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1 EXECUTIVE SUMMARY

The purpose of this deliveraltieat is related to WP@&System Architecture, Methodologies

and Policies) of the Project IRENIS,to describe the planning approach and the architecture

of the tools for improving the resilience of an urban power grid.

The response of the power grid as a result to an outadftemsa complete blackout, some-

times the grid contains island§operating grids, andthis is the novelty in our approaan

some casethe grid can operation with a reduced demditne outcome depends of thetbé
outagescenariodid oneof the N paver generators fa{N-1 contingencyj) Did an important

power line clip disconnecting several sulistad? Did a substation dransformer fail or did

thegrid mains fail?

In this Deliverable we develop models for the characterization of consumption data, as well as
the architectural basis to develop tools for the evaluation the effect of outages in different lev-
els of the grid. In a midoltage,urban distributiorgrid, wehandle outages that lead to topol-

ogy changes, individual link and node (generation) failures, etc., whereas at the microgrid
level, we do not handle individual node or link failures, but use flexible loads and demand
management mechanisms for i s o fadation o sewyicésee also &ction 2.2).

In Chapter 3 ofhe deliverable, a meshed distribution gadonsideredThe model of the
grid isquite generic andsinot restrictedo a certain e.gadial topology, to a certain voltage
level or to a certain limitation of node power consumption.

The contribution®f this chapter refer to th@eparation oEonsumption datanergy balanc-

ing and optimization mechamis and failure handling as detailed below:

1 A method for predicting thelectricconsumption oflifferent buildings using the day
night, weekweekend and seasonal periodi@tyd an aggregation technique using the En-
semble Kalman FilteDifferent types of building profiles arereated

1 An energy balancing optimization based on a cost minimization function is preaedted

is combined with the determination of econom&ancing the output of generation units

(unit commitment).

Themodelling anceffeds of storageunits (batteries) is evaluated in norroake

Scenarios fola grid outage operationoncentrate othe N1 contingency (failure of one

generation unit), or complete islanding, but mentleeconomicaused islanding as

well.

1 Resiliencyin energy gridsas defined in previous woik reviaved

In Chapter 4of the deliverable, ahe microgrid leveldirect load control at the level of mi-

crogrid and at thiower level of a building is performed. This can wonrkthout user comfort

reductiononly if load flexibility is usedsuch as in heating, coolingse ofbateries or elec-
tric cars).

1 A concrete microgrid autrol architecture that will be used for the simulation of normal
operation and outage eventéicrogrid andbuilding controller matbmatical optimizéon
models have the purpose to providamand management functionality.

1 Resiliency is reformulatenh form of an autonomy factan order to cope with the effect
of demand side management

1 Testresukare described thainderline theautonomy factodependencyf renewable
generation, outage duration aidpatchable generatiaapability.

The models applied to different levels bétgrid will be used in the delopment of planning

tools in WP4.

= =
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1.1 GLOSSARY

CB Circuit breaker

EnKF Ensemble Kalman Filter

ESS Electric Storage System

EV Electric Vehicle

HVAC Heating Ventilation Air Conditioning
SOC State of charge

RES Renewable sources

CEMS Customer Energy Management System
MPC Model predictive control

DG Distributed Generator
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2 |INTRODUCTION

2.1 |SLANDING: NEEDED FEATURES AND THE PROCESS

This subsection illustrates recent examples how distributed generation (DG) can support criti-
cal infrastructures and what features should be considered to make it possible. Herewith we
list the requirements to a microgrid as (1) four features to ensureetrnpted operation dur-

ing a utility system outage and (2) two steps needed to perform controlled islanding.

The amount of installed DG and the corresponding operational experience allows to say that
their utilization during blackouts is common practiéecording to a US DoE studyin 2007

about 12 million DG, including photovoltaic solar arrays, miendines, and fuel cells, as

well as CHPs, were installed in the US with a total capacity of about 200 GW. Most of these
were backup units used by cugtters to provide emergency power during times when grid
connected power is not available.

In the future, with further advances in distribution generation that feed the distribution grid,
rather than the bulk transmission grid, these solutions can supjdoctignts both in time of

(1) normal operation and in (2) crisis scenarios. In the first case, DG provide opportunities for
electric utilities to reduce peak loads, as well as improve power quality. At the same time, DG
can also be used to decrease thieerability of the electric system to threats from terrorist
attacks and other forms of potentially catastrophic disruptions.

A number of examples how local power generation can assist in supporting critical infrastruc-

tures during time of blackout is prided in literature. For instance, a rep@tout more than

ten case studies suggests that ACombined hea
prove ClI resiliency, mitigating the impacts of an emergency by keeping critical facilities run-
ningwithou any interruption in electric or therm
needed to ensure uninterrupted operation during a utility system outage:

1. Black start capability (the need for a battery powered starting device or other supple-
mental electity supply system, such as a backup generator, that will allow it to start up
independently from the grid);

2. Generation capable to continue operation without the grid power signal (e.g. synchronous
generators and supporting controls).

3. Ample carrying capaity;

4. Parallel utility interconnection and switchgear control. This includes the need for the sys-
tem to reconnect itself smoothly after an event.

'iThe potenti al benef i t s-relatéd isduestharmayimpeded gen e |
t hei r e htp:Awws.ferw.gov/legal/fedta/expstudy.pdf p. iii

2iCombi ned HeBnabling RasilieR &vemy Infrastructure for Critical Facili-
ti eso,

http://wwwl.eere.energy.gov/manufacturing/distributedenerqy/pdfs/chp crgicdities.pdf
, 2013
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The need for elements can be identified in the case of CHP operating at Greenwich Hospital,
Connecticut, USALn 2012 its CHP consisted of two 1.250 kW naturaHiyasl reciprocating
engines next to 2.000 kW backup generator. This capacity was sufficient to carry critical
loads (feature 3) and even disconnect the hospital off the grid, if a demand responsge progra
demands that. After the hospital lost power, it went down for about 7 seconds before the
backup generators kicked in. The whole transition to CHP system takes approximately 5
minutes. This reflects the first feature. With the area around lost powedana@mately 7

days, the hospital admitted 20 additional patients during the outage period.

The Sendai microgritcan serve as another example how a microgrid can support critical
infrastructures and prevent casualties. In this case, a grid located at Tohoku Fukushi Universi-
ty in Sendai City, Japan operated during 3 days in the aftermath of the Tohoku Earthquake in
2011. The grid, composed of two gas engines (2x350 kW), a phosphoric acid fuel cell (PAFC
200kW), and a photovoltaic array (50 kW), was designed to support different classes of elec-
tricity consumers. The classes were, including a DC Power class that deqnimeerrupted

power supply. Two aspects are particularly noteworthy in connection to this accident. First,
the grid allowed to supply energy to a class of load that initially was not within the island pe-
rimeter: the nursing care facility with four eldegdeople, dependent on ventilators for life
support. In this way, it supported feature 3 of the above list. At the same time, the microgrid
had a difficulty to start gas engines, because the control system batteries were totally dis-
charged, and did not reeer until about a day later. This aspect, related to Black start capabil-
ity, was therefore not in line with the first feature outlined above and hampered the microgrid
utilization during the blackout.

In addition to considering these four features, maielgted to physical components of a mi-
crogrid, the system also need to be capable to perform steps to form islanesedd qies
locations. In case of Controlled islandinthe procedure need to account for two steps: (1)
create a balance between tbhad and generation before the isolation from the system (includ-
ing changing the topology) and (2) to isolate the island from the system. Both the cyber com-
ponents and physical components of microgrids are iedaiv this process. If thesgber

physical asets are physically destroyed (e.g. due to an earthquake), temporary out (tripped),
or operate at a degraded capability (for instance, a DDoS attack resulted in communication
delays), the islanding may fail.

While operating during a prolonged outage anogrid might account for failures within the
microgrid itself. Therefore, a microgrid can benefit by adapting its topology. High Reliability
Distribution System (HRDS) introduced by lllinois Institute of Technotoifjustrates this

idea. This microgridncludes several loops. Each building is connected to a loop using
switches. In case of a faulted cable it allows to directly isolate it and avoid disconnecting all
other connected loads. It is automatic switches in HRDS that can sense the cable faults and
isolate the faulted section with no impact on other sections in a microgrid. Master controller,

3 The Sendai Microgrid Operational Experience in the Aftermath of the Tohoku Earthquake:
A Case Study

4 http://smartgrid.epri.com/UseCases/Controlledislangitdig.

5 http://www.iitmicrogrid.net/microgrid/index all.htm
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in turn, monitors the status of each HRDS switch using the supervisory control and data ac-
quisition (SCADA) system, and is responsible for economic operatithre anicrogrid.

Altogether, for establishing and operating as an island the microgrid should possess a set of
features and be capable to island securely by following thesteypprocedure. The features

and the functions within the procedure can be ssemchecklist to ensure that the islanding
can be successful.

2.2 THE APPROACH

The poject IRENEintends to develop a collaboratiget oftools for city planners to analyse
an urban grichnd create a so called heat mafh respect to its vulnerabilitggainst power
outages,trying to answer following questions

1 which power generatingrid nodesare more vulnerable to outagyand what is the ef-
fect of their failureto the rest of the grid

which nodeshaveenough local generation capaditybe selfsufficient

what demandevel require the rest of the nodsisringan outage, given that demand
side management, RES and ESS are used.

1
1

According to the description of worthis deliverable is a result ¥/P3 which develops mit-
igation measure®r the threatén WP2 The measurescludethe planning of islandinga-
pabilities installed DER and energy storage capacity, reduced stipplyghdemand flexi-
bility options, load prediction and needed ICT communication infrastructure & controllers
andsecurity mechanisms.

Although an outage event may affect the national grid and via the transmissions-system
entire continent, we think that the mitigation mechanisms have to be detailed, limited in

scope.

The approach has been to divide the stlidied - an urban distribution grid which can con-

sist of hundreds secondary substations (low voltage gritéd a high and a low level. The

main reason for that is the different methods that can applied at each of the levels:

The higher level is a midoltage grid of the region in consideration in which the failing com-
ponents are power plants, lines, stations (SCADA), current breakers, etc. Following an outage
contingency, schemes are applied a) to isolate grid portions and drop load or b) to connect
alternatively a grid regigrwhich has been disconnected from their main sup@lyapter 3

will discuss this level: data preparation (prediction), energy optimization modé&scing

the output of power plantsinit commitment problem) amédistributionof energy in case of

failure of a generating node {Ncontingency).

