
aimsto value the flexibility of its DR capability. Based on the wholesale forecasted price, the prosumer
updates its bidding strategy for deciding to participate or not, when a market opessinds aload
demand reduction request.

2.1.2 BRP

A Balance Responsible Party (BRP) is responsible for actively balancing supply and demand for its portfolio
of producers and prosumers in the most economical way. Since supply and demand must be continuously
in balance, BRP forecasts the energy demand of the prosumers in its portfolio and seeks the most
economical solution to supply the requested energy.

ENTS€EE Supporting Document for the Network Code on Electricity Balapdjrdgfines the role of the

BRPs and involves the responsibility of market players t@nbalthe system. As described BMTSEE, the

BRPs are financially respgible for keeping their own Position (sum of their injections, withdrawals and
trades) balanced over a given timeframéhe Imbalance Settlement Period. Depending on the state of the
system, an Imalance charge is imposed per Imbalance Settlement Periodhe BRPs that are not in
balance. This defines the Imbalance Settlement, which is a core element of Balancing Markets. It typically
aims at recovering the costs ofilancing the system and may include incentives for the market to reduce
Imbalanceg; e.g, with references to the wholesale market desigmvhile transferring the financial risk of
Imbalances to BRPs.

D92 DSM suitability for improving cross border issues with increased penetration of RES 12
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The BRP can source the requested energy in two ways: directly by dispatching power plants with which it
has a contractual agreemenor indirectly via trading on the variousnergy markets. Trading on the
balancingnarket and supporting the TSO in maintaining the system loalaan create additional value.

2.1.3 TSO

The TSO is responsible for the transport of energy in a given area frorgyepesducers to dispersed
industrial energy consumers and distribution grid operators over its high voltage lgodeover, it
operates interconnectors with other high voltage grids of neighbouring regions and countries. The TSO
ensures the longerm abilty of the system to meet reasonable demands for the transmission of electricity.
The introduction of the capacity management regime will result in reduced peak loads of the system
providing new options for load flow optimization of the transmission gritlibwill also impact the long

term planning of the transmission grid capacity since it will enhance the ability to transport more energy
with the same physical infrastructure. The TSO is responsible for maintaining the system balance and will
take correcive actions to restore it by procuring flexible power from the market.

According td4, 5], TSOs are responsible fortalde power system operation (including the organization of
physical balance) through a transmission grid in a geographical ared Skbweill also determine and be
responsible for crosborder capacity and exchanges. If necessary, it may rethecallocaed capacity to
ensure operational stability.

Traditionally, TSGzaveplayed the role of system operators ahdve beerresponsible for system stability.
Under the Third Energy Package Directive 2009/72@Csystem operators (i.e., TSOs and DSOs) are
subject to unbundling requirements, precluding generation and supply, due to their natural monopoly
status. Instead, they should focus on transmission and/or distribution, operdtise@urity, maintaining
system balance and offering othancillary servicesAQ.

The TSO validatetthe transport of energyexpected by all BRPs connected to its grid can be executed
reliably and safely. The TSO continuously monitors the network tionsliand when imbalances arise the
TSO buys power on thmlancingmarket from the BRPs to balance the system.

The TSO validates if the expected import/export of eneafythe grid connections with the DSOs can be
executed safely and reliably. If so, the TSO will transport this energy from/to these grid connection points.

2.1.4 Supplier

The role of a supplier is tbuy energy from energy producers at wholesale prices, and tséll its
customersat retail prices Thesupplier agree®n commercial conditions with itsustomers for the supply

and procurement of energy. With the advent of DR programs, they can also play, analogously to
distribution level, the role of aggregators fteéxibility which is then sold to TSOs.

The contract for the supply of energy to the prosumers and vice versa has to be agreed between the
supplier and prosumer. Although third parties can operate as a white label under the auspices of the supply
permit of the supplier the responsibilities remain with the supplier. In the contract between the supplier
and the prosumerghe operating conditions for the demand response sergmedefined as well.

Furthermore, the supplier has a contract with the BRP thedines the commercial conditions under which
the BRP sources the energy demand/supply of the portfolio of prosumelsrwontract with the supplier.

2.1.5 Prosumer (C&l)

The role of the consumer transforms into a prosumer, a consumgside entity, which is producing power
in addition to consuming. These can be large or medsirad commercial or industrial customers, but
more recently, also smadnd medium enterprise{SME) community and residential users. Nonetheless,
residential eneusers and small and mediusized enterprises are out of scopef the study as mentioned
before. @nsumers become prosumers astive up- and downloadersof energy, offering their flexibtly
resulting from active demand and supply of energy to the local market. Empoweradvbyadded value
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services, they economically optimize the use of their assets by creating their own profitable business
models for the purpose of trading their flexibyit

A prosumer is an active participatialancing the grid through the use of DG technologies, energy storage

units, and smart meter equipment: the locally produced and/or stored energy can feed local consumption,
if the need to offload the grid arises iagponse to DR signals. Similarly, excess power produced or stored
can be fed into the grid, whenever the prosumer finds it profitable to do so.

The enduser controls the user settings of the smart energy appliances and assets that are controlled for DR
purposes. tl should be oted that these settings might influence the flexibility that these appliances and
assets can offer. The DR mechanism involving load/appliances needs to be automated and aided with
communication technology. The easers maybe equipped with anenergy managem# system(EMS

which enables ON/ORRodesfor the DRcapable appliancedhe general idea of DR programs is to impede

the principal function of the device (appliance) in a minimally invasive mapfleiAs he endusers
experiencetemporary inconvenience due to the load adjosnt, they can calibrate their inconvenience in

the EMS.

2.1.6 Aggregator

The aggregators are entitieghich accumulate flexibility from prosumers and sell ittie supplier, the

DSO or the TSOrherefore, they servas BSPs from the supply side. Aggregat@sumulate the
flexibility of many residential and SME consumers to curtail, interrupt, or shift their load on short notice

in the event of DR. This aggregated flexibility is then treated as a single resource and is sold to suppliers,
the DSO or TSO. Aggaggrs perform the following functions:

9 Collecting and storing measurement data
Consumption and flexibility forecasting;
Market and consumer portfolio management;

Settlement and billing;

=A =4 =4 =

Operational optimization and
1 Shortterm market priceforecasting.

Sometimes the role athe aggregator is taken by entities that also supply electricity in the retail market,
predominantly for implicit DR campaigns. In this case, aggregation services should be unbundled from
energy provision. Aggregators maging explicitDR campaigns are usually independent entities. The
aggregate flexibility offered by aggregators is profoundly based on smart meter equipment, which monitor
the load demand oftonsumesin real time.

As mentione in previous deliverable D94t NI} OGA OF £ | LILINRIF OKSa G2 5{a T
aggregator has two main roles:

1) Toidentify and aggregate consunss¥lexibility, which represents the willingness of the consumer
to change its load profile.

2) To offer its services/products toftérent market participants in the organized market or through
bilateral contracts.

