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Abbreviations and Indices

ADC Annual Duration Curve

AGC Annual Generation Curve

ALC Annual Load Curve

ASAI Average System Availability Index

C Cost

CAIDI Customer Average Interruption Duration Index
CB Circuit Breakers

CDF Cumulative Density Function

CGCE Combined Gram-Charlier and Cumulant Expansion
CHP Combined Heat and Power

CIRED Congres International des Réseaux Electriques de Distribution
DER Distributed Energy Resource

DG Distributed Generator

EPRI Electric Power Research Institute

EU European Union

GHG Green House Gas

Hu Interruption Frequency

HV High Voltage

ISF Independent Single Failure

LF Load Factor

LP Load Priority

LV Low Voltage

MV Medium Voltage

NERC North American Electric Reliability Council
PDF Probability Density Function

PL Penetration Level

PQR Power Quality and Reliability

Pu Interrupted Power

PV Photovoltaic

Qu Unavailability

RES Renewable Energy Sources

SAIDI System Average Interruption Duration Index
SAIFI System Average Interruption Frequency Index
SAM Stochastic Analytical Method

SINCAL  SIEMENS Network Calculations

UPO Unnecessary Protection Operation

WT Wind Turbine

Wu Interrupted Energy
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Executive Summary

This Annex provides an evaluation of reliability contribution of different micro-sources such
as intermittent renewable and dispersed generation units.

New stochastic evaluation tools have been required that take into account the limited time-
varying availability of these units. Different calculation methods based on analytical method
and on Monte-Carlo simulation have been developed and are presented in this Annex. While
the analytical method is faster, the simulation of battery behaviour is only possible with
Monte-Carlo-simulation. Monte-Carlo provides quasi accurate results with and without
micro-sources. By nature of this method also probability distributions of the reliability
indices can be calculated. The analytical method produces errors due to micro-source
modelling with PDF.

The Microgrid approach allows operation of a local MV or LV supply area with different
micro-sources such as generation and storage units also in islanded mode in case of failures
in upstream network.

An improvement of the reliability of supply is possible also with dispersed generation (DG)
such as CHP units that are normally operated in a heat driven mode as well as by intermittent
renewable generation units. Economic benefits from reliability improvement under Microgrid
operation were evaluated on regional, national and European level.

In general, intermittency of generation needs to be considered, otherwise the results are too
good. Renewable and non-controllable generation units contribute to reliability only if their
intermittent output power is higher than simultaneous demand. The reliability improvement
increases with increasing full load generation hours of DG (highest for CHP, lowest for PV
with PV < WT < CHP < Controlled CHP (from heat-driven to electricity-driven mode)

Additionally to the impact of intermittency the DG availability itself needs to be considered.
Battery storage units increase reliability indices up to certain value.

There is a linear correlation between DG availability and overall reliability. Examples for the
impact of a battery and of Microgrid control on reliability improvement are given.

Economic benefits due to Microgrid operation concerning reliability strongly increase with
increasing customer outage costs; especially for commercial and industrial customer
segments. There are minimum total reliability costs when interruption cost and investment
cost arrive at an optimized reliability index.

An immediate transition to island mode mainly improves frequency dependent reliability
indices

The optimum DG penetration level (installed capacity compared to maximum load) to
achieve highest reliability improvement depends on system interruption frequency before DG
penetration. The optimum level increases with raising interruption costs.
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1 Introduction

One of the important technical benefits of Microgrids operation is the possibility to enhance
reliability locally due to the islanding possibility.

Renewable generation units only contribute to reliability if the intermittent output power is
higher than the simultaneous load demand. This topic is normally not taken into account and
thus not covered in literature so far; evaluations are normally done with fixed operating point
of the micro-generation. This Annex aims therefore to study also scenarios considering the
synergy of time-dependent load profile and intermittent generation profiles and then to
compare the results between these generation modelling approaches.

2 Power System Reliability Simulation
1.1 Power System Reliability
1.1.1 Introduction to Power System Reliability

The function of an electrical power system is to provide electricity through the transmission
and distribution network with maximum efficiency to consumers at acceptable voltages,
frequency and reliability. The term of reliability has a broad meaning. A useful definition that
illustrates the different dimensions of the reliability concept is:

Reliability is the probability of a device or system performing its function adequately, for the
period of time intended, under the operating conditions intended [1].

A reasonable subdivision of reliability can be presented as two basic aspects of a power
system: System adequacy and system security [2].

e System adequacy relates to sufficiency in providing electricity to customers which
includes sufficient generating capacity, transmission and distribution systems. This
concept only considers static systems conditions which do not consider any disturbances
that can cause insufficient energy supply to customers.

e System security relates to the ability of the system to sustain any disturbances within the
system. It can be associated with the dynamic response of the system to whatever
perturbation it is subjected to.

Power system reliability evaluation put the primary emphasis on the optimization of the
balance between economic and reliability constrains (see Figure 2-1). The utilities have to
minimise the operating costs as much as possible, and at the same time sustain the acceptable
system quality. The resulting economic and reliability impacts can lead to difficult
management decisions in both the planning and operating phases [4].

Since the deregulation and liberalization of the electricity market, the reliability, which is
directly seen by end-customers, becomes a more critical issue in competition. For example, a
sustained interruption can cost certain customers hundreds of thousands of dollars per hour.
Even a momentary interruption can cause computer systems to crash and industrial processes
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to be ruined [3]. The homogeneous quality of service (Figure 2-1) in distribution network is
replaced progressively by heterogeneous reliability service (Figure 2-2). Up to now, still little
analysis and data collection has been done to configure the parameter of the pyramid, as well
as the consequences of disaggregating the loads on various groups of varying power quality
and reliability (PQR) and the corresponding costs caused by varying PQR requirements are
poorly understood currently [5]. It is necessary to develop new system planning approaches
which allow a more differentiated analysis and assessment of required network
configurations.