The second level is the low voltage grichere the topology is mostly radial and consists of
several feederd.he model described in Chapteisdnore detailed going down to buildings,
and individual loads and generatdvée chooseelf organizing structures, called microgrids

in which renewable sources (RES) and flexible loads play a major role. Due to their flexibil-
ity, reliability and islandag capability, microgrid architectures are proposed in the literature
(Lopes 2009)(Katiraei 2005) Theoverallenergy control mechanism used in the microgrid
demand managementwo outagescenaios are discussedn the firstone anexternaloutage
eventtriggers an emergency mode which caubkeseduction of the consumptionthe mi-
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crogrid.In the second scenario, the microgrid is islanaed has to use local dispatchable
generation to batece the (reduced) consumption.

The proposed integratiaf the two levels is shown in the Figueecertain outage scenario is
simulated. In order to obtain the behaviour of individudlgrid (microgrids) the computa-
tion is delegated to the microgrid/id. The collected results allow tompute the overall

load distribution for the configured outage situatidlternatively, one can plan for self suffi-
cient microgrids whichvould go in islanding mode in case of externaloutage In this case
a different poweflow distribution will be computed

Complete Outage scenario results

1

Urban grid
Outage
Response
simulation

Outage

Configuration

Microgrid
Reduced
Demand

Microgrid
Outage response
Simulation
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3 MID LEVEL GRID M ODEL

3.1 INTRODUCTION

The grid modeln this section should cover the scope envisaged in the IRENE project, namely
an urban grid, therefoiié can cover both mid voltaggrid elements such as stations, substa-
tions, DER, power plants, power lines

The modelwill be integrated in an operation cogiptimisation formulationn Section3.4,
subject to operational constrairiisd contingencyriteria

The first grid example inFigure3-1 shows a microgrid, whereas the exampl€igure3-2 is
a general grid (14 bus IEEE Test griflhesevery different networks underline the generic
character of the high level IRENE grid model.

The contributios inthis Chapter can be structured as follows:

1 methods for creating demand data at different aggregation levels (pro&lim$imu-
lation results (Sectiorn3.6.1, 3.6.2

1 computation ofoperation costs, mcluding generation costs of local power plants, and
energy costs fromhe main grid, battergtoragecosts, etc.

1 optimization simulation result®r three scenarios (normal operation, failurewoé
power plant, islanded gridSection3.6.3

PagelO Version 1.0
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Figure 3-1: A microgrid configuration. Adapted and modified from (Huang & Zhuang,
2014; NACHHALTIGwirtschaften, n.d.) .
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Based on Figur8-1,eachnode ( Node 1, N o J ®nsdtsof thee compoe d e
nent of mid and low voltage distribution network that includes the generators (in the mid
voltage level) and electrical loads for the end consumerssaradl scaledistributed gen-
erators that are connected via electrical interconnetorthe bw-voltage level Both M
andN denote the number of nodes for the maatage level and low voltage level corre-
spondingly.Distributed generators the microgridaretypically represented as the distri-
bution substatiosi(the collection and distribution gfower for the gridthat areconnected

to feeders(Huang & Zhuang, 2014)The feeders will transfer the power from distributed
generatorgrom the distributed substation to the distribution transformers for the end con-
sumers(Huang & Zhuang, 2014)The microgrid is connected to thenid-voltage grid
through the transmission lin& circuit breakey CB1, is installedthat acts as the protection
mechanisnto connect or disconige themid-level grid from the high level grid. Similarly,
CB2 is used to protect thmicrogrid (low level) from themid-level grid.

A grid can havewo operation modesiormal @rid-connectedmode and isolategrid por-
tions (slanded modg In the normal statethe microgrid isinteracted withthe mid-level
grid. On the contraryduring an emergency event (contingency state,microgrid can
operatein an islanded modby openingCB1 orCB2. This is to enable the continuous sup-
ply of power within themicrogrid without interruptions, especialkp the critical loads
The distributed generators will be activated to provide the power tmitregrid. Similar-

ly, the midlevel grid canstill operate by transferring power to the low level grid by open-
ing CBL1. In addition, an islanded operation can also occur withiarogrid nodes. For
example, all the components in Notl®f the microgrid can be operated in islanded mode
if CB3 is opend. Theremainingnodes are still able tmteract with themid-level grid in
the normal mode of operation

A standard multbussystem describing the interaction within the low voltageogrid) and
the md-level voltage is needed. To this eddIEEE 14bus systenwill be used. An example
of theoneline diagramlEEE 14bus systendescribing thénterconnectedyrid is shown in
Figure3-2.
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Figure 3-2: A oneline diagram of IEEE 14-bus system. Source(Dike & Mahajan,
2008)

From the example in Fige 3-2, the autho(Dike & Mahajan, 2008tonsideredwo genera-

tors in buse®©neand Two, voltage sources in bus@&free Six andEight, a transformer bus

in busSevenwithout load and voltage source, and the remaining buseseleitiricalloads.
Notably, the buses can be represented as the nodes, and loads are further denoted-as the end
consumer loadflow voltage level) and the voltage sources are the transmitted voltage from
the midlevel grid. Additionally, the midscale generating uniter the midlevel grid or the
distributed gnerators in the low level grichn be considered in any of the bugesthere are
numerous configurations associated to thébdd systen{due to different scenarios consid-
ered, therefore the configation and architecture of thgrid in this case is not limited to the
grid architecture as outlined pike & Mahajan, 2008)In this case, the nodes and compo-
nentsoutlining thetopology of thegrid will be defined.Such network topology willemon-
stratethe capability and flexibility othe grid operation either in the normal istandingoper-
ations

In this section, the halepthgrid opetions are discussed, where geetion begins with the
demand profiling of lowewoltage network that later will contribute tverall demand across
the midvoltage level, the demand forecast and assiioiiathemodelng of theoptimisation
tool, results and summary.
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3.2 DEMAND PROFILING

3.2.1 Notation

Indexes:

X S TTQ

- = —

Parameters:
Dt
e

Ci
DT,
l gt

N

Ne
NG
NGb6
NR
NRS
NS
NS
NT
MO
MR

P
P
SU,
Shy
Ty

T

URy
UT,

DR,

Variables:
a

d
dobs,j

Resiliency

Generating units

Generating units during the islanding operation
Types of input profiles and components

Model state variable

Ensemble mmber index

Renewable generating units

energy storage

Time step index

Time interval in the storage operation

Signal noises

Electricity market price at the tinte

Minimum down time of a generating uigjt

Binary values of commitment state of ugit

Total number of profiles

Total number of ensemble member

Total number of generators

Total number of generatodsiring the islanding operation
Total number of renewable generations

Total number of renewable generatiahging the islanding operation
Total number of storage

Total number of storagguring the islanding operation
Total number of time step

Total number of musbff constraint

Total number of mustun constaint

Minimum allowable capacity of generatgpr

Maximum allowable capacity of generatpr

Startup cost of generators
Shutdown cost of generatays

Annual periodicity

Diurnal periodicity

Ramp up rate at generapr

Minimum up time of a generating umjt
Ramp down rate at generatpr

Resiliency index

Actual measurement (the model prediction)

Ensemble of perturbed observationgtlaensemble member
Model parameters of thenergy consumption profile
Startup variable at generatgrat timet

Measurement noise gh ensemble member

Shutdown variable at generatgrat timet

Model process noise gh ensemble member

Number of hours of the generatingtughas been switched on (+) or off (
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yP Priori state vectoy

y/ Priori ensemble gth ensemble member

y;’ Posteriori ensemble gh ensemble member

at o .
8 Annual cycle function
G~
at g . :
D8 Diurnal cycle function
G2+

Fo(Pac.g) Generation cost function of generagpat timet

N1 it Binary parameter foN-1 contingency statef the generating unitat timet

NI £ Binary parameter foN-1 contingency state of the transmission line between the mi-
crogrid and the main grid

N C’it Binary parameter foN-1 contingency statef the energy storage uniat timet

Po.t Total aggregated power across the grid at time

PDC’t Total aggregated power across the grid at tich&ring the contingency (islanding)
operation

PD°:t Fraction of the demand served during the contingency (islanding) operation

Pg,gt Power generated by corresponding generatingguatitimet

PGCM Power generated by corresponding generating aitimet during the contingency
(islanding) operation

Pwm,t Power of the transmission linat time t

P; P Power of the transmission line at time t during the contingency (islanding) operation

Prrt Renewablgower generated at renewable generatatdimet

P;it Renewablgower generated at renewable generatatgimet during thecontingency
(islanding) operation

Ps,st Power generated in the energy storagetimet

P;t Power generated in the energy storiagetimet during thecontingency (islanding)
operation

PSCOCit SOC of theenergy storagieduring the contingency (islanding) operation

Psocst SOC of theenergy storags

Pioci Maximum allowable SOC dagnergy storageduring the contingency (islanding) op-
eration

Pioci Maximum allowable SOC daénergy storags

R Amount of reserve requirement at titne

RMSE Root mean square error

X, ) True state of electrical consumption fith component at time

YP Collection of individual priori ensemble membyf

3.2.1 Related backgroundi state of the art

The demand profiling concept i s established
Council Load Research and followed by the 1998 Electricity PomjrammeElexon, 2013)
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Such concepts are established to ctllanalyse and develop the detailed knowledge of the
consumption habits, either ghomestic or nofdomestic usagéElexon, 2013; DoE, 2011)
The demand profilingf the low voltage networks &trictly essenal in providing the aggre-
gated demands across the mid voltage level grid of a reglmn electricity grid operator
nowadays usedemand profiling as the important strategy to plan the amount of electricity to
be provided to the entire network. Additiolyaldemand profiling also illustrates tipeesent,
upcoming and futureapacity trend of thenergymarket, whether temploya more respon-
sive expensiveor intermittent generatiorie meet thenationwidedemand

The segmentation of the electricldmanddata using the clustering techniguessbeen in-

troduced in order to characterise individual electrical households based on their patterns of

electrical consumptionéMcLoughlin, Duffy, & Conlon, 2015; Rth, Nicolay, Conte, van
Dinther, & FilipovaNeumann, 2012) An example of clustering the types of demand profiles
is available in(Elexon, 2016)which isbased on the UK scenario. the UK the energy con-
sumption fom groups of consumers is classified into eiypes of Profile Classes (PC) and
thoseeight generic PCs represent tlaege populations of similar energy load profilearac-
teristicswithin customers.