Various definitions may be used to describe the role of the aggregator. Accord{8} the aggregator

GKIFa SYGidSNBR Ayda2 Fy FINBSYSyYyld sAGK |y SfSOGNROI
customer's flexible consumption and/or generation in the electricity market. The aggregator pools flexibilit

from customers and converts it into electricity market services, for instance, to be udbd hyansmission

system operator (TSO), Distribution8yS Y 2 LISNJ 42 NJ 65{ h0 I yYRk2NJ . wt ®¢

Aggregation can be provided by electricity suppliers, as well as indeperdjgregators. Enabling both
types of actors to exist and compete in the market is significant for market competition. In any case, the
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roles and responsibilities of the aggregator should be clearly deffaddardizing the processes between

the suppler/BRP and the aggregatorsastuallythe most important enabler for DSM market participation.
The aggregator can facilitate the process of-gualification forthe load which may be required prior to
participation inthe provision of various productsn Ithose cases, the aggregator is responsible for the
whole process and acts as a mediator for its group of users, whieligglthe prequalification procedure.

The supplier and aggregator sign a framework contract for all prosumers serviced by theagmgréhis
framework contract defines the operating conditions for tDB&service executed by the aggregator acting
under the flag of the supplier and corresponds with the conditions agreed between the supplier and
prosumer. The aggregator controls the imetdemand and supply assets and appliances of the prosumers.
Based on demand and supply forecast and the expected flexibility, the aggregator optimizes its complete
portfolio. Finally, theaggregator and BRP negotiate on how to mutually optimize theitfqlars and fird

the lowest operational costs.

2.1.7 DSO

According to CEER 2014, a DSO is an entity responsible for the distribution network planning and
development, as wels for the safe and secure operation and management of the distribution system. It is
also responsible for data management associated with the use of the distribution system and for
procurement of flexibility services from aggregators.

DSOs are subject tonbundling requirements, similar to TSOs, and can engage ifragutated and/or
marketrelated activities only under specific circumstances. Instead, they should normally act as market
facilitators[5, 9]:

91 Data ownership and openness requirements (Data Provider actor and their facilitation);
9 Ownership of meters.

The DSO is responsible for the active management of the distribution grid and introduces the system
operation services thatare obtained from the aggregatorsiits network and purchased to execute its
system operations tasks. The DSO is responsible fercthsteffective distribution of energy while
maintaining grid stability in a given region.

The DSO formally agrees a framework contract with the supplier that defines the conditions under
which the aggregator can negotiate the condition to provideilidity to the DSO. These conditions should
be reflected in the framework agreement between the supplier and the aggregator.

The DSO validates that the expected amount of energy supplied and/or procured can be distributed safely
and reliably to/from the posuners as expected by the prosuns€aggregator. If so, the DSO will distribute
this energy from/to these prosumers.

In case the DSO expects congestion issues in its distribution igwdll procure flexibility from all
aggregators that actively offdlexibility to the DSO at that monm¢. This can be done either ladivation

of flexibility optionsor by procuring flexibility on a local market. Operating conditions are formally covered
by the framework cotract betweenthe DSO and supplier.

2.2  Proceduressupportingthe interaction between DSMP actors

In the smart grid concept, different actors contribute to the grid stabilization and the security of supply.
This is opposite to the traditional role of the system operator directly controlling all the resources according
to their internal security algotfitms. The actors previously identified interact among each other to
accomplish their objectives, whether they are economical, security or social welfare.

In the deregulated environmentse.(g., iNEU countriey the entrance of competitors to buy and sell
electricity is allowed by permitting market participants to invest in power plants, transmission lines,
demand side management services, etc. The natwa of interaction in such an environment tise
existence ofdifferent types of electricity markets.té&dard types of products are exchanged in these
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markets for balancing, ancillary services, reserves, etc. The system operator will make use of the market
results to decide on the most appropriate (and cheapest) solutions to operate the grid. The traldition
interactions and relations among actors dhe following

9 BRPactor must balance the position of its portfolio and is responsible for the imbalances. It may
have contractual agreements wituppliers

1 At the same timesuppliershave contracts witlprosumersand are responsible for billing them.
SupplierandBRPalso havea contractual agreement

1 Prosumerscan get their energy from th€SOsbut normally they are connected to tHgSOs. DSOs
are responsible to physically provide energy to the prosumarthe LV and MV sid&SOreceives
the measurements from th@rosumer®? &Yl NIi YSGiSNBR o0& dzaAy3a az2yvyS$s
DLMS/COSEM in EAk the next stepDSOsendsto the appropriatesupplierthe information about
the consumption of thegrosumerscontractually linked with thesupplier.No standard procedure is
defined for such an exchange of information

1 In case theprosumer sells the energy surplus, it has to go to the market, either directly or by
contracting aBRPfor this.

When DSM is consideretthe relations are expanded in the following way:

1 Aggregatorshave a contractual relation withrosumersat the DSr TSGside. They may request
demand response campaign participation to the prosumers

1 Aggregatorsoffer to the TSO/DSCa way to balance their network, by first estimating their
available flexibility and then measuring the performance of the aforementioned service. This
service is offered markdiased, where thd SOs/DSOguery theaggregatorsabout the conditions
for the demand side changes that they can offer and the price of activation. The most economically
efficient option is then selected

1 Aggregatorseither sendto the linkedprosumersthe details of the demand response campaign for
them to join or not (explicit demaih response), othey directly controlthe prosumea Qssets
(implicit demand response)

1 Theprosumersconnected to TSO side (normdblygeindustrialconsumers), in case they are willing
to provideDSM serviceshave to activate links with some actors:

0 They have to offer the energy in thmarket; even though the arrangements can be fixed
for a long time (interruptible services), they have to be assigned in a competitive way

0 They have to send the energy measurements periodically toTB&DSO for them to
evaluate the security of supply

o They may eventually receive requests from T@&D DSO if such competences are
transferred downwards)for the activation of the services offered (loatiedding,
consumption limitation, etc.) in the agreed terms.

2.3  Summary

Different new actors have recently become partl@Mstrategies in order to enable participation in DR
campaigns to a wider audience, thus allowing power systems to be more resiltem role of actors in
DSMIP has been consequently defined to ensurdiaént operation of DR campaigns under the same
conditions for all the actors involved while ensurthg security and reliability of the grid.

For this purposgthe roles and responsibilities of each actor, as well as the interactions between them, are
described to serve as a reference framework to BI®Mlesign, development and operation withime
CROSSBOW project. Specifically féllewingrolesparticipating in DSMP are describednarket operator,

BRP, supplier, prosumer, TSO, DSCeaagdegator.
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3 DSM POTENTIAL AND DSM SCENARIOS

This section shows the analysis of DSM effects on transmission network stability performance considering
current and possible future DSM potential and RES penetration levels in the regional TSOs, hamely EMS,
HOPS, CGES and NOSBH probabilisti@nalyses are performed on a generic test system, widely used in
the literature [10, 11], allowing a realistic assessment of the influence of low carbon technologies on the
performance of a transmission system comprising several doterected areas. The results, which are
presented in this report, serve as an illustration of the possible impact of-trgie DSM on the operation

of individual/multiple transmission networks, but also on the power transfers between them. As the next
step, with the deployment of monitoring devices in the networks of the four TSOs and with further
development of DSMP, similar analyses will be performed on the equivalent network representing the
four interconnected systems using actual data (daily logdinrves of DSM assets and daily generation
curves of RES). These results will be presented inS\BP platform

3.1 Potential of DSM in normal and disturbed operating conditions

The potential and the impact of DSM in normal and disturbed system opgratomditions will be
illustrated based on a widely adopted transmission level test system (IERES@BETSBIYPS test system).