Figure 2-1 conceptually shows the qualitative relationship between homogeneous power
quality and reliability and the costs with a range of minimum total social costs. With
increasing requirements of PQR, invest costs could be potentially increased consequently.
Power quality consists of service quality, supply reliability and voltage quality. Costs
comprise two components: the costs of providing reliability and the costs of residual

unreliability.
Costs
Total costs
Cost for
investments
and operatior
Costs of interruption:
—_— Supply Reliability
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Figure2-1 Cost Optimum for Reliability
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Figure 2-2 Heter ogeneous Power Quality and Reliability [5]
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1.1.2 Methodsfor Reliability Calculation

Most popular used strategies to evaluate power system reliability are the 'N-1 criterion' or
probabilistic methods.

N-1 criterion means that the outage of any single contingency will not cause any system
limitation. The well-known N-1 criterion provides a rapid overview of the whole system
reliability and has been widely used in the system planning. It is especially apt for the
fundamental qualitative evaluation of the whole system reliability. However, with this
method it is not possible to quantify the system reliability; therefore comparison of different
N-1 strategies is not possible. Additionally single system operation component reliability is
not considered in the evaluation and the evaluation of detailed failure modes of the system is
not possible with this method.

Probabilistic methods quantify the future system reliability based on the past observed
component reliability data. These methods allow all failure modes and system states to be
generated and evaluated automatically with component statistic reliability parameters. It
provides concrete system reliability information. Probabilistic methods can provide
quantifiable values to customers and more meaningful information to be used in design and
resource in planning and allocation. Two techniques - analytical method and Monte-Carlo
simulation — can be distinguished.

Analytical M ethod

The analytical Method represents the system by a mathematical model and evaluates the
reliability indices from this model using direct numerical solutions. It mainly provides the
expected value of final evaluation indices. The advantage of this method is the fast
computation speed and accurate evaluation result when the evaluated system is not too
complex. This method is already applied to power system reliability analysis successfully
[30], [31], [32]. However, when the complexity of power system increases, assumptions, that
may cause errors, are required to produce a mathematical model. Another disadvantage of the
analytical method is that it can not reflect time-dependent models, such as stochastic load
demand, power generation and maintenance process.

The homogeneous Markov Process is one of the most widely used analytical methods for
stochastic system description and simulation. It can describe the random behaviour of a
system that can reach different states over time. There are two prerequisites for this method:

e transition rates constant with time;

e “memory less’’ distribution [17].

Markov Process uses the complete mapping for every state change, and generates the
transition matrix quantified with the precise transition rates. Then the frequency of
occurrence and the probability of each component, which will be summated to determine the
system reliability afterwards, are calculated by expression of steady state frequency and
probability. However, Markov Processes are unable to describe a system subject to changes
and modernization. After each network modification it is necessary to repeat states mapping
and transition rates quantification [16].
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Monte-Carlo Simulation

The Monte-Carlo Simulation method estimates the reliability indices by simulating the actual
operation process and random behaviour of the system. A simplification is not required and it
is able to simulate all contingencies and aspects inherent of the planning system.

Two basic techniques are utilized in Monte-Carlo applications to power system reliability
evaluation. These are known as the sequential and non-sequential method. In the non-
sequential method [33], the states of all components are sampled and a non-chronological
system state is obtained. In the sequential approach [34], [35], [36], the up and down cycles
of all components are simulated and a system operating cycle is obtained by combining all
the components cycles. Chronological issues of system operation are taken into account by
sequential Monte-Carlo simulation and probability distribution of reliability indices can be
calculated. However this method requires large computation times [37].
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Figure 2-3 Schematic Sequence of a Probabilistic Reliability Analysis [11]
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Figure 2-4 Flow Chart Reliability Calculation
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Monte Carlo simulation estimates reliability indices by simulating the actual random
behaviour of the system. Starting with an originating state, points in time for failure events
and restoration of failed elements are determined out of the distributions of up-times and
down-times caused by failures with the help of random numbers [12].

The advantage of Monte Carlo simulation is that any distribution function for the component
reliability data can be considered. Thus, apart from the expected or average values of
reliability indices which the analytical method can provide, the distribution functions of the
calculated reliability indices can also be specified. The disadvantage of the simulative
method is the high computation time required as each event is separately calculated. Another
problem of the simulative approach is to determine the error with which the results are
always afflicted [12].

1.2 Simulation Tool PSS®RSINCAL/ZUBER Module

1.2.1 Program description

PSS®SINCAL (SIEMENS Network Calculations) is a family of calculation programs for
electricity and flow networks. With a graphical user interface and an appropriate database,
the program provides direct-viewing planning structures and simulation results. A number of
modules, such as load flow, motor starting, harmonics, ripple control, distance protection,
stability, reliability, etc, are included in PSST™SINCAL calculation and evaluation programs.

ZUBER is the module for reliability simulation, which can be used for any network structure
and voltage level. It applies the analytic approach (homogeneous Markov process) to run the
simulation, with which each contingency state is calculated only once for the main advantage
of shorter computation time. And the calculated probabilistic indices represent the expected
value, which only present the average performance of the network under the observation of
certain infinite time period (normally the period defaulted in ZUBER module is an annual
year), even without probability distributions. Consequently, the forecast uncertainty is
inevitable as it is caused by stochastic properties of the process (like e.g. various nature
characteristic and third-part damage in different periods), and not related to any
approximations or errors in calculation or input data. Nevertheless, both the expected value
and variance of each index (except interruption cost and reimbursements) can be given by
ZUBER [11], which are the basic parameters for modelling the distribution functions by
using analytical method.