3.2.2 Modelling of demand profiles

The mathematical expression describing the demand profiles is presentedthehedeetrical
consumption in the demand profile changes periodically with respect to(ltizoe Yang,
Forbes, Wright, & Livina, 2014)Such peridical trend or time series dhe electicity data
should have diurnaDn(t), and annualA(t) periodicities. The state representation of the con-
sumed electricity signal can be generally expressed into the equation as follows:

Q_)o

X, (t) = AR

Ch

Henlel

+Dn% +e, 1)
&, ¢

2=

|-QDO

whereX_ (t) is the true state of electricity (energy consumption in k€WhMWh) at timet;
A(t)is the annual cycle functior_(t) is the diurnal cycle function], is the annual perio-

dicity, 365 days;T, is the diurnal periodicity, 24 hours;is the time variable sampled at hour-
ly rate; nindexes types of input profiles and componeétss the signal noiseédditionally,
both units ofA(t) and D, (t) are not limited to single unit (hours) but can be in seconds,

minutes or hathourly temporal resolutions.

The stochastic component 6f includes the following sources: (i) thermal noise; (ii) harmon-
ic generation noise; (iii) transient noise; and (iv) frequency devidtian, Yang, Forbes,
Wright, & Livina, 2014) The Eg. (1) is further used as the profilieguation in developing
the complete diurnal or annual trend of a demand profile represaitticgnsumer.

There are also various influencing factors affecting the overall daily demand profiles. Typical
influencing factors are:

1) Seasonal variations;

2) Building characteristics;

3) Weather and temperature effects;
4) Holiday effects;
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5 Consumersd consumption behaviour.

3.3 MODEL FOR PREDICTING AND ASSIMILATING CONSUMPTION PROFILES

3.3.1 Ensemble Kalman Filter

In addition to demad profiling, a good forecaseéchnique is required in order to provide the
demand forecadidays or a year aheadyloreover,the energydemand profileusually has
shown fluctuations corresponding to different time peridtiss is due to the influencing fac-

tor that affects the ovetanergy demand across thed. Hence, a robust, acthavarebased
forecasttool is required to forecast the uncertain trends of the demand, either in long or short
term forecast. To this end, tlgsemble Kalman FiltefEnKF) is applied in forecashe de-

mand profile.

EnKF was firsintroduced byEvensen, 1994nd isgenerally a Monté&Carlobased recursive

filter approachfor generation of an eemble of model representatiods ensemble is actu-

ally a systenrepreserdtion througha random sampling of éhsystem distributiofEvensen,

1994) EnKF is applied in sequentialath assimilation and even a femsemble members
have theability to exhibit largescalecovariance baviour of a system consideréibhn &
Mandel, 2008) EnKF is applied in the electrical systems as the resultant estimations may
provide the electrical inventory for assessment of nationwide demand and energy network
upgrads.

3.3.2 EnKF formulation

The formulation and description of EnKF is strictly necessary that enables theusalser
standingof the demand predictioalgorithm In this case, drmulationsof EnKF by (Lau,
2016; AlmendraVazquez & Syversveen, 2006; Evens2o03; Gillijins, et al., 2006; Jensen,
2007; Naevdal, Johnsen, Aanonses, & Vefring, 2@08)followed, with oly key equations
and parametersre outlined.

EnKF consists of two important steps, fbeecas andanalysisstep. In the foreast step, as
the true (actualktate is not always avallke, new ensemble is createdtive state space by
forecast the ensemble mean as tlest estimate of thestate AlmendralVazquez &
Syversveen, 2006; Evensen, 2003; Gillijins, et al., 206dther words, a newnsemble is
created basedn the realisations in each thle model state through the model dynamics (sim-
ulator). It is then reflected as thé@st observation of the actuttiat will be ircorporated into
the model staten Eq. ).

yp =y +w, 2

where j indexes the ensemble memlyérjs the state vector of the model simulaw,ﬁ IS
the newformation of a set of ensemble through the prediction of the model gtatd en-
semble membey, w; is the model process noise. The superscpmtenotes the priori state

vector.As in line with (AlmendratVazquez & Syversveen, 2006he initial ensemble mem-
bers ofy are sampled from a normal distribution with the zero mean and standard deviation.
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Using Eq. 1), new sets of priori ensemkyé are createdSpread of the ensemble members of
y are further represented into a matrito denote the collection of the priori ensemble:

YP=[yP, yE o yP e Ye | 3)
Where N_denotes the total number of ensemble members.

During the analysis step, new observations from measurement sets are established through
ensemble representations. In order to obtain consistent error propagation, the observations
have to be considered as random variafiNagvdal, Johnsen, Aanonses, & Vefring, 2003)

The actual measurement is used as the reference and the random measurement noise is added
to the measurement to obtain the perturbed observgdmendralVazquez & Syversveen,

2006; Jensen, 2007; Naevdal, Johnsen, Aanonses, & Vefring,. 2008B)s case the actual
measurement set (also the model prediction) is perturbed using the ensemble representa-
tions, this later forms another set of ensemble of perturbed observations dendigg by

Aops; =d +V;, 4

obsj

wherey; is the measurement noisejtit ensembleanember. Bothy,-p anddobs are perturbed

with model error: the process noisewith zero mean and covarianefor YP and similarly,

the measurement noisewith zero mean and covariangefor d, i.e. valuesv andv are as-
sumed to be drawn from Gaussian distributions asN(0,Q) andv ~ N(O,R). The errors are
very important to bedefined in the EnKF, because without errors the system may be over
specified and no solutions resulting fromKE propagations obtainedensen, 2007)The

priori enrsemble membeyjpwill be assimilated using the EnKF updating formula in order to

obtain the updated pos.teri(eznhs.emble/]*| as follows:
Y} =y +C,HT (HC,HT +R)™(dyy,; - HY). ©)

whereH is the measurement operator that relates to actual Staethe priori error covari-
ance.Ris measurement covariance error. The; in this casecorresponds tblyjp. Using Eg.

(5), the assimilation process is achie@dupdating/jp, as.s.imilatingyjp anddobs by taking
the mean of the perturbed observatidgsas the actual observation. Each of l)hpe ensem-
ble member is updated obtainy:-’. The updateoyljJ is stored into a matrix form denoted as

Y!. The product ofC,H" and (HC,H" +R) *provides the Kalman gain. The covariar@e
can be further formulated as:

C,° Nl_ 1(YP-W)(YP-WT. (6)
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The rootmeansquare error (RMSE)Anderson, 2012pf the ensemble meaof yj‘ from the
actual state of the model is calculated as:

RMSE= J%é (Y_k xk)z, (")

k=1

where X denotes the actual state of electrical consumgtiom Eq. (1) andk is the model
state variable.

3.3.3 EnKF case study

This sectionprovides the demand forecgstoblem using the formulated EnKF in Section
33.2.

In EnKF, the main intention is to estimate posteriori ensemble based on the energy consump-
tion/demand. The initialisation of EnKF is needgdgdroviding the model and input parame-
terfor initial computation of the priori ensemble. Based on Eg. (2), instead of adding complex
components tg®, for simplicity the component of® can be formulated as:

emg
yP &u (8)
u

In the simulation experimenin is the model parameters of the aneconsumption profile

from thedynamical model Eq. (1). It is the profiling equation that describes the demand pro-
file of nth consumers. As the componemtescribes the demd profile, m remains constant
throughout the data simulation except the model process noise. This results in similar energy
usage pattern from groups of consumers but with varied energy usages$isTtiee model
prediction of the energy consumption amgueges with the simulation at every time step. The
input component ofy® can be further extrapolated as:

VP = (M My M €0, B | )

Them,; refers to the component m Eq. (8) of the dynamical model from Eq. (1p.Tisethe
forecasted energy demand that also corresponds to the compoiiéetn indexes the con-
sumer and is the time step.

The “true' data of the demand profiter the midlevel gridwill be further predicted using
ensemble representations (denotedh@sial measuremenl), this later forms the perturbed
observationsdyps) based on the perturbation fran Collections ofy are stored in matrix

YP (Eq. (3)) and are further denoted as priori ensem}bf@.(The yjp is further assimilated in

the EnKF algorithm in order to obtain thew updated posteriori ensembl¢,-“§ using Eq.

(5).
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3.4 MODEL FOR SUPPLY BALANCING OPTIMISATION

In this section, a comprehensive holistic appraafchsupply, demand and load balanciing

the midlow level gridis developed. Such model is based on the optimisation concept that
aims to maximise the economic operations, and also to increase the resilience of the urban
grid. The mathematicabased software optimisation module is actually dgwedby adapting

the earlier concept f r(DMvGDNWM4) GHheDNYV o0 @Ghodl-sni s at i
el is a holistic operational simulation that maximises energy economics during the normal
operation, and also maximistége time for uninterrupted supply to critical infrasttures dur-

ing an outage event through the power sharing mechanism in the islanding operation.

By drawing the attention to develophalistic, completeand realistimptimisationmode| the
model at fist simulates the demand forec@sased on individual demand profl¢hat are
aggregated to provide overall demand across the, grit)lesaleelectricity market price, the
initial performance/condition/committable state of distributed generatmismidscale gen-
erating units as well as the energgtoragesin addition, there is also the need to take into
account the perturbation of outage evduise to failing components, security under attacks
or disasters).The outage event is needed to evaluatec#pability of the grid to sustain the
outage by isolatig from the midlevel or lowlevel grid and operatingn islanded mode, or by
isolating grid portions and dropping the logmbrmal gridconnected operation for unaffected
grid nodes) The abilityin sustaimng theislanded operation allows the evaluation @ thsil-
ience of the urban grid.

Overall, the optimisation module will enable sets of optimal desand strategies that max-

imisethe economic benefits through the full integration of demawofiles (endu s er s 6 b e h a\
iour of energy usage), distributed generationsgl-scale generating unitgectricity connec-

tion, energystorages, and infrastructure inventory upgrades (based on the current simulation
results). The model will also samaticallyoptimise the load duringrid-connected or island-

ed operation.

The following subsections will describe the formulation of the ogttionproblem.