The impact of DSM in normal system operating conditions will be assessed by analysing power transfers
over crossborder tiellines and voltage magnitudes of corresponding terminal buses. On the other hand,
the influence of DSM in disturbed system operating conditions will be investigated by looking into power
system angular and frequency stability. Moreover, the importance of tpe snd composition of demand

on the impact of DSM on power system angular and frequency stability will also be discussed to emphasise
the importance of accurate and realistic load modelling in system dynamic studies with the consideration of
DSM.

3.1.1 System unler study andfurther modifications

A modified version of the IEEE-B68s NETS8IYPS (New England Test SysteMew York Power System)

test system is utilised in order to investigate the impacts of DSM in normal and disturbed system operating
conditions attransmission level. The single line diagram of this test system is shovigure3.1, showing

five areas interconnected by eight times (marked in rd), and 16 synchronous generators distributed
across different areas. The system contains tHirtg loads that have been divided into two categories
depending on their demand size, namely large industrial customers and distribution networks. In addition,
10 renewable generation points have been modelled as either a wind farmpbo®voltaic P\j power

plant. More details about the test system can be foungili, 11].
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Figure 3.1 Modified IEEE 68-bus NETS-NYPS test system
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In order to account for uncertainties related to demand and renewable generation, probabilistic analysis
has been adopted instead of a deterministic oWith the consideration of variability of renewable
generation and load demandiaily renewable generation curves for wind turbines and PV panels have
been modelled and incorporated in the aforementioned test sys{di?], as well as daily load demand
curves for large industrial customers and distribution netwdrk3. As a consequence of the stochastic
nature of renewable generation and increased variability of load demand, systeratmpel uncertainties
associated with these have been considered and modelled. All uncertainty inputs with corresponding
probability distributions and modelling parameters are listedable3.1. As shown in the table, it has been
assumed that wind speed and power output of PV panels follow a Weibull distribjitdhrand a Beta
distribution [15], respectively. The load demand follows a normal distribution with a standard deviation of
3.33%, while the mean values are determined based on the daily load demand térveinally, fault lines

and fault bcations are selected randomly, while fault durations follow a normal distribution with a mean
value of 13 cycles (260 ms) and a standard deviation of 6.67% in order to ensure that significant rotor angle
deviations can be observed during disturbed opemgtperiodq17].

Table 3.1 System uncertainties input, corresponding probability distribution and modelling
parameters [14-17]

Input Uncertainties Probability Distthutions Modelling Parameters
Wind Speed Weibull Distribution | c&,1 p @
PV Output Beta Distribution a=13.7,b=1.3
Load Demand Normal Distribution Mean based on loading curves, o®& o b
Fault Line Randomly -
Fault Location Randomly -
FaultDuration Normal Distribution Mean =13 cycles, @& X b

3.1.2 DSMdeploymentapproaches

DSM can be used to provide balancing services by selling load fleitd]ityr his will in turncompensate

RES volatility19], provide regulation servicd20], or defer investment and contribute to network security
and reliability[21, 22]. The DSM program adopted in this study is load shifting, which means that load
demand is curtailed (disconnected) during peak hours and reconnected duripgakfhours. Two load
shifting scenarios have been developed to anatiseeffects of this approach:

91 In the first scenario, DSM is only appliedtla¢ four most critical loads ranked based on their
impact on the system angular stabil[B3].

1 In the second scenario, a wigeale DSM deployment is implemented, where all thiitg loads
participate in the [3M action.

It should be noted that in both scenarios, a further assumption has been made that the entire load that is
curtailed during peak hours is reconnected duringgEffik hours. These two loahifting scenarios will be
introduced and discussed sapdely in the following sutsections.

3.1.2.1 Loadshifting scenariol

This loadshifting scenario is used to investigate the impact of DSM in aband disturbed operating
condtions. As mentioned above, only four most critical loads are involved in this scenario, namely loads
connected to buses 17, 18, 41 and 42. These four loads have the largest rated load demand, and two of
them are modelled as large industrial customers, whihe other two are modelled as distribution
networks. It is assumed that the DSM program (load disconnection or load reconnection) is applied at 11
out of 24 hours of the day. The normalised system load demand curves before and after DSM actions are
shown in Figure 3.2. Furthermore, the DSM application hours with corresponding DSM capacities (in
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percentage) are listed ifable3.2, where load reconnection has been marked with upward arrows and
load curtailment has been marked with downward arrows. The four DSM assets share the same DSM
capacity at eachdur and all DSM capacities mentionedTliable3.2 are calculated according to (3.1).

DSM Capacity (%)= hh 100% (3.1)

o
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Figure 3.2 Normalised system daily loading curves (without/with DSM) in scenario 1 [13]

Table 3.2 DSM application hours and corresponding DSM capacity (%) in scenario 1

DSMApplication Hour DSM Capacity (%) DSM Application Hour DSM Capacity (%)
1:00 11.7% 16:00 12.58
2:00 12.1% 17:00 16.68
3:00 12.7Y 18:00 9.48
4:00 36.3% 19:00 6.78
5:00 3u 24:00 12.84
11:00 69 - -

3.1.2.2 Loadshifting scenario2

In the second loaghifting scenario, all loads patrticipate in the DSM program which is applied at 16 out of
24 hours of the dayThis loadshifting scenario is mainly adopted to study the importance of the type and
composition of demand on the influencd ®SM on power system angular and frequency stabilihe

total system load demand curves before and after DSM actions are shovrigime 3.3, and DSM
application hours with corresponding DSM capacities (in percentage) are summaritadl@3.3, where

load reconnection has been marked with upwardoavs and load curtailment has been marked with
downward arrows. All DSM capacitiesTiable3.3 are derived basedn (3.2).

O"Y®d O OO ® Ppnmb (3.2)
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Figure 3.3 Normalised system daily loading curves (without/with DSM) in scenario 2 [13]

Table 3.3 DSM application hours and corresponding DSM capacity (%) of scenario 2

DSM Application Hour DSM Capacity (%) DSM Application Hour DSMCapacity (%)
1:00 3114 15:00 11.78
2:00 35.51 16:00 17.68
3:00 41,74 17:00 19.88
4:00 60.7% 18:00 15.98
5:00 36.34 19:00 14.48
10:00 11.18 20:00 12.28
11:00 14.28 21:00 10.48
12:00 12.38 24:00 24 .24

3.1.3 Stabilityindices
Thequantification of system stability performance is achieved by corresponding stability indices:

1 Damping of the most critical electromechanical mode and Transient Stability Index (TSI) are
adopted to quantify system small disturbance and transient stabilispectively.

1 Frequency stability, frequency nadir and Rate of Change of Frequency (ROCOF) are used to assess
system frequency stability performance.