Based on network data and appropriate reliability setting, possible failure combinations
within the framework of reliability calculation are generated as well as the subsequent state
analysis is performed by homogeneous Markov process. Then the responsible component
failure combinations are selected to analyze the contribution to either system or nodes, and
the related failure combinations are summated to form the final results, which are shown in
ZUBER results files. This is the analysis part of the program. The main structure of ZUBER
module is shown in Figure 2-5.
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PSS®SINCAL
Interactive graphical user interface (GUI)

Contingency
state indices

Cont. state sequence
Sorted list

Results table

Results files

|_> SINCAL GUI = EXCEL

Figure 2-5 Structure of the ZUBER Module

Two separate parts of ZUBER make the structure clearer and the evaluation easier. The
calculation part creates component failure combinations and models their sequence until the
normal supply, while the analytic part assesses the results of calculation part in detail. The
calculation will take quite amount of time but it is normally done once for each reliability
analysis and the results are stored in ZUBER database, which can be analyzed in different
ways in short time to save computation time.

There are three different result lists provided by the analysis part:

(1) Results Table: The selected failure combinations are accumulated to each load node,
and then the reliability indices are given to both the separate customers and the
complete power system respectively. In this table, the weak points of the system can
be identified.

(2) Listed Sequence of Individual Component Failure Combinations: The selected
component failure combinations by chosen criteria are listed in detail temporal
sequence. Both failure-affected equipments and elements in the same tripping area,
which are disconnected commonly, are specified. Besides, the indices can be
differentiated according to the separate failure models. Furthermore, the supply
restrictions and afterwards the remedial measures such as switching operations are
also listed.

(3) Sorted List: The failure combinations are listed sorted according to a fixed reliability
index, which declared in the control parameters. It is important to analyze the main
reason of supply interruptions as easy-identification of the failure combinations which
have the greatest effect on the supply reliability.
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1.2.2 Rdiability indices

To analyze the results, ZUBER uses several reliability indices to show quantifiable values,
corresponding to the standard reliability indices. Generally, the reliability can not be
sufficiently represented by any single index; it is a combined view of different aspects to
evaluate the reliability. Table 2-1 is an overview of the basic indices provided by ZUBER.

Symboal Name Unit
H, Frequency of supply interruptions, also known as 1/a
T, Mean duration of supply interruptions h or min
Q. Unavailability/Probability of supply interruption 1 (common: min/a)
P, (Cumulated) interrupted power MVA/a
W, (Cumulated) energy not supplied in time MVAh/a

Table 2-1 Reliability Indicesin ZUBER

e H, describes the number of interruptions under the period considered. This index
contains no information on the effect or the duration of an interruption.

e T, specifies the mean time span ranging from the start to the end of a supply
interruption on a load node or the system respectively. A supply interruption is
eliminated as soon as the undersupplied load can be fully re-supplied by means of
switching operations, etc.

e Q, describes the possibility of power system or a single load node which is in the
state of supply interruption on a randomly given point in time. It is the product of Hu
and Tu, without unit. For better representation, it commonly uses the unit min/a.

e P, indicates the sum of interrupted power under considered period. The interrupted
power depends on Hu and the sum of interrupted power of each affected load, but
independent from Tu. And it gives an indication on the magnitude of the interruption.

e W, is the sum of the energy that can not be delivered to a load or to all the loads in a
system in the period under consideration, related to the period under consideration. In
addition to the influence coefficients listed above for the interrupted power, the
energy not supplied also depends on the duration of the interruption.

These indices correspond to the following well known system indices, defined by IEEE:

e System Average Interruption Duration Index (SAIFI), corresponding to H
Total Number of Customer Interruptions
Total Number of Customer Served

AIFI =

e System Average Interruption Duration Index (SAIDI), corresponding to Q
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B ZCustomer Interruption Durations
~ Total Number of Customer Served

SAID

e Customer Average Interruption Duration Index (CAIDI), corresponding to T
D Customer Interruption Durations
Total Number of Customer Interruption

CAIDI =

In contrast of SAIDI, SAIFI and CAIDI system reliability indices SCIPI, SCIEI, SCICI are
system cumulative values to evaluate the system power loss, energy loss as well as
interruption cost during failure period
e System cumulative interruption power index (SCIPI), corresponding to Py
SCIPI = Customer Interruption Power

e System cumulative interruption energy index (SCIEI), corresponding to W,
SCIEI = Customer Interruption Energy

e System cumulative interruption cost index (SCICI)
CICI =k, * SCIPI +k,, * SCIEI

where Kk, is power specific cost and K, is energy specific cost.

1.2.3 Moddlling of Failure Events -- Failure M odels

To analyze the system reliability, it is important to model the failures occurring in power
system operation as precise as possible.

Independent Single Failure

It is the failure of one unique component which is independent from any other incident or
failure that may occur at the same time. An example is shown in Figure 2-6. The Line L2 is
disconnected due to the protection devices tripping after a failure detected. No other
disconnection occurs by this event. The failure rate and down time of independent single
failure can be declared by Hu and Tu.

Customer 1 Customer 2 Customer 3
Line L1

il
Line L2 I LineLs
Line L3

I ——Protection trippingl

Figure 2-6 Independent Single Failureof LineL2

Independent single failures may be overlapping. But each failure that overlapped is a
stochastic case without any casual relationship between them, although they happen at the
same time.

It 1s the most important failure model that is considered in this report as most significant
failure combinations are caused by it.
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Unnecessary Protection Operation of Multiple Outages

It occurs only as a succeeding failure within the scope of an extension of the primary
incident — independent single failure - due to unnecessary disconnecting further protection
area in contrary to the normal protection concept. The down time is the reconnection time of
the unnecessary disconnected elements.

The component reliability input data of different failure models is summarized in Table 2-2.