3.4.1 Mathematical formulation of the optimisation problem

The optimisation problem is typically the economispgitch in the combination of unit com-
mitment problemcomprising thedistributedgeneratorsaand energy storageBoth problems
are associated with the amount of electrical power production probl€heseconomic dis-
patchoptimisesthe most economical wayf dispatchinggenerating unitgexcept renewable
generations)which are committable/availabighile meeting thenationwidedemandDetails

of the fuel consumption and cost functioh distributed generatorsan be found inLau,
2016) In contrastthe unit commitment ithe optimisationproblem deals with the coordina-
tion of committable and necommittable statef distributed generators, as well as the varied
loads, based on hourly interval of scheduling slots. The cgdition problem is subject to
operational constraintgvhich will be explained in the subsequent sections.

The optimisation problem formulatiof®©m (Hedman, Ferris, O'Neill, Fisher, & Oren, 2010;
Bahramirad, 2012; Saravanan, Das, Sikir, & Kothari, 20dBpdaei, 2014 Zendehdel,
Karimpour, & Oloomi, 2008gare followed.The formulation of the objective function, as well

as the constraints based on linear programming (LP) problem. This is to forbid the arising
of nonlinear high dimensional problems. Moreover, since the rapid optimisation solver is
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critical peculiarly in an emergency situation, therefore LP optimisation problem is highly re
ommended.
3.4.2 Objective function for normal operation

The main objective for aormal mode of theoperation is to minimise the total operation cost
as follows:

. NTeNe NS [}
Mln a éa [Fg(PG,gt)Igt +SUg +SDg]+a [CtPS,st]+Ct I:)M ,tl;|’ (10)
t=1 @g=1 s=1 u

whereg, s andt index the corresponding generatungts (thermal units), storage systelusd
thetime period Pwut is thepowerbetween théow level and themid-level grid (the transmis-
sion line) Pg,qt is thepowerdispatch of corresponding generator usith is the starup cost.
Ps,stis the power gnerated in thenergy storageSDhy is the shutdown cosC: is the electrici-
ty market price at the time where there exists electricity connection frotawhevelto the
mid-level grid. l¢ is thebinary values oEommitment state of ung. NT is the total number of
time stepNSis the total number of storages @@ is generator units respectively.

The objective functiom Eg. (10) is based ahreeimportant termsThe first term is the op-
erating cost of the dispatched units. The generation cost is denokg(Pay;). For thermal

units, the generation cost is presented in a quadratic function and is simply approximated by a

piecewise linear approximation. The gemér ocondnsttable/norcommittablestate is repre-
sented by theariablelq. Igt equals to onevhen the unit icommittableand zero when the
unitis not committableHence, here will be ageneration cosivhen thecommitment statef
the unit is one anoh contast, zero generation cost whike unit is not committed.

The gartup and shut down cosif distributed generators are also modelled explicitlye
startup variable is introduced ag: and in contrast, the shutdown variablengs Both ug: and
Wgt are binary variables. When a generator unit is switched on at current tmmdras been
switched off untilt-1, the starup cost is imposed withg: = 1. Otherwiseyg: = 0. Similarly,
when the generator is switched off at current tinbeit has been switched on urttl, the
shutdown cost will be imposed withy: = 1 and otherwiseayg = 0. Bothug: andwg: has rela-
tionship with the unit commitment variallg and can be presented as:

U, +W,, =1

g FWe =l - gy, (9=1..,NG)({t=1...,NT) (11)

The second term dés with theenergy storageThere will be cost imposed to tbkaergy stor-
agewhen the energy is stored (tBrergy storages in charging mode) from the main grid at
times of low electricity market pricé&s. On the contrary, during the generation (discharging
mode), it is assumed that there will be zero cost imposeméngystorags.

The third term is the cost of the electricipurchasedrom the main grid. Depending on the
state of operation, there Whe electricity costs from main grid if there is an interaction be-
tween thelow level grid and the main grid. In contrast, there will be zero electricity costs
when there is no power drawn from the main grid.

3.4.3 Constraints

A. The power balance constraint
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Thepower balance constraiist defined as:

NG NR NS
ARgthitaRetaRa=h (9=1...NG)(r =1.....NR(s=1...N§ (12
g=1 r=1 s=1

Ppo, is total aggregategower across thagrid, r indexesthe renewable generating units and
Pr,tis the power generated from renewabl&he Eq. (12) ensures thetal power generation
from thelow and midlevellocal unitswould satisfy the overall load.

B. Unit output limits

The generation units are imposed by the minimum and maximum amount of generator capaci-
ties:

Pl € Py g ¢ P (t=1...,NT) (13)

G,g " gt gt?

where PG“L" is the minimum allowable capacity & , at generating ung and Penjgxis the

maximum allowable capacity d; , .
C. Ramp up and down constraints

Therampup and down rates formulated as:

Py~ Pagen CUR,, (t=1...NT)(g=1...NG) (14)
P, yn - Pog ¢ DR, t=1...NT)(g=1...NG) (15)

URy is the ramp up rate limit andRy is the ramp down rate limit. The imposed ramping con-
straints limit (increase or decrease) the amount of a generatingyitimit two successive
hours. That is to sag generator is not allowed to reach a maximum capacity due to its nature
of starting duation (hot or cold start) arttie operation(Lau, 2016)

D. Transmission line capacity constraints

The transmission lineapacity limit between thiew and midlevel grid busis formulated in
Eqg. (16). On the other hand, Eq. (I@)mulates the distribution limits betwetw level bus-
es.

R € B, (t=1...,.NT) 6

E. Spinning reserve requirement

The spinning reserve requirement is formulated as:

Page22 Version 1.0



IRENED3.1

NG
a Pl TP 2 By +R. (t=1...NT)(g=1...,NG) (18)
g

R: is the reserve requirement at titnd he spinning reserve is the unused generation capacity
which will be triggered bythe central or themicrogrid controllerto operate the committed
generators. The spinning reserve ensures the sufficient amount odtgendue to imbalance

in demand during an emergency situation. Rhin this case is calculated as the percentage
of the forecasted hourlpad.

F. Minimum up and down time constraints

The minimum up and down time of a particular generator is defined as:
(Xger = UT Nl gea- 140)2 0, (t=1...NT)(g=1...NG) (19)
(%= DT, NIy~ 14e0)¢ 0. (t=1...NT)(g=1...NG) (20)

UTg andDTyg is the minimum up and down time of a generating gmidrrespondinglyx,, , is
the number of hours of the generating units has been switched on (+)-9r. off (

G. Must run and off constraints

Generators are required to provide power or to switch off due at some circumstances.

| =1, t ¢tet,)(g=1...MR) (21)

gt

| =0. t, ¢te¢t,)(g=1..,MO) (22)

gt

The MR andMO indicates thegth unit that must run and off within the time interval respec-
tively.

H. Contingency constraints

A N-1 contingencycriterionis considered in the model. Tkl system compliance ensures
the grid can survive argingle outagen any nodes, and also the lineross thenid andlow
level grid. The generation output artle transmission line output between thiel andlow
levelgrid are constrained in the contingency situation.

Pen,]iinlit N1<CB,it ¢ Pé,it ¢ PGrr,}aXIit Nl(cs,it’ (t=1...NT)(g=1...,.NG) (23)

C
PM t

¢ PINIS, . (t=1..,NT) (24)

The superscriptt denotes the contingency staiée index i refersto the generating units in
N-1 stateNliint in Eq. (23)denotes thévinary parameter foN-1 contingency statef the
generating unit at timet. The NG' denotes the total number of generators during the contin-
gency eventThe Nlé,it forcetheith generator output to be zerbll;it =0) whenthe genera-
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tor is in contingency statend Nl&,n =1for normal operations. theith unit is not committa-

ble (1, =0), or the unit is in outage wiikllgit =0, theith unit generation output is zefbhis

is to indicate thaoffline generator cannot respond during the contingency situdtience,

the committablegenerating units are only allowed to operate in the contingency state. The
operating constraints for committable generators during the contingencygtaigmain the
same.

Similarly, Nl‘,i“in Eq. (24)denotes the binary parameter férl contingency statef the
transmission line between thaid and lowlevel grid. The Nl,cv,yt =0 forces the transmission

flows to be zero when the transmission line is in contingency state and othdﬁﬂlﬁ,ﬁte?l
for normal operations.

Additionally, the power balance equation from Eq. (@2anges during the contingency state.
The power balance equation is therefore reformulated as:

NG NR NS
AP, 4P +A P FA P =P, (i=1...NG)(i =1,...NR)(i =1..,NS)(i =1,...NC)

(25)

3.4.4 Obijective function for islanded operation

During the islanded mode, the objective is to supply the power to critical loads from distribut-
ed generations in economic efficient manner. The objective function for the islanded opera-
tion is similar to Eq. (11):

_ NT NG . NS c . O
vin & & [F(R.)1NIE, +SU, +5D ]+ [N, [+ CR, NE (26)
t=1 i=1 i=1

Thei indexes thé-th geneating units during the islanded operatid&‘ilﬂ,;it refers theN-1 con-

tingency state of the generating unit at titnéll‘;it is theN-1 state of thenergy storage\NG 6

is the total number of generat@sdN Sié the total number of storages tlaat committable
during the islanded operatioifhe operational control constraints for generators and the
transmission line are remained fixed as formulatelg. (12)(25).

Depending on the scale of damages to the grid during an outage event, for exathple
transmission line is not affected, i.\N1, =1, the affectedth generators in a nodé\(; =0)

will be in islanded mode of operation whereas the unaffected area will be in the normal mode
of operation.

In order to continuously supply power to criticadrastructure during the islanded operation,
the energy storage is included in the modéle modelling of energy storage is described in
the next subsection.
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3.4.5 Energy storage modelling

Theenergy storages used often in responding to peak periods whiegee are rapid changes
in demand. Nowadays, due to the concern in continuously supplying power during an emer-
gency event, thenergystorage has been increasingly receiving attention in mitigating the
grid failures during an outage event. Henceforttle,hodelling of the energy storage for the
optimisation module ismandatory. The methodf storage operation and modelling by
(Bahramirad, 20125 followed.

There are three important operating mode inethergystorage, which are the charging, dis-
charging, and idle mode. For the contingency situatibe,energy storageill discharge,
based on the available current storage capacity.