Damping of the most critical electromechanical mode and TSI can be derived from (3.3) and (3.4).

_ . g (3.3)

Y'Y'Op mBH— (3.4)

_is the eigenvalue of the most critical electromechanical madgle,, and] are corresponding real and
imaginary part of the same oscillation modeand] are also known as damping and frequency of that
mode[24]. On the other hand, system transient stability is assesgtd(3.4), wheré is the maximum
angle deviation between any two generators in the system after being subject to aesdigturbance.

Larger magnitudes of damping (absolute values) and larger TSI values indicate better angular stability
performances.
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Frequency nadir can be defined as threquency value when it reaches the largest deviation (positive or
negative) during drequency excursioffiollowing a disturbancewhile ROCOF is determined according to
(3.5):

YO 6 G 2 2 (3.5)

In (3.5),"Q is the frequency nadir,Q is the rated frequency ofthe system (50 Hz)p and

0 are the time of frequency nadir and disturbance occurrences, respectively. System frequency
stability performance can bmdicated by ROCOF in such a way that larger ROCOF means worse frequency
stability performance and vice versa.

It is important to note that aMonte Carlo based probabilistic analysis method has been implemented in
this study with the mean values of corpEmnding stability indices used tepresentthe power system
stability performance.

3.1.4 Casestudies

In order to study the effect of DSM in normal and disturbed operating conditions with different renewable
penetration levels and system loading levels, fourdgtcases have been developed as showhahle3.4.
These case studies illustrate realistically the future RES penetration levidle BouthEast Eurpean
region.

Table 3.4 Study cases

Case Nameg Renewable Penetration Lev( System Loading Lev( Load Shifting Scenari
Case 1 0% 100% Scenario 1
Case 2 30% 100% Scenario 1
Case 3 60% 60% Scenario 1
Case 4 60% 60% Scenario 2

In Table 3.4, renewable penetration level is calculated based on (3.6), and system loading levels are
adjusted by reducing bload demands simultaneously, e.g., to obtain 60% loading level, all system loads
reduce their load demands by 40%. System inertia levels are reducadcassequence of renewable
generation integration and system deading whichis performed ly decreasg the apparent poweof all
synchronous machines.

YQE QO OQ& QO 1 D UR & (3.6)

3.1.5 Impact of DSM orsteady state voltage magnitudes andpower transfers betweerareas

As shown irFigure3.1, there are eight tidines in the test systenlLine 42 (42 and L43 however,are

parallel lines connecting the same terminal bus; the same situation can be observed with L45 and L46.
Therefore, L43 and L46 are selectedstiowthe changes of power transfers between terminal bus bars.
The study presented in this sigection is pedrmed for Case 3 (60% renewable penetration level, 60%
loading level and load shifting scenaricas)themost criticalone.

The results of power transfer changes inltrees (L43, L44, L46, L67, L70 and L72) due to DSM deployment
(scenario 1) are showm iTable3.5 as percentage values. All percentagfgangesin the remaining sub
sections are derived according to (3.7)Tble3.5, numbers with upward arrows indicate power transfer

is increased and numbers with downward arrows mean power transfer has been decreased.

0 Qi & Q ESE6E OV PDPrmb (3.7)
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Based ornTable3.5 and Figure3.1, load reconnection in external areas and NYPS will lead to an increase of
power transfer in tilines between NETS and NYPS (lines 43, 44 and 46).-koegieonnecting MPS and
external areas, only line 72 has increageaver due to load reconnection, while power trans$en lines 67

and 70 reduced. When load curtailments are applied, lines 43, 44, 46 and 72 have a reduced power transfer
and lines 67 and 70 have an inased power transfer. Furthermore, the magnitude of power transfer
changes is related to DSM capacity directly, as larger DSM capacity leads to larger changes in power
transfer of tielines and smaller DSM capacity results in smaller changes in powertrahsik-lines.

Table 3.5 Steady state power transfer changes (%) of tie-lines in Case 3

Hour Line 43 Line 44 Line 46 Line 67 Line 70 Line 72
1:00 44,069 45,109 31.68%" 23.83% 20.819¢ 61.67%"
2:00 33.67% 30.17% 27.39% 25.1096 21.609¢ 75.399%"
3:00 36.36%" 34.99% 27.44% 33.149%8 25. 7298 143.76%
4:00 100.09% 94.48%! 96.40%! 81.629% 72.0696° 536.33%
5:00 6.43% 5.779% 5.8699" 5.219% 2.91% 37.269%
11:00 13.379%8 14.23% 15.609¢ 53.229% 33.589% 23.289¢
16:00 29.559% 31.63%° 30.049%° 79.329% 52.89% 63.75%°
17:00 37.36% 39.279%° 37.119%° 136.119% 80.38%! 58.719%6°
18:00 22.7596 23.309¢ 19.87% 57.159% 37.379% 63.319¢
19:00 14.789%8 15.559%¢ 10.969%¢ 22.109% 16.509¢ 48.4496
24:00 31.41%" 30.0694 22,779 29.699%8 24.009¢ 191.35%

In terms of magnitudes of bus voltages, due to the fact that somérts are sharing the same terminal

bus, only 10 terminal bus bars will be investigated in this research. The simulation results of voltage
magnitude changes in terminal buses as a tesUDSM deployment are shown Trable3.6 as percentage
values, where numbers with upward arrows indicate voltage magnitude is increased and numbers wit
downward arrows mean voltage magnitude is decreased.

According toTable3.6, the changesn steady state voltage magnitude as a result of DSM apjiicatre
very small.

Table 3.6 Steady state bus voltage changes (%) of terminal buses in Case 3

Hour | Busl8 | Bus27 | Bus40 | Bus4l | Bus49 | Bus50 | Bus53 | Bus54 | Bus60 Bus61
1:00 | 0.27% | 0.33% | 0.31% | 0.30% | 0.08% | 0.03% | 0.17% | 0.22% | 0.19% | 0.23%
2:00 | 0.009% | 0.43% | 0.35% | 0.53% | 0.049% | 0.209% | 0.17% | 0.28% | 0.22% | 0.21%
3:00 | 0.129% | 0.47% | 0.42% | 0.59% | 0.04% | 0.169% | 0.16% | 0.319% | 0.23% | 0.21%
4:00 | 0.119% | 1.07% | 1.249% | 1.23% | 0.449% | 0.80% | 0.17% | 0.63% | 0.369%4 | 0.28%
5:00 | 0.069% | 0.07% | 0.06% | 0.109% | 0.06% | 0.10% | 0.02% | 0.05% | 0.02% | 0.02%
11:00 | 0.13% | 0.05% | 0.58% | 0.11% | 0.29% | 0.45% | 0.17% | 0.05% | 0.16% | 0.17%W
16:00 | 1.479% | 0.38% | 0.899% | 0.159% | 0.119% | 0.049% | 0.13% | 0.219% | 0.10% 0.24%
17:00 | 2.68% | 0.829% | 1.419% | 0.209% | 0.469% | 0.519% | 0.40% | 0.54% | 0.43% 0.63%
18:00 | 1.719% | 0.48% | 0.82% | 0.04% | 0.39% | 0.46% | 0.27% | 0.33% | 0.32% | 0.44%
19:00 | 1.019% | 0.30% | 0.54% | 0.07% | 0.24% | 0.22% | 0.20% | 0.23% | 0.25% | 0.31%
24:00 | 0.08% | 0.57% | 0.669% | 0.74% | 0.09% | 0.30% | 0.219% | 0.39% | 0.31% | 0.29%
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Some buses have increased voltage magnitude when the load increases and some buses have reduced
voltage magnitude at the same DSM application hours. Signttathe power transfer changes, larger DSM
capacities lead t@ larger change of voltage magnitudehether it increases or decreases, and smaller

DSM capacities lead to smaller change of voltage magnittdan be noticedrom Table3.5 and Table3.6

that usually, if the powr transfer in tielinesincreasesthe voltage magnitudes of terminal besincrease.