Failure model Network Component H (V/a*) T (h) p**
Cable 0,0189 15
Independent Single Failure Distribution Substation 0,006 6,5
(1SF) Primary Substation 0,0052 5,5
Busbar-side Switchbay 0,0001 3,2
Switchbay for Finishing 0,0002 3,2
ggr;re;ﬁr(ﬁpo) Protection 0.5 0.0049
* in 1/(kma) for overhead lines and cables H Frequency of occurrence/failure rate

** in 1/km for overhead lines and cables T Down time
p Conditional probability
Table 2-2 Component Reliability Input Data Used in Test Simple Network

Modelling of further failures

There are much more failure models known for simulation of transmission network reliability
which can affect the system and cause its deficit. Main scope of this report is low voltage
levels and thus fuses are applied for the protection devices. Consequently, some of the failure
models are not necessary to take into account while considering the reliability simulation. For
example, malfunction of protection device probably does not happen due to the characteristic
of the fuses applied in distribution networks; multiple earth faults are practically not in
existence as the low voltage system is normally isolated or directly earthed, etc. Therefore,
only independent single failure and unnecessary protection operation are considered here. It
is assumed that unnecessary protection operation can be neglected due to the minor effect to
reliability results as generally independent single failure takes the most part of the results

1.2.4 Modeling of Remedial M easures— Restor ation Model

The reliability component index T (down time) is the provisional time for repair or
replacement of that defected equipment unit, which is the internal characteristic of the
components and independent from the network structures. However, the reliability index
T, (mean duration of supply interruptions) is mainly dependent on the remedial measures,
which can possibly reduce or eliminate the interruptions before the failed element is repaired
and reconnected. Also the index W, is strongly dependent on these remedial measures.

These measures are classified into two parameters:
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¢ Quasi-continuous parameters e.g. include:
0 Control of the power flow by transformer taps,
0 Alteration of the reactive and active power injection of power stations

e Discrete parameters

Connection of circuits disconnected in normal operation state,

Coupling with neighbouring system areas,

Coupling of multiple busbars disconnected in normal operation state,

Unlocking of failure affected elements and reconnection of intact elements of
disconnected protection tripping areas,

Bus transfer,

Start-up of injection units,

Connection after maintenance abort,

Load relocation.

© O O0OOo

O O OO

Switching operations are conducted in the sequence of the state analysis. In case that a
supply interruption on one or several load nodes is detected, the program chooses the
switching operation leading to partial or complete restoration of supply. If several switching
operations are necessary, the program proceeds chronologically. Additionally, the sequence
of the switching operations is influenced by the respective priority of switching operations.
The switching duration can be given individually for each operation. Switching operations
are mostly more effective than quasi-continuous measures.

The action of the system management in the fault recovery can be schematized according to

Figure 2-7.
t= seconds t= minutes f = minutes t= hours
up to hours up to days
I I I I
| | | | >
Failure and Automatic Remotely Manually Repair, Time
protection tripping  transfer gear controlled controlled Replacement

operations operations

Figure2-7 Temporal Sequence of Fault Recovery

The system state after applicable protection tripping and automatic transfer gear, which is
assumed by steady-state calculation, is the basic for the modelling of fault recovery. At first,
remotely controlled operations are tried to be achieved and completed after 10 to 20 minutes.
In case the remotely controlled operations are not accessible or unable to eliminate the
interruptions, manually controlled operations is necessary by sending personnel to the fault
location for the transaction of remedial measures, which typically requires up to several
hours time. If there are still interrupted customers after these measures, complete supply can
only be restored by (provisional) repair or replacement of the defected equipment units. This
may take up to several days. In the last resort, any supply interruptions will finally be ended
by the reconnection of the failed components after their down-time has expired.
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1.3 Reliability Calculation for Microgrids supplied by local time-varying micro-
sources

Within the project 3 different simulation methods were developed to take into account the
reliability contribution by intermittent micro-sources due to islanding:

e Conventional analytical reliability analysis with subsequent evaluation of local
impact: In this case results from ZUBER Analysis part are taken for further
evaluation (Chapter 3)

e Analytical reliability analysis directly considering reliability contribution of micro-
sources: Based on failure combination database after ZUBER calculation part
corresponding reliability indices are manually calculated (Chapter 4)

e Monte-Carlo-Simulation (Chapter 5)
Each method has its advantages and drawbacks especially concerning computation time and
accuracy.

All three of them are applied in this report when appropriate to demonstrate certain reliability
aspects; they are described in detail in the following three chapters.

3 Basic Rdiability Impact investigated with Conventional
Analytical Reliability Analysis

1.4 Introduction of the Basic Test Network (Base Case)

In order to observe the reliability improvement by DG units located in Microgrids, a simple
test network (Figure 3-1) is taken as an example for reliability evaluation, which is
considered as the base case without any DG units (Base Case); it serves as a reference to
value any improvements that are achieved with further studies of DG penetration.

E1l

1000,0 MVA
0,1p.u.

il 0,028517 /a
15,6609 min/a
© 3 i A
Il K5 0,0072 MVA/a 0.9 b4
KL 2 pu
—l Py
| —
L5 U 0,028895 1/a AL2
0,500 km 16,0011 min/a 300,0 kW
y 0,030 km
500,0 A 9,2295 h 0,0 p.u.
oy 000A _0,0066 MVA/a D
= K2 AL3
K7 300,0 kW
A{)A 0,029273 1/a 0,0 p.u.
— 16,3413 min/a
T = U.3040 D
20,0 kV 0.0067 MVA/a AL4
0,4 kv Ka 300,0 kW
0,9 p.u.
20MVA 0,029840 1/a P
— Py
— 10,000 T a D

9,4122 h
0,0075 MVA/a
Ka

Figure 3-1 Basic Test Network without any DG Units (Base Case)
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On 20 kV network level there are: Network infeeder E1; Busbar K6; Line L5; Node K7;
Transformer: T1; while on 0.4 kV level there are Busbar K5; 4 parallel Lines L1, L2, L3 and
L4; 4 Nodes K1, K2, K3 and K4; (disconnected DG E2); 4 Loads AL1, AL2, AL3 and ALA4.
Assumption and Simplification
e All the network components, nodes and loads mentioned above, except network
infeeder (100% reliable by setting), may suffer from outages during network
operation;
e Only the failure model 'Independent Single Failure' is considered for simulation.