The energy stored in a storage¢hestate of charge (SOCJhe formulation o5OC is:

PSOCst = PSOCs(t-l) - Ps,stD-’ (27)

The energy storeBsocs is the SOC of the storag&)t is the time interval in the SQG in-
dexes the energy storage.

The Psstin this case iglenoted with psitive and negative magnitudiepending the charge
and discharge mod8y referring to Eq. (27), during the charging mode,ghergy storages
storingthe power, thePs« is negative and thus the valueR¥ocs increasesOn the contrary,
during the discharging modthe energy storages said in generating the power and Bag is
positive. Then the value d?socg decreases. Depending on the current storage technology,
someenergy storagenly allow the maximum dischargingithin half of the full storage ca-
pacity. In this case isiassumed that thieodelled energy storage allowed to discharge the
power until theenergy storagess completely exhausted.

The Psoc s is constrained by the maximum allowable SORZ,) in order to prevent over-
charging:

0¢ Pyoeg ¢ Piogs - (28)

Another importanpoint of the energy storage the charge and discharge profile. By follow-
ing (Bahramirad, 2012 rectangular charging and discharging profile is assumetidozn-
ergy storageThe modelling approacbf the energy teragein this case also considers the

instant charging/discharging mode as soon as a charging/discharging signal is sent by a con-

troller.

During the contingency state, the charging and discharging mode of the storage is remained

the same. However, thegmortion of SOC may change and Eqs. {Z8) are therefore modi-
fied as:

PSCOCit = SCOCi(t-l) - PSC,it[I’ (29)
0¢ PSog ¢ Psogi - (30)
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The operation of thenergy storagés accomplished by adding the generation ougpyto

the power balance equation in Eq. (12). Similarly, the powembalg equation during the
contingency state for storad®, is definedin Eq. (25).

The energy storagmodelled stores energy at times of low energy market pricepéak
electricity demand), and discharges the stored energy during high electricity imackst

low grid generation, and also as well as the contingency situation in compensating the genera-
tion shortages. Additionally, during the contingency stateetiergy storagenay act as the
uninterruptable power supply (UP8iat isinstalled in closgproximity to critical infrastruc-

tures.

3.5 RESILIENCE

According to(Bollinger, 2015; Cand\ndrade, et al., 2012}he resiliences defined as the
ability of a powersystem to recover to a new original state from an unanticipated event that
causes a failuro the system. On the other hamdithors(Bollinger, 2015; Cand\ndrade, et

al., 2012; Khodaei, 2014)irther extended the resiliencencept by stating thaeslienceis

the ability of a power system to withstand/remain in a state during a failure in an efficient
manner, and to quickly restore to the normal operating state.

In order to access the resilience performance metric indicator is established. Suctiene
presents the extents in which the amount of energy demand within consumers are met when
there is a disturbance in the gf#ollinger, 2015) The performance metric to calculate the
resiliency is based othe fracton of demand serve(Bollinger, 2015; Cand\ndrade, et al.,

2012)

As in line with (Bollinger, 2015; Can@dndrade, et al., 2012)heresiliencein this case is
therefore the mean fraction of demand ser{@f] ) acrossthe outageevents divided by the

overall demandPy, ) in the contingency state

NT pP¢
e PD,I
aResiIiency_ a Pc .
t=1 "Dt

(c=1...,NT) (31)

3.6 SIMULATION RESULTS

3.6.1 Numerical simulation of demand profiles

The average dailgnergy consumption pfiles from the available public domains are adopted
in examining the diurnal seasonal profig(t) in the summer and winterorrespondingly.
The random perturbatiomoises are generated to indicate the signalescs the influencg
factors.Table 3-1 showsthe example fotypes of energy consumption profilas the input
energy datancluded in the study.
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Sector type Sources
Household Normal household profile (UK) Elexon (2016)
Office Large office (USA) (OpenEl, n.d.)

Large Hospital (USA)

Hospital Outpatient clinic (USA)
Warehouse Warehouse (USA)
Supermarket Supermarket (USA)

Table 3-1 Types of consumer profiles included

The 2015 annual demand data from the NKtional Gridportal (National Grid, 2016)s ex-
tractedand corresponds t@\(t). The A(t) obtained from the portgNational Grid, 2016)s
converted to have identical tempodale withDn(t). Using Eq. (1), hose Dn(t) will be
0stitchedOdA(t)imaderttohfam a resultartt annual trend representing the overall
household demand across the dtidu, Yang, Forbes, Wright, & Livina, 2014) is intended

to demonstratenly the demand profile of household in this section, as the full profile of other
sectors arédemonstrateth thelow leveltool sectior4.5.

Figure3-3 shows diurnaénergy consumption profile fatlomestic householdturing summer
and winter seasons. Baseud Figure 3-3, it can be sen that a household electricitpnsump-
tion drops durig the working hours and maximudemandoccus during the peak period
(17001900). Additionally, the amount of energy consumptduring the winter is much
higher than other the summer season due to the high amountinfheat

1 T T T T

= Summer
=  Winter

Energy consumption (kWh)

Time (hours)

Figure 3-3: Diurnal energy consumption (demand) cycles fothe UK domestic house-
hold.

The result plot bthe average daily annual energy consumpisoshown in Figre 3-4, where
Dn(t) is stitched withA(t) that forms the completannual household demand trend. The esti-
matedannual energy consumptias 4023kWh and such estimatedlue is similarto the
overall household energyonsumption usage asported by the UK Department &nhergy
and ClimateChange(DECC, 2014) Henceforth,the developed household energgmand
trend is agood representation i@ for the domestic househotnsumers.
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Figure 3-4: Average daily annual energy consumption (demand) profile fothe UK do-
mestic household.

3.6.2 EnKF numerical simulation

The EnKF simulationn this case involveshortterm based day ahead forecastl assima-

tion of the energy consumption profiléem Table3.1. Samples of consumers from the re-
spective sector ar&0000 household<, large offices2 large hospitals5 outpatient clinics, 5
supermarkets, anfl warehousg They are created individually with the addition of model
noises in order to reflect forecast energy usages among groups (some variations of energy
usages within the same grouphe modelled profile oKn(t) from Eq. (1)is the observation

tha reflects the actual system thaill be incorporatedrito the model state in Eqg. (8ince

the demand data is availalds illustrated in Tabl8.1, variabley® in Eq. @) contributes to

direct model predictiongd) of the energy demand (based on the Ep that formulates the
demand profiler()).

The priori ensembley? is created using Eq. (2), wheres 1, Ble, As in line with (Lau,
2016) initial ensemble members gf are intended to be drawn fromnarmal distribution

with the mean and standard deviati(0, 20). Additionally, the model erraw is sampled
fromw ~ N(0O, 1). The measurement erngron the othehand, is sampled from~ N(0, 0.5).

In the EnKF, the perturbed observation of demand diatais based on the model prediction
d using Eq. 4). Different realisationgNe = 10, 50, 100, 500, 100@ye created and propagat-
ed at every time steps. Thgin Eqg. @) is the collection of the priori ensemiylg, whichis

assimilated along witHobsj and updated to form the posterierisembley; through Eq. §).

The posteriori Bsemblemean distribution®f the energy demand with different realisations

Ne are computed that allow comparison of the convergence in relation to the true (actual) state
of the model. The RMSE of the propagated ensemr#an in relative to the actual model
state is calculated using E@),(in order to examine the robustness oKErnn different reali-
sations.

Page28 Version 1.0




IRENED3.1

As mentioneda day head with hourly temponasolutionis adopted to demonstrate the
sultant EnKF propagatienThe input data from Tabl&.1 is applied and aggregated in order
to tabulate the overall demand from the undiual profile (Eqg. (1)) across the grid as follow:

Xrow®) =Q X, (1)- (32)

n=1

Thediurnal plot with datasets ahe actual energy demand and propagatiovt afith differ-
ent ensemble sizas shown inFigure 3-5. The summer profile for the energy demandhis
cluded only in the report as the overall trend of the winter profile is simitarthvie summer
profile (with the magnitudeas the only main differengeThe figureshows that the larger the
ensemble size, the bettérestimation converges towards t#hetual energy demand.

25
Actual

EnKF size =10
EnKF size =50
— EnKF size =100
o EnKF size =500
EnKF size = 1000

///”?%\ N

.
L\\

Energy consumption (MWh)

| | | |
5 10 15 20
Time (Day)

Figure 3-5: Diurnal energy consumption profile with different EnKF realisations.

Similarly, it is the main intention to illustrate the EnKF forecast for few days akeade 3-
6 shows the extended fivaays plotof actual observation of energy consumption prapa-

gation of Y with different ensemble sizes. The figure also reflects that the larger the ensemble

size, the betteY" estimation converges towards the actual energy consumption data.
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Figure 3-6: Five days energy consumption profile with different EnKF realisations.
The tabulated RMSE Wges corresponding to differeBnKF realisations are shown in Table

3-2. The RMSE values fronTable 3-2 also indicate that thiarger the ensemble size, the
smaller the RMSE value, améncethe better the EnKF estimations.

Number of ensembleNf) RMSE value
10 2.1793
50 1.0469
100 0.5545
500 0.2339
1000 0.1749

Table 3-2 The RMSE value with different EnKF realisations

Both EnKF simulations demonstrate that the EnKF realisatioNect 500 is sufficiently
enough to provide accurate forecasts. The simulations also exhibit the robustness of EnKF in
forecast and matching the energy demand.

The resultant energy consumptiprofile is further appliedn the optimisation module as the overall
energy demanecrosggrid (P, ;).

3.6.3 Optimisation

The IEEE 14bus system representing thed topology from Figire 3-2 is applied in examin-
ing the overall operation of grid during the normal and islanded mode of opefZdimples
of consumers from the respective secidO0Q0 household< large offices2 large hospitals,
5 outpatient clinics, 5 supermarkets, and 5 Wwateses) from the previous EnKfased results
are usedThe generatiosmiand loaddistributionsof thegrid areshown in Table 3.
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Number of distributed generg
Bus tors Number ofener-
No. gy storage Profiles included Type of voltage
Nor+ Renewable
renewable

1 2 2 2 Households Low voltage

2 3 2 2 Large offices Low voltage

3 4 1 2 Hospitals Low voltage

4 2 0 2 Outpatient clinics Low voltage

5 2 1 2 Supermarkets Low voltage

6 2 0 2 Warehouses Low voltage

7 1 0 2 0 Medium voltage

8 0 0 2 0 Medium voltage

9 0 1 0 0 Medium voltage
10 0 1 0 0 Medium voltage
11 0 0 0 0 Empty voltage
12 0 0 0 0 Empty voltage
13 0 0 0 0 Empty voltage
14 0 0 0 0 Mediumvoltage

Table 3-3 Number of distributed generators,energy storagestypes of consumer profiles
and their loads included.