If the power transfeiin tielinesdecreases, the voltage magnitudes of terminaldaecrease (line 43, 44,

46 and 70).

3.1.6 Impact of DSM orsystemangular stability performance

This section focuses on illustrating and discussing the effect of DSM on system angular stability in disturbed
system operating conditions. Thanalyses are made usiigad-shifting scenaridl (Section 3.2.2.1)The

results of the smaltlisturbanceand transient stability analyses will be presented in Section 3.1.6.1 and
Section 3.1.6.2, respectively.

3.1.6.1 Impact of DSM onystemsmall disturbancestability

The subsection shows the simulation results obtained in Cases 1 to 3 regarding system smedadistu
stability performance. The daily mean values of damping in Cases 1 to 3 are sheigare8.4 to Figue
3.6, respectively. In these three cases, it has been assumedhhadhtegration of renewable generation
and system ddoading lead to reductions in system inertia.
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Figure 3.4 Daily mean values of damping in Case 1 (0% Renewable, 100% Loading)
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Figure 3.5 Daily mean values of damping in Case 2 (30% Renewable, 100% Loading)
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Figure 3.6 Daily mean values of damping in Case 3 (60% Renewable, 60% Loading)

From Figure3.4, some significant changes of damping mean values can be observed at DSM application
hours (hours 1, 2, 3, 4, 5, 11, 16, 17, 18, 19 and 24). Damping mean values in Case 1 at hours 1, 2, 3, 4, 5
and 24 have been reduced due to the deployment of DBMhermore, the damping mean values in Case

1 at hours 11, 16, 17, 18 and 19 have been increased. Accordifigble3.2, increasing load demand

results ina reduction of damping mean values amite versaThe reference case (Case 1) shows that the
system small disturbance stability performance is improved Wit reduction of load demand and
reduced with load reconnection.

In Cases 2 and 3, system inertia has been reduced because of the connectioevedbEngenerators and
system deloading. Synchronous machines operate with smaller spare capacities and some synchronous
machines operate at full capacity during peak hours.

It can be seen ifrigure3.4 and Figure3.5 that the system small disturbance stability performance before
DSM application in Cageis even worse than in the reference case (Cas@sdl)nentioned before, system
inertia is reduced due to theniegration of RES and reduced apparent power of synchronous machines in
this study. Thereforesynchronous machines have to operate with smadlgare capacity, which makése
system smalilisturbance stability performance worse.

It can be seen frorrigure3.5 that DSM results in decreased damping mean values at hours 1, 2, 3, 4, 5 and
24 and it results in increased damping mean values at hours 11, 16, 17, 18 and 19. This phenomenon is the
same as the one found in Case 1, which means that in a system withegbé¢hertia and relatively high
loading level, load disconnection can still enhance system small disturbance stability performance, while
load reconnection leads to worse system small disturbance stability performance.

In terms of Case 3, the system loadiagel has been reduced to 60% and renewable penetration level has
been further increased. Due to the dramatically reduced system inertia, synchronous machines are
operating with very small spare capacities and some synchronous machines are operatingirat th
maximum power capacities. Figue 3.6, it can be noticed that the blue dashed line is only higher than the
blue solid line at hour 1, which mearteat DSM leads to worse system small disturbance stability
performance only at hour 1. At other hours through the day, whether the loads are increaskedrease

by DSM application, system small disturbance stability is always improved by the DSM actions

The percentage changes of damping mean values at DSM deployment hours of Cases 1 to 3 are
summarised infable3.7, where numbers with upward arrows feg to the improvement of system small
disturbance stability performance (increased absolute value of damping) and numbers with downward
arrows indicate deterioration of the system small disturbance stability (decreased absolute value of
damping). It can & seen fromTable 3.7 that load curtailment can result ian improved system small
disturbance stability performance in the reference system (systerhowit renewable generators) and
system with relatively low renewable penetration levels. On the other hand, load reconnection may
deteriorate small disturbance stability. It has also been found that larger DSM capacity usually results in
larger damping chages in Case 1 and Case 2. However, in Case 3, improvements of small disturbance
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stability have been obtained at 10 out of 11 DSM application hours. Therefore, when the system inertia is
reduced significantly, load reconnection can both improve and detaigosmall disturbance stability, while
load curtailment leads to better stability.

3.1.6.2 Impact of DSM orsystemtransientstability

Focusing on system transient stability performance with different renewable penetration levels, different
system loading levels and DSM actions, the daily mean values of TSI in Cases 1 to 3 areRboave3.n

to Figure3.9, respectively.

In the reference case (Case 1), as showkrigare3.7, drops of TSI mean values can be observed at all load
reconnection hours (hours 1, 2, 3, 4, 5 and 24), while the values are increased at all load curtailoment
(hours 11, 16, 17, 18 and 19). This indicates that, for a system without renewable generation, load
curtailment can improve system transient stability while load reconnection will deteriorate it. It should be
noted thatthe system always remains traient stable in Case 1.

Table 3.7 Damping mean value changes of Case 1to Case 3 at DSM application hours

Hour DSM Capacity Case 1 Case 2 Case 3
1:00 11.709% 5.47% 2.919¢ 45.44%¢
2:00 12.109 5.65%¢ 2.649# 1.649%"
3:00 12.709 5.66%° 4.50%° 1.699%"
4:00 36.3094 21.2298 14.3096 3.919%"
5:00 3.00%" 1.09% 0.93% 0.13%/
11:00 6.009¢% 4.96% 13.919% 0.97%
16:00 12.5096° 9.97% 29.67% 14.97%
17:00 16.6096 7.919 88.069%4 12.67%
18:00 9.40% 6.8499 14.29% 9.13%"
19:00 6.709 4.55% 10.30%" 10.41%
24:00 12.809% 6.48% 4.03% 1.649%"

As mentioned previously, synchronous machines in the test system operate with very small or even no
spare capacities in Cases 2 and 3. When a severe disturbance occurs in the system, those synchronous
machines can only provide little or no stability support. As a result, power systems in Cases 2 and 3 are
more prone to be transient unstable and TSI mean vatuesnuch lower than those obtained in Case 1.