Input Data and Reliability Setting

e Reliability input data of the network components is according to Table 2-2, while the
system input data of each component can be seen in Figure 3-1 (The rated power of
total loads in this simple network equals 1.267 MVA and the load profile is identical
for all four loads);

e The unavailability threshold is set to E-10 (failure combinations with lower
probability are not considered in analytical reliability simulation);

e The failure order component is between 1 and 5 (min. 1 and max. 5 components may
suffer from outages at the same time);

e Power allocation mode is pessimistic with defaulted value (the interrupted power
equals the total load in this mode; see further details in section 1.5.1).

141 Rédiability Simulation of Simple Network
1.4.1.1 Load Modelling

The load flow situation depending on actual load and generation has significant influence on
the power related indices such as interrupted power P, and energy not supplied W,.

Load profiles are taken according to German standard load profiles that were identified as
typical daily profiles for household, commercial, and industrial consumer segments.
However, only the annual duration curve (ADC) is evaluated by ZUBER module as the use
of standardized daily load curves is only possible with Monte-Carlo simulation. Using sorted
and standardized annual load duration curves neglects the temporal correlation between
separate customers. It is not possible to regard the fact that separate power system parts as
well as generation of units and simultaneous demand of the load may reach their peak at
different times. Ways to overcome this problem are discussed in chapter 1.6.

No DG units are connected in this chapter and infeeder E1 is considered as slack node. The
load is modelled by a discrete ADC. Necessary parameters are:

e Load Factor (LF): The ratio of the average load over a designated period of time to
the peak load occurring in that period;

e Demand Ratio p= Pp / PLmax = PL / Prs; Pp is the actual load demand, while Py, is the
rated power of the load. It is always assumed that Py pax = Py
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A testing load with LF = 0.758 and a household load with LF = 0.535 are used for simulation
with the simple network, each modelled either by 10 states or by 2 states as demonstrated in

Figure 3-2.

Demand Ratin

12 +--————-

1,0

Input Testing Load_10 states
Input Simplified Testing Load_2 states

Household original -
= [nput Household_10 states

1 =i [nput Simplified Household_2 states

0,2

Household Load
(LF=0.535)

0,0

n-1

1752 3504 4343 5256

n-1

LF-8760=> (py -T))+ Py, (8760- > T,)

with T, : each considered duration
p,; : demand ratio during theduration T,
n: total number of considered discrete durations

2 states by ssimplification

T1 _ LF - P,

8760 - le - pL2

7008

8760

Hours
Figure 3-2 Load Modelling Approaches of Testing and Household L oad

(le > pLZ)

Equation 3-1

10 states input load ADC is generated by 10 even durations (876h x10 =8760h ), which is
derived from the original ADC, while 2 states input load ADC can be determined from
Equation 3-1. With the same load profile, both 10 states and 2 states load ADC have the
same LF. Table 3-1 provides the example input data of 2 states load modelling in
PSS®SINCAL. The left side indicates the duration for maximum and minimum of the test
load; the demand ratio of the household load is determined to have equal duration for each
step as for the testing load. It could also be described by two values with demand ratio 1 and
0 with duration of 4687 h and 4073 h respectively.

Testing
Load

Duration/h | Demand Ratio
4343 1.00 Household
4417 0.52 L oad
LF 0.758

Duration/n | Demand Ratio
4343 0.719
4417 0.355

LF 0.535

WPG2-reliablity

Table 3-1 Input Data of 2 States Load Modelling in PSS"™SINCAL
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The simulation results are plotted in Figure 3-3, where the network reliability indices
H,.Q,.,P, and W, are compared between both load profiles.

@ Hu za//ai
O Qu a
040 p - B By /a)
O Wu (MVAh/a)
@ 0,3253 0,3253 0,3253
S o0 T T T 0,323
"8 y - r——F 1 {1 - -""""1 r =
= 0,2595 0,2595
2 — —
A B R I R B e I Rt Il S
= 0,1833 0,1832
©
~ 0,16 1
| H=0.758 LF=30.535
0,08
0.0383l02g0| ©O3F3loopo| ©OF3paos| ©O35pive
0,00 - I [ O O ‘

Testing Load 2 Testing Load Household 2 Household 10
States 10 States States States

Figure 3-3 Network Réiability Comparison by Different Load Modelling

Two observations can be drawn from the diagram:

e Non-power related indices H, and Q, are independent from the behaviour of load
demand in the case without DG, while power related indices P, and W, vary with
different LF. Both interrupted power Py and energy not supplied W, enlarge with
increasing load.

e With the same load profile, there is no difference between 10 states and 2 states load
modelling according to the calculation method in ZUBER.

Therefore, the input load ADC is adopted by 2 states load modelling for simplification in the
following studies, the Testing Load as Base Case T used in chapter 3 and chapter 4, the
Household Load as Base Case H for chapter 5.

1.4.1.2 Node Result and Network Result

Table 3-2 shows the reliability indices for both network and each end-customer node K in
Base Case T; a description of the failure combinations as well as the calculation of the
reliability indices is attached in A.3).

Node Hu [1/4q] Qu [min/a] Tu [h] Pu [MVA/q] Wu [MVAh/q]
K1l 0,028517 15,6609 9,152962 0,007205328 0,06595009
K2 0,028895 16,0011 9,229451 0,006570724 0,06064417
K3 0,029273 16,3413 9,303966 0,006656681 0,06193352
K4 0,029840 16,8516 9,412198 0,007539608 0,07096428

Network 0,033275 19,5183 9,776258 0,027972340 0,25949210

Table 3-2 Reliability Indices of the Base Case T

Similar to the category of customer-oriented indices and system-oriented indices, in Table
3-2, node result and network result are reported. Node indices of K1, K2, K3 and K4 reflect
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the individual customer experiences, which are specialized to each end-customer k. On the
other hand, network result is an overview of the performance of the whole network.

e Node result for frequency of supply interruption is the summation of failure
combinations (frequency) of the responsible component failures leading to that node
in supply interruptions. Considering node K3, failure combinations of K6, T1, L5, K5
and L3 may contribute to the reliability results. In other words, if there is any fault
occurring in any of these five components, node K3 will be affected. The calculation
of all indices is according to Equation A -7 in appendix A.3.

e Network result for frequency of supply interruption is the sum of the maximum
failure combinations (frequency) of the relevant component failures that have
contributions to any of the end-customer in supply interruptions. It can be understood
by an example: if failure combination i leads to a supply interruption of more than
one costumer K, the network result considers this failure combination only once with
the maximum H, i, due to available power and load demand, as well as the maximum
Tujk, due to the restoration model (attached in A.3, Equation A -8).