Based on Table-3, busegnodes)1-6 consistof the main distributed generation buses and
the loads, whildbusesl-8 contain theenergy storagefor reserving purposes, busesill3
contain enpty generation and load sourcEmally, Bus 14 is the conngon to themaingrid.
The distribution of load profiles in this case ® mtended to include therofiles ofcommer-
cial servicege.g. hospitals, officeggnddomestic househasdvithin the same bus. However,
the variety of commercial services within samebus isstill possible.Additionally, most of
the commercial services are connected with their own substation duetogeamount of
loadsrequired

Additionally, it is not the priorityand the scope ievaluaing the excessfurplus generation
that can be sold. The model and the scenarios crasited evaluate the overall performance
of thegrid in responding to contingency events.

The characteristic ofenewabledistributed generations applied in this casenssented in
Table 34 (a) forsmallscalerenewableX (b) for mid-scale renewablgeneratorgJayaweera
& Islam, 2014)

Unit number Units installed (buses)| Minimum capacity Maximum capacity
(kW) (MW)
R1 1,2,35 0 2
R2 5 0 05
Table 3-4 (a) Characteristics of renewable generationgsmall scale)
Unit number Units installed (buses)| Minimum capacity Maximum capacity
(kw) (MW)
R3 9 0 2.0
R4 10 0 0.6

Table 3-4 (b) Characteristics of renewable generations (mid scale)
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Table 35(a) & (b) show the specification of (a) small scale-nemewable generator; (b) mid
scale norrenewable generator. The specification data in Talle(& & (b) was originally
adopted from(Bahramirad, 2012; Lau, 2016)ith some implemented mduliations in fitting
the required generations to the load demands.

Unit number| Units in- Cost of genera{ Minimum | Maximum | Startup | Shutdown
stalled (bus-| tion (E/MWh) capacity capacity cost cost
es) (MW) (MW) (£) (£)
Genl 134 27.1 0.1 10 40 3
Gen 2 2,3,5,6 39.1 0.1 10 40 3
Gen 3 2,3,4,5,6 61.3 0.5 5 10 0
Gen 4 1,2,3 65.6 0.5 5 10 0
Unit number | Minimum up time| Minimum down | Ramped up rate| Ramped down rate
(hours) time (hours) (MW/hour) (MW/hour)
Genl 3 3 2.5 2.5
Gen 2 3 3 2.5 2.5
Gen 3 1 1 3 3
Gen 4 1 1 3 3
Table 35 (a) Characteristics of nonrenewable generationgsmall scale)
Unit number| Units in- Cost of genera{ Minimum | Maximum | Startup | Shutdown
stalled (bus-| tion (E/MWh) capacity capacity cost cost
es) (MW) (MW) (£) (£)
Genb5 7 170 0.5 20 50 10
Gen6 9,10 133 0 20 50 0
Unit number | Minimum up time| Minimum down | Ramped up rate| Ramped down rate
(hours) time (hours) (MW/hour) (MW/hour)
Genb5 5 2 5 5
Gen 6 2 2 5 5

Table 35 (b) Characteristics of nonrenewable generationsrfid-scale)

According to(Lau, 2016) as the renewable generation is intermittent, other conventional gen-
erators (thermal units and hydro) are used primarily to balance the renewable output. The in-
tegration of conventional generators with the reresensures sufficient amount of energy
output that satisfies the energy demand. The renewables are generally assumed to be uncon-
trollable in adjusting the required load factor. Hence, there is no associated optimisation per-
formed in the renewables.

According to(NYSERDA, DPS, & DHSES, 2014)hegrid cannot fullydependon renewable
energy resources durirgpntingency statewith the level ofsecurityrequired forcontingen-
cies. Additionally, he need to provide enough power to criticditastructuresiuring the is-
landing mode may requirethe redundant generators footect againsthe falure of one or
more generatordNYSERDA, DPS, & DHSES, 2014Yhereforethere must be at least two
generators installed in eadodewith electricalloads, where there must be also at least one
generator that are committable in responding to contingency situations.

Furthemore, authorgNYSERDA, DPS, & DHSES, 2014dded thatthe characterisationof
distributed generationsyhether it isfor the contingencybase load, or intermittent genera-
tions must be implementedlypical characterisatioms provided by(NYSERDA, DPS, &
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DHSES, 2014)such as contingencygenerators: Diesel generators; base load generators:
CCGT; Intermittent generators: wind and sol#n. this casethe contingency generators in-
clude theenergy storageand generators (Gen 8and 5, basdoad generators inctle (Gen

1,2 and 6, and internttent generators such as (R4).

For theenergy storagewo identicalunits with the total of 500 kWh storage capacity260
kWh each)areincluded in the simulatiorEach of he storage cahe chargd at the rate of
0.25 MW/hr within 8 hours in order to reach the maximum SOQ &iWh. The energy stor-
agecan be charged when the capacity is either partially or completely depMitezhergy
storagewill be charged at times of low electriciprice and discharge during the peak peri-
ods, and also during the contingency situation. In this case, it is assumed #rarthestor-
agewill generate power at the time 1700 daily for the duration of four hours.

The 2015 average electricity marketgaridata is shown in Fige 3-7. The wholesale data is
obtained from the portg/APX Power Spot Exchange, 20164)t is one of the
exchange providing the trading and clearing services for the wholesale rffsketrower

Spot Exchange, 2016b)The portal(APX Power Spot Exchange, 201Gapvides historical

data of reference price data for the electriClilye 2015 year of reference price detadopt-

ed, with additional calculation to perform the average daily whole electricity priceldata.
addition,the 2015 mean wholesale electricity price data is showialite 35.

50

Market price (GBP/MWh)
=
S

30

1 I 1 I 1 I 1 I 1
5 10 15 20
Time (hours)

Figure 3-7: The 2015 average electricity market price dataSource(APX Power Spot
Exchange, 2016h)
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Hour 1 2 3 4 5 6 7 8 9 10 11 12

Price | 34.94 | 33.90 | 32.82 | 29.54 | 28.86 | 31.10 | 34.83 | 39.47 | 42.17 | 45.16 | 44.46 | 41.74
(E/MWh)

Hour 13 14 15 16 17 18 19 20 21 22 23 24

Price | 41.28 | 39.02 | 38.14 | 40.38 | 43.63 | 52.52 | 52.57 | 47.41 | 44.95 | 42.19 | 40.02 | 37.05
(E/MWh)

Table 3-5 The average 2015 electricity price market data

Prior to the optimisation, as in line wiffBahramirad, 2012)all the generating unitare
switchedoff initially. However, tle minimumdown time limithas been achieved by all units,
thereforethe units can bewitched on at the first time stephe demand from eaatodewill

be summed in order to provide the total aggregated demand across th gjidrhie time-
line for the simulation is limited to 24 hours with the hotvthsedemporal resolutionAs the
time interval for the optimisation is 1 hour, tB®in Eq. (27)and (29)is set tdX =1. The N-

1 contingency criterion is applied in the ensuring the effectivenets® gfid in sustaininga
singleoutage event.

The optimisation is solved using the Matlab software. The-siogblex algorithm is applied

for this LP problem of the grid optimisatiomhe businesasusual case ahegrid operation

is simulated, along with the optimised solutidime electricity price threshold in this case is
adjusted to £5.9MWh. This allows the interaction between tiné-level and lowevel grid

in responding to the market price. When the market price is generally cieapdne cost of
generating units in thiecal units the powemwill be purchasedrom the main grighigh and
mid-level grid). Then, the griecconnected peration is applied wherew level load isfully
suppliedby the main gridOn the other hand, the generating units will operate to prawide
crogrid load, instead of drawing the electricity from the main grid when the electricity price is
high.

It is important to note thawe distinguish between a deliberated and an emergsiacyding
operation, where ithe firstcaseasoc al | ed ®dace@emomisd andi ng oper at
to prevent thdow level gridfrom drawing the electricity from the magrid at times of high
electricity price.

A total of threedifferent scenarios are created to illustrate the effectiveness of the grid opera-
tion. After the completion of the simulatiothe performace of the grid is evaluated in terms
of the cost savirng) and the overall resiliency of teudiedgrid.

3.6.3.1 Scenarioli Normal grid-connected operatiomand economic islanding

In the first scenariothere is no outage in the system and hence the busisassal grid
connected mode of operation is applidthe energy demand distributions corresponding to
different nodes, and also the total energy densmdss the grid areghown in Figire 3-8. It

can be seen that thi¢ode 3consisting of thecomponent ofarge hospitalsontributes the
highest amount of emgy consumption.
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Figure 3-8: The energy demand distributions corresponding to each node, and also the
total demand across the Microgrid.

Additionally, the total energy demand at every time interval is large (>10 MW than a standard
microgrid capacity). This is due to the hulgmdscontributed bylarge hospitad and offices.

Such configuration of the grid in this case iswkwer, not limited to smalbads The low
voltage grid configurationepends on the variation of loadise spatial scal of the consumer
groupsand specifications of generatingits

The resultant plot of the demand and thebeéd demand is shown in Figur®.3rhelegend

60 Bal an c edn Figuwen3a dedoteghe optimised demand based on the resultant sum-
mation ofdemand across each nod€ke overlapped lines (particularly Nodé Node 6) in

Figure 39 denote the amount of energy generation that corresponds to the overall demand
across the gridPp;). Additionally, the legendd D e maisnderibted a$p;:. Therefore the
summation ofd6 Ba | a n ¢ e cicrodseeach nodlegs equalsPtsx as in Eq. (12)When the
electricity price is low (at hours D 18), the normal gridonnected mode is in operation
where the power is actually imported from tmein grid to the low-level grid During the

times of high electricity pricenonrenewable unitendenergy storagei low level gridare
triggered by thamicrogrid controller along with the ofrunning renewable systers gener-

ate power in order to satisfy the current load. At these instance)i¢hegrid is inislanded

mode of operation and there is no power purchase from the main grid. After that, when the
electricity price is low (at hours 20 24), the islandingnode operation terminates and the
normal mode of griconnected operation occuls.is also assumed that the gagpliedin

this case has the capability to cut the power from the grid entirely due to the sophisticated
design and capability of CBs.
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Figure 3-9: The energy demand distribution and its balanced demand through optimi-
sation corresponding to each node and the main grid.