It can be noticed that TSI mean values in Cadedue3.8) and Case F(gure3.9) are much lower than

the TSI mean values in CaseFig@re3.7), which is caused by the transient unstable results obtained at
each hour during the simulation process. As discussed in Section 3.1.3 and based on (3.4), transient
unstable cases result in gative TSI values, which will lead to negative mean values of the TSI if there are
too many transient unstable results (as showrkigure3.9). By compeng Figure3.8 and Figure3.9, it can

be noticedthat system ddoading can endanger transient stability performance significantly, which is a
consequence of the reduced system inertia.

In terms of the impact of DSM, based Bigure3.8, TSI mean values have been decreased at hours 2, 3, 4,5
and 24, while increased TSI mean values can be observed at hours 1, 11, 16, 17, 18 and 19. According to
Table3.2, system transient stability performance has been improved in Case 2 at all load curtailment hours
and one load reconnection hour, and system transient stability performance becomes worsataonooit

of 6) load reconnection hours. In a system with low loading, low inertia and high RES penetration (Case 3),
DSM leads to deteriorated system transient stability performance most of the time. In this case, system
transient stability performance isnproved only at 3 DSM application hours (hours 5, 16 and 17).
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The percentage changes of TSI mean values in Cases 1 to 3, and the number of unstable results for Cases 2
and 3 at each DSM application hours are showmahle3.8. The numbers with upward arrow mean that
transient stability performance is improved (TSI value increased) and numbers with downward arrow mean
that transient stability performancés deteriorated (TSI value decreased). Furthermore, for the transient
unstable cases, numbers with upward arrows indicate more transient unstable cases and numbers with
downward arrows indicate less unstable cases.

Based orTable3.8, it can be noticed that the reduction in the number of unstable cases can be obtained at
all load curtailment hours in Case Rurthermore a largerchange in theaumber of unstableeasedeads to

a larger change in TSI mean values. Regarding Case 3, only two hours with the curtailment of the largest
DSM capacity (hours 16 and 17) can result decrease in the number of unstable casesich leads to
improvement of the transient stability performance at these two hours. Furthermore, transient stability
performance is also improved at hour 5 with the load reconnection of the four selected loads. Unlike in the
small disturbance stability study, DSM dpation will endanger system transient stability most of the time

(8 out of 11 hours) in Case 3.
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Figure 3.7 Daily TSI mean values in Case 1 (0% Renewable, 100% Loading)
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Figure 3.8 Daily TSI mean values in Case 2 (30% Renewable, 100% Loading)
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Figure 3.9 Daily TSI mean values in Case 3 (60% Renewable, 60% Loading)

In summarythe power system transienttability performance is highly dependent on the system inertia

and the number of transient unstable cases. Whengkistem has a higleading level, load curtailmeman

result in system transient stability performance improvements, where larger load disconnection usually
gives larger improvement, and load reconnection can make transient stability performance worse in most
cases. When the system has a low loadinglleshee to the fact that DSM capacity (in MW) is smaller, the
system transient stability is more dependent on system inertia. If the system inertia is relatively high (Case
2), system transient stability can still be enhanced and improved from load custatBmHowever, if the
system inertia is very low (Case 3), only load curtailment of large DSM capacities can reduce the number of
unstable cases and hence, improve system transient stability performance.

Table 3.8 TSI mean value changes and the number of unstable cases change in Case 1to Case 3 at
DSM application hours

Hour DSM Case 1 TSI Case 2 TSI| Number of Unstable | Case 3 TSI| Change in thd&lumber of
Capacity Change Change | Cases Change of Cas¢ Change Unstable Cases Case 3

1:00 | 11.709%% 3.429 1.019%" 0 3.27% 0

2:00 | 12.109% 4.04% 0.74% 0 18.539%¢° 64

3:00 | 12.70% 47198 5.409¢ i 9.93% 3u

4:00 | 36.30% 15.36% 11.6196 0 37.079% 11V

5:00 3.00%" 1.099% 5.15% AL 12.419 AL

11:00| 6.009% 2.93%" 11.35% 18 12.9696 3n

16:00 | 12.509%° 6.65%9" 19.219% 38 4.95% 1%

17:00| 16.609¢ 7.129 105.39% 138 510.25% 78

18:00| 9.409% 8.169%" 28.26%" 48 155.36% 104

19:00| 6.709% 7.4099 29.43% 68 89.849¢ 8u

24:00| 12.809% 7.309%° 5.57%° i 47.869¢ 10v

3.1.7 Effect of thetype andcomposition ofdemand onsystemangular andfrequencystability

Three different load models have been investigated: constant impedance load model, constant power load
model and composite load model, which comprises a parallel connection of static ZIP load and dynamic
induction motors (IM). In the case of system frequgrstability assessment, frequency dependency of all
load models will be modelled. Constant impedance load and constant power load with frequency
dependencecan be represented by (3.8) and (3.9).
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0 0 — - (3.8)

o 0 — - (3.9)

where0 ,0 andw are nominal active power, nominal reactive power and nominal voltage of each load,
respectivdy. 'Q and™Q are exponential coefficients whose values are equal to 2 for constant impedance
load, and 0O for constant power loai2 is the nominal frequency of the system (50 Hz), while coefficients

0 and™Q describe the change in load demdin response to variations in frequency. Regarding the
composite load model, static ZIP load with frequency dependency can be depicted by (3.10) to (3.12),
while dynamic induction motors are modelledasaggregation of small unit induction motors.

0 0 & — W — O— p QYan © o o p (3.10)
0 0 @©— W — O— p QYan ® ® ® p (3.11)
yQ — (3.12)

In (3.10) to (3.12)¢) & and M are coefficients for constant power, constant current and constant
impedance load, respectivelfoefficientsQ and™Q are selected based on different load types and
load categories, for constant impedance and constant power loads ((3.8) and 3.92.6,Q =1.6 and

"Q =1,"Q =1.5 are adopted for large industrial customers and DNs, respectively. For com|uasite
((3.10) and (3.11))Q andQ are assumed to be 0.3398 and 3.355, respectively. All coefficients are
adopted from[25].

When DSM is appliethe load demand of constant impedance and constant power loads will be adjusted
by changin@ and0 .In terms of composite load moddipwever,it is assumed that only IMs and a part

of constant impedance loads are controllable. Hence, load compositionanged due to the deployment

of DSM, anctoefficientséy ®and wneed to be recalculated for the load model after DSM actions. The
changes in power output of IMs are achieved by adjusting the aggregation number of unit IMs at every
load bus.

In thefollowing subsections, the effect of the type and composition of demand on the influence of DSM on
system angular and frequency stability will be illustrated separately. It should be noted that all studies
regardingthe effect of the type and compositionof demand are performed based on Casard load
shifting scenari@ (Section 3.1.2.2).