1.4.1.3 Probability Distributions of Reliability Indices
As introduced previously, both expected value (denoted E(X)) and relative variance (denoted

2
o, (x)with o, =E(—()X) [11] ) of each index, except interruption cost and reimbursements,
X
can be provided by ZUBER module. With the knowledge of probability theory and statistics

(detailed information of probability distributions can be found in appendix A.4), the

probability distributions of each index, which are the prerequisite for further risk assessment
providing confidence interval of the reliability indices, rather than only the expected value,
under a certain observation period, could be determined with one or two parameters
estimated from expected value and variance.

It should be noticed that the relative variance o, (x)used for parameter estimation is not the

exact value calculated by ZUBER, but following the modification o, (x)/ V10 . ZUBER

considers only one year for calculating this variance, but year and year variation due to e.g.
nature, weather or third-part damage may be very large. As such a short observation period
very possibly induces an exaggerating deviation from the expected value it is thus practically
replaced by an observation period of 10 years.

Mean Duration of Supply Interruptions
The mean duration of supply interruptions, in fact, is in most cases dependent on the
duration of the restoration measures, such as switching actions, rather than the outage
duration of the failure affected component, which can be calculated from the statistics. The
identification of distribution functions of this index is not easily possible [9] and is not
provided in this report.
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Frequency of Supply Interruptions

As probabilistic reliability calculation is modelling ON and OFF state of network
components with constant transition rate in time, the probability of the failure frequency of
a system component can be described by a Poisson distribution [10]. As the reliability
index frequency of supply interruptions is the summarized value of the relevant component
failures leading to supply interruptions, the Poisson distribution is also appropriate for it
[20].

The distribution of the network index frequency of supply interruption of Base Case T
(blue curve) is plotted in Figure 3-4. It shows that the network frequency of supply
interruption is less than 0.1 1/a with 72 % probability, and less than 0.2 1/a with 95 %
probability, with respect to the expected value E(x) = 0.331/a.

1

0.9

Probability
o
o]

Base Case T
Scenario T

©
3
|
|
|
|

0.6 . . . .
0.00 0.10 0.20 0.30 0.40 0.50
Frequency of supply interruption of network(1/a)

Figure 3-4 Poisson distribution of frequency of supply interruption of the Simple Network

Remaining I ndices

The probability distributions of the remaining indices — unavailability Qu, interrupted
power Pu and energy not supplied Wu — can be assumed to fit the Weibull distribution
(characterized by two parameters a and b) with good accuracy [9] as this distribution has
no specific characteristic shape [10].

The distributions of the remaining indices of the original simple network without DG are
plotted in Figure 3-5 (blue curves). The plots show the network reliability indices
expressed with a 90% confidence interval, e.g. network unavailability is between
0 and 52 min/a with respect to E(x) = 19.518 min/a; network interrupted power is between
0 and 0.075 MVA/a with respect to E(x) = 0.028 MV A/a; network energy not supplied
varies between 0 and 0.69 MVAh/a with respect to
E(x) =0.02598 MVAb/a.

WPG2-reliablity 26/174 30.11.2009



More Microgrids TG2

1 ]
1.0 : ‘ l l
| I | | |
| | | ! !
‘ ! w 0.8 | | |
os | - | b T ! !
| | | | |
| | | | |
‘ ‘ ‘ 2 0.6 - l l
| | | = .
posf R R E= | |
3 ‘ o g o
8 | | | S o4l | |
coay{-- -~ - - -1 JE—— o | |
o l l l w w
| | | | |
| 1 L
024t __ ——Base Case T/
o2 4] ___] Base Case T| | Py
| Scenario I-T ‘Scenan‘o -T
l l l ! !
0.0 ‘ ‘ ‘ 0 ‘ ‘ 1 1
000 005 010 015 020 025 0 40 80 120 160 200
Network Interrupted Power (MVA/a) Network Unavailability (min/a)
1.0
| | |
: l l
os - LS I
| | |
l l l
osf S
= l l l
(U | | |
o | | |
O 04 Yl---- [ [N [ IR
o l l l
| | |
o2 Hl-___ ] Base Case T| _
' ! Scenario I-T
l l l
0.0 ‘ ; 1 1
0.0 0.6 1.2 1.8 2.4 3.0

Network Energy Not Supplied (MVAh/a)
Figure 3-5Weibull Distribution of Other Reliability I ndices of the Simple Network

1.4.2 Protection Device

In reliability analysis, another very important component is the protection device. Before
running the reliability simulation, the first work is to deploy the protection devices into the
network with appropriate criteria. The device position, protection direction as well as the
device characteristic should be well-considered to selected protection criteria such as defined
tripping areas and so on.

In a radial feeder, protection devices are only expected to detect the unidirectional flow of
current, coordinated via time lags [13]. On the other hand, in a DG-enhanced feeder, power
flow is not unidirectional and conventional protection logic must be altered in order for the
fault-detecting devices to successfully perform their function [14]. In low voltage network
practice, normally certain circuit breakers (CB) (blue rectangle in Figure 3-1) and fuses (red
rectangle) are used as the protection devices. Fuses are single-phase devices that trip the fault
current flow after a predetermined time delay; Breakers may also be single-phase or three-
phase devices, commonly with reclosing capability.
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Busbar K5 in the test network will be affected if there is no fuse implemented at any of the
lines in 0.4 kV level. In that case, failure combinations of lines other than the responsible one
should be taken into account to the final result, which makes the reliability of this node much
worse. Furthermore, due to the supplement of protection devices, the affect of failures
occurring in protection devices can not be disregarded under reliability consideration.