Due to the high amount of generators involved, it is not feasible to illustrate the generation
output for correspondingenerators in each node. All the generating units are strictly con-
strained by the operating conditions in order not to breach the maximum allowable operation-
al standards, based on the outlined constraints earlier.

In this example, as the islanded operation of the gnliée-triggered it is not anN-1 based
contingency situation, hence the resiliency index in this case is zero. This scenario is deliber-
ately introduced in examining the capability of the grid intoalling the amount of distribut-

ed generation outputs in responding to the electricity market price.

The operating stat@nd theSOCof theenergy storagareshown in Figures-30and3-11.
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Figure 3-10: The operating state of the energy storage
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Figure 3-11. The state of charge in theenergy storage

Based on Figures-BO and3.11, theenergy storages charging to its full capacity at times of
|l ow el ectricity price. The duration of char
mode (maximum state of charge of 2 MWAhjvaiting the generation instruction. At time of
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peak period (at hours 1721), the storage generates (discharging) power to theajticer
mid or lowvoltage level) Then the storage will begin to charge again aesiof low electri-
cal price (from hours 21 onwards), in order to prepare for thestageof scheduling hori-
zon.Furthermore, thenergy storages not required to be fully depleted to allow for charging,
instead the charging mode can be triggered asa®acheap electricity price occurs.

The cost of operatiofor thebusinessasusual and optimisedthole grid solution is shown in
Figure 312. In this case, the busineasusual is defined as when only gigdnnected mode

of operation is allowed. In ctrast, the optimised grid solution is when there are both grid
connected and islanded operations as illustratédguare 3-9. The overall cost saving in this

24 hours of simulation runs is1¥24.30(see for a comparison th@ncluding sectiorb).

Hence the first scenario shows the positive aspects of the grid in avoiding the purchase of
high-electricity price from the main grid. The capabilifythe 6 @nomicislandedoperation

at times of peak electricity price shows the robustfesssire of grid in optimising the cost of
dispatchable units. The cost saving calculated in this case excludes the other factors such as
the maintenance and other overheadts from the respective renewable and-remewable
generators, and thenergy storages

1000 . . . .
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Figure 3-12: The cost of operation between the business-usual and optimised solu-
tion.
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3.6.3.2 Scenario 2 Islanded operation due to the failuref one powegenerationnode

In this second scenario, it is assumed that one of the generator (lasGeterator 1) in
Node 3 is in the contingency state (outage) ancktbee theGenerator 1 associated to Node 3
is isolated from generation. The outage start39410 for the duration of six hours. There-
fore, the needed demand in Nodés Dbtained from either rest of the generating units. The
grid, similar to Scenario Wyill still be in the normal mode of operationhe electricity price
threshold and all otheonfigurations of generating units are remained the sdheeeconom-
ic-islanded operationemainsat times of high electricity price (provided that there is no out-
age duing these intervalsggs shownn the previous scenatrio

Figure 313 illustrateghe o\erall energygeneratiorof corresponding generators, energy stor-
ages and renewable in No8eFrom Figure 3.3, due to the outage in Generator 1, the Gen-
eratorl is not committable fron®9:00 to 1400. Other forms of generating units, including
energystorages (controllable) and renewable {oattrollable)are employed to balance the
remaining outputs from GeneratorThe energy storages (Storage 1 and 2) discharge (gener-
ate power) when the outage event occurs, and stop discharge when the Genetatoudht

back online at hours 1@0. Additionally, it can be also seen that contingency based generators
(Generator 3 and 4) are employed to handle the outage event.
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Figure 3-13: The energy generation distribution of corresponding generators, energy
storages, and renewabkein Node 3.

The operating state and tB©C of the energy storager Node 3 are shown in Figuresl3
and 315.
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Figure 3-14: The operating state ofthe energy storage ifNode 3.
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Figure 3-15: The state of charge in theenergy storage inNode 3.

Based on Figured-34 and 315, theenergy storages charging to its full capacity at times of

low electricity price. At time of outage in Generator 1 (at houirsl@), the storage generates
power to compensate the imbalanoédode 3 due to the Generator 1 failure. At hours 15, as
the outage is solved and additionally, the electricity price is low (below the electricity price
threshold), the storage is allowed to charge. Then during the peak period (at hous)17
similar to the first scenario, the storage will again generate power for the peak period. Finally,
the storage will begin to charge again at times of low electrical price (from hours 21 on-
wards), in order to prepare for the next stage of scheduling horizon.
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The cost of operation for the businessusual grid and optimisedhicrogrid solution is
shown inFigure 3-16. The overall cost saving in thegd hours of simulation runs is £
1850.80 Hence thesecondscenario shows the positive aspects of the gritierapability of
operating in the contingency state
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Figure 3-16: The cost of operation between the business-usual and optimised solution
during the outage in Node 3.

The resiliencalistribution of theNode 3 due to the broken Generatas $hown inFigure 3-

17. It can be seen that from kige 317, the resiliencaluring the outages averagéehigh. The

zeo percentage of resilience indicates the normal state of grid operaising Eq. (31), the
overall resiliency of the system is calculated&$®. Such calculation demonstratée capa-

bility and resiliency of therid to withstand theyeneratoroutage in an efficient manner, and

to restore to the normal operating state gyick contrastthat if there is a huge amount of
loadsdeviated during the outage, and the resultant resiliency calculated is very low, this indi-
cates the low resiliency of the grid in sustaining the reduirads.
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Figure 3-17: The resilienc distribution of the Node 3 during the outage in Generator 1

3.6.3.3 Scenario31 Islanded operation due to theutagein the mid-levelgrid

The third scenario accounts the outage ofrthe-level grid. Similar to the second scenario,
the mid-level grid outage starts at @ for the duration of six hours. During the grid outage,
islanded mode of grid operatidor the low level gridis achieved. The electricity price
threshold and all other configurations of generating units remained the same.

Figure 318 illustratesthe overall energy demand distribution and its balanced demand, fol-
lowing the outage in the main gri8imilar to Figure 3, the legendd Bal ancedn de man
Figure 318 denotes the optimised demand based on the resultant summation of demand
across each nodekuring the contingency statédditionally, the legenadd D e m adandtés

the overall demand across the grigs(). Therefore the summation 6fBal anced de ma

across ach nodes equals By, as in Eq. 25). From Figure 3-18 it is notable that due to the

outage in thenid-level grid, themid-level grid load drops to zero at hours 45. Therefore,

all nodes in théow-level gridoperate in islanded mode. As the outage eteminates, the
all nodes terminate their islanded operati@connect to the main grid that perrthie grid
connected mode of operatidn. this examplethe economigslanded operation of the grid is
also introduced at times of high electricity pr{peovided that there is no outage during these
intervals).

The cost of operation for the businessusual grid and optimised grid solution for the third
scenario is shown in FigureI®. The overall cost saving in this 24 hours of simulation runs is
£5007.28 (see costs saving summary in Secti)nHence the third scenario also shows the
positive aspects of the grid in isolating thygeration during the mitevel grid outage.
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Figure 3-18: The overall energy demand distribution and its balanced demand corre-
sponding to each node and the main grid following thenid-level grid outages.
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Figure 3-19: The cost of operation between the business-usual and optimised solution
during the outage in themid-level grid.
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The resilience distribution of thmicrogrid is shown in Figre 3-20. It can be seen that from
Figure 320, the resilience ist the higlestpoint This isdue to thamid-level gid outage that
requires the complete coittution of islanding operation fromme low-level grid. Additional-

ly, the overall resiliency of the system is calculated.aSuch calculation demonstrates the
capability and resiliency of thmicrogrid to withstand the outage. In contragthe resiliency

is not tabulated as, this indicateshatthere are portion of demands that fé&il be served dur-
ing the outage eventhus the overaltesiliency ofthe gridin sustaining the required loads
affected
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Figure 3-20: The resilience distribution of the grid during the mid-level grid outage.
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4 OUTAGE RESPONSE USINGDEMAND SIDE M ANAGEMENT (DSM)

In this chaptemwe investigate the use of DSkbr energy management (EM®) normal and
islanded modeThe Demand Side Management consists of mecharisetsange thenergy
consumption behaviour of useusing a) energyprice incentivesor b) allowing direct load
controlof user assets. In the latter céise useis rewardedvith adiscounted energgontract

In our caselte goal of EMS is to optimize the energy consumptaking into accounthe
existence of flexible loadghotovoltaic PV) generation and battery storage.

Demand side management (DSM) in microgrids with flexible loads, distributed generation
(DG) and storage has been already addressed previoudlgpgas, 2009)(Olivares 2014)
However, few works have studied the impact of flexibility information exchange and the
DSM effect on the microgrid operation during long lasting outages.

Using the classification ifOlivares, 2014)we focus on a secondary control centralized ar-
chitecture, in which the time horizon is minutes up to hours, therefsignificantly larger

than for primary control systems.
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on-o |
B > load
total non-flex.
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critical
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Figure 4-1 Microgrid component architecture

Figure4-1 illustrates thegeneric flexible assets that can be attached to each CEMS, such as
HVAC, electric vehicle (EV), Battery storage (ES&) PV generation. With these ingredients

and the appropriate consumption/generation profiles, different buildings can be configured as
part of the microgrid loads

For the realisation of the control loop, the Model Predictive Control (MPC) technique
(Parisio, 2014)s used, meaning that the power consumption (and generation) is predicted for
a certain time horizon (e,gix hours), however the actuation is performed only for the next
period.
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The MPC mechanism is combined wadhnovel exchange of flexibility information. Energy
flexibility is defined for assets such as HVAReating, ventilation, air conditioning) electric
vehicle charging or battery storage. Each CEMS controller aggregates the flexibility of its
assets and repts the resulted profile (for the next six hours) together with the planned con-
sumption profile. The latter is the result of an optimization step, taking into consideration lo-
cal goals, MG setpoints and constraints from all the local assets.

The MG contoller reads the latest flexibility and consumption plans from the CEMS and
computes updated setpoints (also six hour profiles). In case the proposed consumption is too
high, it sheds certain demands within their flexibility limits.