3.1.7.1 Effect of thetype andcomposition ofdemand onsystemangular stability

The absolute changes of damping mean values and TSI mean values with different load types are shown in
Figure3.10 and Figure3.11, respectivelyAs can be seen fromaigure3.10, when loads are afhodelled as
constant impedance load, better smadlisturbance stability performancis obtained atall load curtailment

hours (Hours 10, 11, 12, 15, 16, 17, 18, 19, 20 and 21).-&istallbance performance is improved to
different extent at different hars due to corresponding DSM capacities. As showlrabie3.3, significant
improvement of smaitlisturbance usually occurs when DSM capacity at theesponding hours is
relatively high (e.g., at hours 11, 16, 17, 18 and 19). In terms of load reconnection hours, system small
disturbance stability has been deteriorated at all load reconnection hours (hours 1, 2, 3, 4, 5 and 24).
Among these six load reconaction hours under study, a much more significant negative impact of DSM can
be noticed at hour 1, whilthe remaining hours hava very small or negligible impact on smdisturbance
stability performance.
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Figure 3.11 Absolute changes of TSI mean values with different load types in Case 4

Regarding theconstant power load model, similar findings can be gained. System -distaitbance
stability has been improved at all load curtailment hours exe@gtour 15, where load curtailment has
detrimental effect on system smalisturbance stability performance. When curtailed loads are
reconnected to the original system, a significant negative impact can be seen again at hour 1, while load
reconnection results in very small and even negligible effects on systemdistatbance stability at other
hours.

When the composite load model is implemented, improvement of sdiatlrbance stability performance
happens at 8 out of 10 load curtailment hours. It can be seen fauare3.10that load curtailment causes
reduced smaitlisturbance stability at hours 16 and 18. Furthermore, at remaining 8 hours when stability
has been improved, significant improvements can only be found at hours 17, 19 and 20. Wheringbs
load reconnection hours, better smalisturbance stability performance has been obtained at hour 1 and
24, which is opposite to the performance obtained with constant impedance and constant power load
models. The detrimental effect caused by lo@dannection is also very small at other reconnection hours
(hours 2, 3, 4 and 5).

In order to investigate the impact of DSM on snraliditurbance stability performance with different load
types, results irFigure3.10 have been compared. As can be seen from the figure, the impact of DSM on
system smalllisturbance stability can vary significantly (e.g., at hours 11, 12, 17 and 19), and even be
completelyopposite (e.g., at hours 1 and 24) due to different load types implemented. At hours 1 and 24,
load reconnection wilfeopardisesmaltdisturbance stabilitywvhen constanimpedance and constant power

load model are used, while better stability performaniseobtained from the same DSM action when
composite load model is adopted. Similar phenomenon can be found at hours 15, 16 and 18, where
different load types lead to opposite impacts on stability performance.

With constant impedance loagd#ransient stabity has been improved at 8 out of 10 load curtailment hours
except hours 11 and 1Figure3.11). The largest improvement occurs at hour 16. Worse transient stability
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performance is observed at 4 load reconnection hours (hours 1, 3, 4 and 5). The detrimental effects caused
by load reconection are very small at hours 1 and 4, but much more significant at hours 3 and 5.
Therefore, whena constant impedance load model is adopted, both load curtailment and load
reconnection could either improve or reduce system transient stability.

Transientstability with constant power load model has been improved at 7 out of 10 load curtailment
hours except at hours 10, 12 and 15, where system transient stability is deteriorated slightly as a result of
load curtailment. By comparing the magnitude of acti8l changes during load curtailment hours, it can

be found that the positive effect on transient stability is much more significant than the negative one.
Additionally, according t@able3.3 and Figure3.11, significant improvemenin transientstability usually
comes from high DSM capacity. At loadaenection hours, transient stability has been deteriorated at
hours 1, 3, 4 and 5, while on the contrary, load reconnection has led to better transient stability at hours 2
and 24. Hence, both load curtailment and load reconnection could lead to bettevoose transient
stability in the case ahe constant power load model.

In the case of composite load model, transient stability has been improved at 9 out of 10 load curtailment
hours, with the only exception of hour 18. On the other hand, load recommedias resulted in worse
transient stability at all hours under study.

Similaty to smaltdisturbance stabilitythe opposite impact of DSM on system transient stability can be
found at some DSM deployment hours (e.g., at hours 2, 10, 12, 18) because of the implementation of
different load models. For the rest of DSM deployment hours, the same DSM action can alsanresult
different improvement or reduction of system transient stability performance between different load
models. Thus, an accurate and appropriate realistic load model is necessary to make a reliable esifimation
the impact of DSM on system transient stitil It should be noted that load composition can only be
adjusted in the case of composite load modelgure3.10 and Figure3.11 show that the impact of DSM on
system angular stability at different hours (different load compositions) can vary dramatically. Therefore,
apartfrom an accurate and reatis load model, appropriate load composition is also essential to guarantee
the deliveryof accurateand reliable stability assessment.

3.1.7.2 Effect of thetype andcomposition ofdemand onsystem frequencystability

As dscussed previously, stie-lines have been investigated, resulting in six different frequency nadirs and
corresponding ROCOFs during the frequency excursions. It has been found that L43 always has the lowest
frequency nadir value among all fimes, therefore, frequency nadind ROCOF of L43 are used to depict
system frequency stability performance. The percentage changes of frequency nadir mean values and
ROCOF mean values of L43 are shovigare3.12 and Figure3.13, respectively.
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Figure 3.12 Percentage changes of frequency nadir mean values with different load types in Case 4
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According toFigure3.12 and Figure3.13, when system loads are all modelled as constant impedance load
without IM, frequency nadir is reduced at all load reconnection hours (hours 1 to 5 and 24), and the
corresponding ROCOF is increased at the same hours. System frequency stability is deteriorated when load
reconnection happens. On the other hand, it can be seemfrigure3.12 that frequency nadir of L43 has
increasedas a result of load curtailmentyhile ROCOF is only decreased at 5 out of 10 load curtailment
hours (hours 10, 11, 12, 15 and 16). For the rest of load curtailment hours, frequency nadir indicates slightly
improved frequency stability, while ROCOF indicates opposite impacts of DSM.

In the case of constant power load, similar phenomena can be mbitidéigure3.12 and Figure3.13. When
constant power load is implemented, frequency nadir shows a positive effect of DSM at hour 17 and ROCOF
reveals a negative effect of DSM at the same hour. The opposite effects betwespreficy nadir and
ROCOF can be seen at hours 17, 18 and 19 wWeenomposite load model is adopted. Therefore, load
curtailment can either improve or deteriorate frequency stability performance depending on which stability
index is used.

Furthermore, simarly to system angular stability with different load types, it can be seen that different
load types can lead to opposite effects of DSM at hours 18, 19, 20 and 21. These opposite effects,
combined with different percentage changes of all stability inslifeequency nadir and ROCOF) show that

an accurate and realistic load model is necesfargystem frequency stability assessment.

Finally, different impacts of DSM with composite load model and different load compositions emphasise
the importance of adpting accurate and appropriate loadodel and loaccomposition in system dynamic
studies with the consideration of DSM.

3.1.8 Discussion

The analysis has shown that higher DSM capacity usually results in larger changes of power transfer in tie
lines, and largewvariations of voltage magnitudest terminal buses. Furthermore, increase in voltage
magnitudes is usually associated with the increase in power transfer-bif¢ig, oranalogously reduction

in power transfer of tidines usually leads tadecrease in voltage magnitudes.