To keep both voltage and frequency within acceptable ranges during micro-source islanded
operating mode, it requires significant coordination of micro-sources with feeder protection
devices, which is out of the scope of this report.

1.5 SimpleNetwork Analysis—Impact of DG with Constant Operation

1.5.1 Introduction of Base Case with Micro-sour ce Penetration (Scenariol)

This part analyses several aspects of their impact on reliability are analysed, such as micro-
source size, micro-source allocation, micro-source location, and micro-source outages.
Figure 3-6 demonstrates scenario I: one micro-source unit is connected to node K3 with
output power equal to the rated power of the total load (100% penetration level (PL)) and
without outages (100% reliability). With Testing load profile, it is designated as Scenario I-
T; with Household load profile, it is designated as Scenario I-H.

El

[] K1
0,007267 1/a
2,9847 min/a
[] K5 6,8453 h ALL
0,0018 MVA/a

L5 K2
L 0,007645 1/a
3,3249 min/a AL2

1

— 7,2485 h {>
= 0,0017 MVA/a
L2
K7 @@ K3 AL3
5 . _. ] 0.000000 1/a
- L= 0,0000 min/a D
L3 | 0,0000h
0,0000 MVA/a AL
K4
D N U, UUGoYU ITa D

L4 4,1754 min/a
8,1013 h
0,0022 MVA/a

Figure 3-6 Base Case: Simple Network with one DG unit (Scenario|)

The previous setting of the simple network as in Base Case is still adopted. Apart from this
additional assumptions are:

e One or more DG components are considered (in this chapter, each aspect is based on
the Scenario I-T of Figure 3-6, and separately observed from other aspects);

e The Islanded Operating Mode of the DG units is always allowed when the main
supply is interrupted, furthermore, DG can provide power without delay after supply
interruption;

e Power Allocation Mode is pessimistic as default value; during this study, another
optimistic mode is implemented to observe the variation of the results as well.
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Power Allocation M odes

Pessimistic power allocation mode means that customers are not able to adopt the restricted
available power and therefore interrupted power equals total demand. In contrary, optimistic
power allocation mode means the customers are able to adopt the restricted available power
and thus the interrupted power is the difference between actual demand and available power
[12]. The determination of this parameter directly affects the reliability indices P, and W,
when only the restricted power is available in the network (here due to the penetration of
DQ). The effect is illustrated in the section 1.5.2.1.

PIP... - PIP o
0,5
I Interrupted
A power
0,0 T T T T T T
0 t 4380 8760 0 t 4380 8760
X X
t— t—>
a) Optimistic power allocation model b) Pessimistic power allocation model

Figure 3-7 Power allocation models

Probability Distributions of the Reliability Indices

The probability distributions for both, Base Case T with Scenario I-T, are plotted in Figure
3-4 and Figure 3-5 for indices H,, Q,, P, and W, of the network.

The results of both, expected value E(X) and extreme values according to the probability
distribution with a considered confidence interval 90 % are listed in Table 3-3. The index H,
is compared with the probability that the frequency of supply interruptions is less than
0.1 Va.

90% Hu (1/a) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)
Confidence
Interval E(x) Probability E(x) Probability ] E(x) | Probability] E(x) [Probability

BaseCase T | 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0280| 0-0075 |0.2595| 0-0.69
Scenariol -T | 0.0105 | (90%) <0.1 | 5.6130 0-13 0.0057 [ 0-0.013 | 0.0428| 0-0.11

I mprovement
related to Base | 68.4% 71.2% | 0%-75% | 79.5% | 0%-83% | 83.5% | 0%-84%
CaseT

Table 3-3 Indices Comparison of Base Case T and Scenariol -T

Micro-source operation in this chapter is assumed to be constant at rated output power,
without considering micro-source generation curve or generation schedule. Consequently, the
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results can not represent the actual reliability improvement achieved by micro-source units,
especially not with intermittent generation units such as PV or WT with relatively long
periods of unavailability. Nevertheless, the studies explicate the fundamentals of a possible
reliability improvement after micro-source penetration by providing comparable results for
different aspects.

15.2 Impact of Micro-source with Constant Operation

1.5.2.1 Impact of Penetration Level

The penetration level PL is the proportion of installed micro-source capacity and the total
customer demand in a given supply area. It also explicates the balance between the micro-
source generation and demand, which is particularly critical in islanded operating mode.

Here micro-source output power Pg is kept constant always equal to its rated power Pg;.
Therefore, 100 % PL is described as Pg = Pr; = PgLmax, Which means micro-source can
always fully supply the total load (only for studies, possibly not practical in reality).

In general, the contribution of micro-source to reliability improvement can be divided into
two categories:

1) To all loads in micro-source’s supply area (AL1, AL2, AL3 and AL4);
the micro-source unit can provide power to all these nodes through L3 and K5 in case the
failure occurs in 20 kV network level (K6, L5 and T1) — micro-source and the 4 loads are
operated in island mode — and hence the reliabilities of all these nodes can be improved.

2) To the load directly supplied by the micro-source unit as it is connected in same node
(AL3); the micro-source unit can improve the reliability of this node further as AL3 is still
supplied by micro-source in case the failure occurs in K5 or L3* — micro-source and AL3
are operated in island mode — while the other loads will suffer from interruptions

(*:micro-source power is not accessible to other loads except AL3 while failures
occurring in K5 orin L1, L2, L3 and L4).

In reality, the capacity of the DG unit varies, also depending on interests of unit or network
operator. The effect of the different penetration levels on reliability is simulated for the
simple network in the following section. Two cases, with and without load priority (LP), are
studied.