4.1.1 Energy Flexibility Models

Energy flexibility models for HVAC and EV have been usegrevious researcfsundstrom
& Binding, 2012) (Bessler S. D., 2015p allow for flexible consumption betwa dynami-
cally calculated low antligh energy profiles.

41.1.1 HVAC

HVAC is used in Europe and US mainly for cooling (space heating uses natural gas). A
standard thermodynamic model with thermostat control is used,iah¥dsses through win-

dows andwalls, and heat gainsdm sun and the presence of people are considered. The

HVAC cooling flexibility is illustrated in
Figure4-2: HVAC flexibility example at t=0the maximum consumptiaurve becomes flat
when the minimum indoor temperature is reached. However, the room heats up via the walls
and windows, so it eventually starts cooling again. If no cooling is done for a while, the max-
imum indoor temperature is hit, therefore cooling nlugsactivéed (see the Eflexmin curve
in

Figure4-2.
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Figure 4-2: HVAC flexibility example at t=0
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When apartment blocks or offices with many rooms are modelgddeoffhas to be made
between the complexity encountered when modeliregmodynamicallyindividual rooms
(Chen) ( Mo r o kK a randthe 2dd0g have a simplified system that scales up with the
number of buildings. The selected approach has been to use the total volume of the building,
but to cool this "room" in many power intensity steps, instead of a singl©ERcontrol.

Finally, acalibration operation is needed to match the measured consumption data (available
from the EIA open data) and the model consumption.

The advantage of the simplified model is that a single CEMS controller can be used for a
shopping center, hospital or ofiduilding, such that the consumption for cooling, warm wa-

ter, EV charging, or even PV generation can be aggregated.

4.1.1.2 Electric vehicle (B)

Electric vehicle charging is modelled by tasks in which the EV has to be charged within a
certain time interval wit a given energy amount. The charging power is variable, but limited
to maximum value.

EV charging can be performed with variable charging polmeFigure 4-3 the flexibility as
calculated at current time t=0 is the cumulative charging en&vgyobserve that thEV has
to be charged at time t=7 when it is supposed to |eEverefore it has totart charging at
latest t3.
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0 1 2 3 4 5 6 7
=4=Hlexmin at t =f=Hlexmax at t

Figure 4-3: EV Charging flexibility at time t=0, before car arrivesat t=1. Minimum and
maximum demand arein this exampleboth 8 kWh.

4.1.1.3 Electric Storage (ESPH

The ESS (energgtorage system) model is similarttee EV, it provides maximum charging
and discharging power values, and empty/full energy levels. In additioyclia charge
discharge behavids imposed by requiring that a minimum amount of energy to be reached
oncea day.The flexibility envelopes are depicted kiigure4-4.
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Figure 4-4: Battery storage flexibility, SOC=4 at t=0, discharge and charge ras2kW,
SOCmax =9, SOCmin=1kWh.

4.2 THE POWER OUTAGE MODE

In case an outage event is detected, the MG and CEMS controllers switch to outage mode.

Following changes occur in the control system:

1 the price dependent term iemoved from the objective function, the load profiles still
follow the setpoints and keep the strict balance between supply and demand, as mentioned
in (Lopes, 2009)

1 islanding policy rules are activated, see below.

In the real system the dispatchable local generation ramps up to keep the balance with the

demand, however for the planning purpose we are mainly interested in how large this demand

will be over the outage period, for different scenarios.

We assume that the communication infrastructure remains functional and the CEMS control-
lers are notified in case an outage occurs somewhere in the grid. As mentioned before, an out-
age event leads to one of the scenarios: islanding or power supply redinctiase of island-

ing, the supplied energy by dispatchable generation is given and is used as input parameter by
the MG controller. The load profiles still follow the setpoints and keep the strict balance be-
tween supply and demand, similarly to the dedizm in(Lopes, 2009)

The fismartnesso of a microgrid could materi a
the outage event is received by the controllers in the microgrid. The rules can be more restric-
tive or more relaxed, depending on the energy balance, i.e. thenaof dispatchable genera-

tion available and the societal needs in the different building types. In the following we list a
number of rules for the outage motleggtwe have experimented with:

Shedling the PV generation is not allowed, the PV output isimized.

The price dependent charging of the batteries is disabled; instead, the charg-

ing/ discharging regime is controlled by fc:¢
PV generation means charging is recommended)

the interruptible load is disconnedt

the air conditioning/heating may be switched off in certain buildings to save energy. In

any case thermostat limits are relaxed to increase flexibility.

1 EV charging is either disabled or may use only local renewable energy.

T
T

T
)l
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4.3 USEDDATA SOURCESAND MODEL CALIBRATION

Grid characteristics: The low voltage grid has mostly a simple, radial topologye full
knowledge of the cable charadstics and lengths would allow a power flow calculation and
imposingadditional current and voltage limitations durthg optimization. Howevethere is

a practical drawbacto this approach: the topology information at the gnid level isknown,

if at all, only by the DSO. Thereforsjnceit is unlikely that @ty planers that would use this
tool to getthis informaton, we use simple power limitd thefeeders and/or theecondary
substation.

Energy prices: We use dayaheadmarket clearingpricesin order to optimize the battery
charging and discharging cyclglthough prosumers ar@lowed to inject powefrom exces-
sive generatiomto the grid,to monetary function is currently used. The focus is on maximiz-
ing the usage of own produced energy.

PV generation The solar irradiance data for the whole year in the Vienna region has been
obtained. This data is depemd on the outside temperature, is a combination of direct and
diffuse irradiation.

The efficiency factor and the area A of the panels are also needed in order to calculate the
power output of the panel. The rating effect of the inverter can also be considered, however
we use the control variabtd to reduce the generated power, E&@arGIS, kein Datum)

Pmax: "C)— (“)
— = 16%, for Rax= 5KW we need for instance A= 32m

The model for PV power optimization has to refléxt business model. In case of one house-
hold with PV generatin on the own roof, net metering can be apiin the sense that the
consumption igompensated through the PV generation

However for apartmeriuildings or other buildingwith several tenas, more complex mod-
els are requiredsuch ascommunityshare project or third party ownershlp.a community

shared project, each apartment owner receteespensatiorior an appropriateshareof the

produced powefusingvirtual net metering

4.4 | OAD CHARACTERIZATION

A classification of loads in the context of emergency demand management hasaalde

The reason for doing this is to act proactively, similarly tofhE mer gencye-De manc
sponsé i n which certain | oads, rwendo mohdiscusstha dv an c
monetary compensation involved in EDR.

In theory it is simple todefine he behaviouof a load in emergency case:

- Critical load: should not be interruptedoad should be metn this category we should
include
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o partiallighting in houses, commercial places, industrial

o local controllers (g. CEMS), microgrid controller

o wireline communicationfCT infragructure for control, internetyVLAN, cellu-
lar nodes andntennas, ATM power and communicat{olt clear if possible be-
cause it implies banking infrastructure has to work as well).

refrigeratos in food storespharmaas, hospitals, storage houses.

waterpump for district/town

gasoline pumps in gas stations

lifts and automatic doors in house blocks and commercial

special criticalinfrastructures to be discussed separately: hospital, pharmacy
apartmengasand water hdang, (becausef theelectronics.

O 0O O0OO0OO0Oo

- Interruptible load is disconnectedn an outage casé he realizationof interruptible
loads will helpto save money when dimensioning the lopalver generatioapability
Exanples of nterruptible loads ithe householdhigh loads in the kitcherentertainment,
washing machine, vacuum cleansic.

A third possibility is to reduce the load, or to shift it in time, without having terrnpt it
completely The amount of the reductiaesults from a flexibility model. Depending on the
individual scenario, type of building, etc. a flexible load can be also completely interrupted.
Examples oflexible loads usechiour model are:

- Electric house heating/air conditioning: has on/off cdrftoeach of the defined zones of
the house or building. In outage/emergency situations the HVAC is switched off and the
temperature limits are relaxed to increase energy flexibility.

- EV charging, is flexible, the minimum charged energy is curtailedase ¢he supplied
energy is not sufficient.

- Home battery storagés charging/discharging operation will not be interrupted in outage
case.

4.4.1 Using the consumption data

Other than irSection3.2, the consumption profiles obtained here farehe whole year at an
hourly resolution. More importarior the further processinig the factthatthe consumption
is de-aggregated according defined categorie3.he categoriefound in the datéEIA, 2012)
are: ventilation, cooling, heating, lights and equipmertirther, it is necessary to define
which part of theconsumptions to be defined asitical orinterruptible.

In case of the supermarket, there isrge power amount atiuted to refrigeration which is
critical. The thermodynamic model has to ¢adibrated for the size of the buildinghus,the
air flow cooling and heating can be considered lasilfle loads (should fit the data)he
lights and equipment are in case of commercial buildigsal loads

In the IEA datasetand also throughout Europepending on building type and climate re-
gion), heating and water heating often done withnaturalgas. Therefore, thevisible elec-
tricity consumption during the summaue to air conditionings higher than in winter.
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4.5 THE CEMS MODELS USED FOR DIFFERENT BUILDI NG TYPES

The basic data has been taken from HEAA, 2012)where we selected Chicago as the cli-
matic regionclose to that oEurope.The thermostat limits werset to [225]°C and we fo-
cused on the summer mihs, whereoolingis done electrically (air conditioning)

Building type | Size HVAC | Critical Interruptible Add ons
[m?], | zones
Residential 3100 |30 Fan, ICT HVAC, facility
apartment equipment,
building lights
Small office | 511 8 Fan, ICT HVAC PV 8 kWp
equipment,
lights
Residential 250 4 Lights, ICT EV PV 4kWp
house equipment, fan
HVAC
Supermarket | 4180 |20 Refrigeration,
lights, ICT
equipmenent
Outpatient 3804 |50 Fa, ICT, lights,
clinic HVAC
Battery 0 0 Batt. 100kW

Table 1 Summary of Building charcteristics

4.5.1 Residentialapartment building

Model calibration: Consumption onth and 3h of July according t&lA data: 345kWh in
48 h. The calibration is achievattroducing thecoolingFactor parametersuch that the Con-
sumption of the model is 341 kWh in 48h is the same as in the EIA data.

Figure 4-5: Apartmentbuilding: actual consumption (including flexible and interrupti-
ble), critical demand.
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