Moreover,the effect of DSM on power system angular stability is highly dependent on the system inertia
and system loading level. In systems with high inertia and high loading level, DSM can affect the angular
stability in such a way that load reconnectiofincrease)leads to worse system angular stability
performance, whereas reducing loads leads to better system angular staBRdigarding thesystem with

low inertia, if the loading level is high, load curtailment cat lsénefit both system small disturbance and
transient stability, while load reconnection (increase) leads to worse system angular stability. However, if
the loading level is low, system small disturbance stability is improved by DSM application mestimmith

while only large load curtailment can benefit system transient stability performance.

Finally, it has been shown that the same DSM action can lead to very different, and even completely
opposite impacts on power system angular and frequency stalpirformance due to the different load
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models and load composition adopted. Hence, an accurate and realistic load model with corresponding
appropriate load composition is necessary to investigate the exact impact of DSM on power system stability
performance.

3.2 PreliminaryDSMIPdemonstration plan

3.2.1 List of experiments

The list of experiments, i.e., demonstration activities for BI®Mwhich was defined based on the HLU6 use
cases (reported in D2.ZROSSBOW Use cases, scenarios and KPIs idenijfieatioagreed with all the
participating TSOs, is given as follows:

3.2.1.1 Expeiment 1

9 Description: Reduce/increase the load of a DSM asset (step change if possible) at peak/low load
times, measure system frequency and voltage, power flows and currents at DSM load connecting
buses, several neighbouring buses and interconnectionsreefnd after DSM actions.

9 Obijective: lllustrate the effect of decreasing/increasing controllable load (as large unit as possible)
on voltage, frequency and line flow in the neighbouring network areas, as well as at the
interconnection lines (if possibl&hose closest to the DSM unit).

9 Relation to use cases: HLUE 1, HLU&IC2.

3.2.1.2 Experiment 2

9 Description: Step 1Disconnect a transmission line, measure system frequency and voltage, power
flows and currents at DSM load connecting buses, several neighbdowsag and interconnections
before and after the disconnection. Step 2 Disconnect a transmission line followed by
simultaneous connection/disconnection of a DSM customer, measure system frequency and
voltage, power flows and currents at DSM load/storagarecting buses, several neighbouring
buses and interconnections before and after the disconnection.

1 Obijective: lllustrating the effect of decreasing/increasing controllable load (as large unit as
possible) on voltage, frequency and line flow in the neahing network area, as well as at the
interconnection lines (if possible, those closest to the DSM unit) following a large disturbance.

i Relation to use cases: HLU&E2, HLU&C3S.

3.2.1.3 Experiment 3

9 Description: Reduce/increase the load of DSM assets (stepgehidirpossible) at low/high RES
generation periods, measure system frequency and voltage, power flows and currents at DSM load
connecting buses, several neighbouring buses and interconnections before and after DSM actions.
Increased penetration of RES damachieved by reducing RES curtailment by increasing the load by
DSM in periods of RES curtailment due to low system load and reducing the load in periods of low
RES generation.

1 Obijective: lllustrating the effect of decreasing/increasing controllable |¢asl large unit as
possible) on voltage, frequency and line flow in the neighbouring network area, as well as at the
interconnection lines (if possible those closest to the DSM unit) in the presence of high RES
penetration.

1 Relation to use cases: HLUEA4.

3.2.1.4 Experiment 4

91 Description: Reduce/increase the load of a DSM asset (step change if possible) at times of network
congestion, measure system frequency and voltage, power flows and currents at DSM load
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connecting buses, several neighbouring buses and ioterections before and after DSM actions.
The change of load will be predefined for the experiment and the response will be observed.

1 Obijective: lllustrating the effect of decreasing/increasing controllable load (as large unit as
possible) on voltage, freguncy and line flow in the neighbouring network area affected by the line
congestion, as well as at the interconnection line (if possible the one closest to the DSM unit).

I Relation to use cases: HLU&4.

3.2.1.5 Experiment5

9 Description: Implement and compare 3aahative approaches for control of energy storage and
DSM by TSO and DSO: 1) -t&@ric, 2) DS@entric, 3) Cooperative between TSO and DSO by
quantifying impacts for TSO, DSO and the overall system

1 Objective: Demonstrate how the cooperation between T®0@ DSO can increase the overall value
of energy storage and DSM

I Relation to use cases: HL-UE6.

3.2.2 Equivalent network model

The demonstration activitiefelated to experiment 4) for the DSMIP product will be performed in the
four interconnectedTSOs with showed the highest interestnd potential for the development oDSM
technologies in their systems, namely EMS, HOPS, CGES and ND&&iHsystems already have DSM
assets participating in network services, mainly frequency suppiortshould be notedthat the
demonstration related to experiment 5 will be described in Section 5 of this repbe. demonstration
activities (experiments)have been planned according to the definition aseucases within HLU6, as
reported in D22 CROSSBOW Use cases, saenamd KPls identificatiorsince there are technical and
financial obstacles to performing all the foreseen activitiesite, some demonstrations (experiments) will
be performed in simulated environment only. For this reason, an equivalent network nmagebeen
developed by UNIMAN to simulate different operating conditions and possible effectssaddie DSM (at
network or regional level) could have on network performantke network model (as shown Figure
3.14) represents the two highest voltage levels in the observed interconnected sysitem 220 kV and
400 kV. All the generation (including RES) and DSM units which are connected to lower leokiafl110

kV and lower)are aggregated to the closest 220 kV or 400 kV bus in the model. The model has been
developed in an iterative process, using the feedback and agreement of the TSOs.

As seen irFigure3.14, the network is segmented into four areas, which are interconnected to each other
by tie-llines. Three colours are used to mark different rated voltage levels: buses and transmission lines
rated at 400 kV ah 220 kV are marked as red and green, respectively. Buses below 220 kV are marked as
blue; these can only be found in NOSBIH network due to the existence oftimdeng transformersDSM

and RES units are marked with appropriate symbols in ifgrdm.Furthermore, cetails about all DSM and

RES assets have been provided in DIitelgration and deployment of CROSSBOW ecosysthite Table

3.9 showsthe number of netwok elementsn the equivalent diagram
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Figure 3.14 Generic single line diagram of the interconnected system

Table 3.9 Number of network elements in the equivalent network model

NOSBIH HOPS CGES EMS Total
Element (B&H) | (Croatia)| (Montenegro) | (Serbia)
Number of elements
Bus 42 33 11 68 150
Synchronous Generators 12 6 3 10 31
Load 18 26 8 54 106
Transformer (both 2nd 3 windings) 7 5 2 12 26
Renewable Generators (wind and P 1 6 2 3 12
DSM Assets (Including Hydro Storay 2 3 1 6 12
Interconnected Tid ines 16

3.2.3 Demonstration activities

Simulations witlthe equivalent networknodd should show the general concept the DSM impact on the
network operation in normal and disturbed conditions. On the other hded measurements during
staged experiments should show the system behaviour in re&ityce it would be hard to replicatbe

system behaviour in simulations using reduced models of the relevant parts of the s)tsiese two
demonstration aspects wille performed separately
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