As the load state may have a significant influence on the reliability results, the two-state load
modelling is not sufficient in order to observe the effect of LP. Therefore, the Testing load
ADC is simplified to an approximated equivalent four-duration curve with the same LF as
Testing load (Figure 3-8).
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Figure 3-8 Load ADC for the Impact of Penetration Level (four durations)

Without Load Priority

In the case without load priority, no sensitive loads are in the network, and thus all the loads
share the same priority to be supplied in island mode. The reliability indices are calculated
according to the analytical approach based on the load ADC and different PL schemes. The
reliability indices frequency of supply interruption H, and unavailability Q, relevant to
different PL are shown in Figure 3-9 and Figure 3-10 (the values shown in Figure are for K3
and Network).

S 0035 ¢ 7662%9;3737 S E1 - S —— =% S
0 T [ 0,0275 O K3
s oozl e 1} - ] O K4 I
= O Netw ork
2 0021
9
£ 0,014 |
>
& 0,007 -
=}
N
5 0.000
; [N
g
i {
<

Rated power of DG (PL) (MVA)

Figure 3-9 Frequency of supply interruption depending on DG Penetration without L P

The impact of PL on reliability indices shows discrete characteristics. The reason depends on
the load ADC. Generally, if the power available is higher than the demand, it doesn't cause
supply interruptions during that time; the frequency of supply interruption and the
unavailability decrease.

With the given network structure and assumptions, such as no interconnecting lines, micro-
source units reacting without delay, considering only ISF, the switching actions with respect
to the outage duration can be disregarded. Therefore, Equation 3-2 is the simplified formula
for this simple network derived from Equation A -7 and Equation A -8 with the conditional
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interruption probability pz (see A.3) — the ratio of the duration, when the demand is higher
than the available power.

Node: H,, = ZHu,ik = Z(pz,ik -H,))

250 - UE— -
]
< 19,5183 O K2
= 200 +----- - 18,2892 O K3 -
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g/ R M 15,7540 O Netw ork
> 01 12616p 11,9511
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Figure 3-10 Unavailability depending on DG Penetration without L P

Network : H, = > Max(H,,;,)

Quk = ZQu,ik = Z[( Poi-Hzi) ‘Tu,ik]
Q, = X Max(Q,y.)

Equation 3-2

Improvements in reliability are achieved either if a certain share of the total load can be
covered by the total capacity of DG according to their ADC (see category 1) or if a certain
share of local load can be covered with increasing PL (category 2).

With increasing PL from 0% to 100% (Figure 3-9) there is a stepwise reliability
improvement according to 7 schemes that can be derived from the power thresholds of the
ADC in Table 3-4.

: P that supplies P that supplies
Demand Ratio
system (MVA) AL3 (MVA)
1.00 1.267 0.3
0.83 1.051 0.249
0.683 0.865 0.205
0.52 0.659 0.156
Ps=0 0.156 0.3 0.659 0.865 1.051 1.267 MVA
| L | | | |,
| L | | | |
2 3 4 5 6 7
Scheme

Table 3-4 Power rangefor reliability improvements
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As the 2" scheme with P; €[0.156,0.3)MVA doesn't a show constant value due to an

increasing share of power that can be covered locally according to category 2) it is not
included in the plots.

In the first 3 schemes, P; <0.659MVA(0.52x1.267MVA), the available power from micro-

source unit is less than the base demand of the total load. This means, there is no reliability
improvement by the 1) category, i.e. a failure in K6, L5 and T1 has no possibility to be
balanced. However, the 2) category, the reliability of K3 can be improved by the decreased
Huiz (P; 2 0.156MVA(0.52 x0.3MVA)) in failure combination i of K5 and L3 when only

micro-source and AL3 are in island mode, according to the load ADC of AL3.
From the 4™ to the 6" scheme, Py €[0.6591.267)MVA , apart from the additional reliability

improvement of K3 by the 2) category, reliability of all the 4 loads is improved by same
degree due to the same LP by the 1) category step by step, according to the four-duration
load ADC (Figure 3-8) and the calculated value of p,; with respect to PL. With

Ps =1.267MVA, the 7™ scheme, the reliability improvement achieves the maximum level as
the total load is fully supplied by DG.

With Load Priority

In this case, the loads are set to different load priorities. From up to down, Load ALI is set to
the highest, and load AL4 is set to the lowest. If the system can fully supply the demand of
the total load, the load priority has no further impact on reliability results. On the other hand,
if only part of the loads can be satisfied with available power, the load priority affects the
power allocation to each load and hence influences the reliability of both the individual nodes
and the whole network.

Since DG power is unevenly allocated to the individual nodes in island mode due to the
varied LP, it is much more complicated to determine each maximum power of the PL
schemes in this case, which needs to consider the load ADC of each load. Thus only the
indices of some specific PL are plotted in Figure 3-11, and Figure 3-12 for indices H, and Q,
respectively (the values shown are for K3 and the network).
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Figure 3-11 Frequency of supply interruption depending on DG Penetration with LP
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Figure 3-12 Unavailability depending on DG Penetration with LP

Node Result

The loads with higher LP get power allocated from micro-source, which means a
As load ALI in K1 shares the highest

load priority, the micro-source unit delivers as much power as possible primarily to

reliability improvement as long as P, 2 B

min *

satisfy the demand of node AL1 when the network is in islanded operating mode; if the
rated power of micro-source is higher than the peak demand of the first-class priority
load, the residual power serves to supply the secondary-class priority load (AL2), and
by analogy to other nodes.

Network Result
Comparing the network result with and without LP demonstrates that network
reliability with LP is not improved until the reliability in K4 (with lowest LP) is

improved. It can be explained with Equation 3-2, with Hu = Z MkaX(H wix) - In the case
i

without LP, the frequency of supply interruption of each end-customer k in failure

combination i of K6, L5 or T1 is the same, i.e. H,;, =H, =H jx; =Hx4; on the

other hand, in the case with LP, the value is varied, e.g. H, #H,, therefore, the

calculation will take these MkaX(H wik) = Hy x4 1n these failure combinations, which are

kept constant before the reliability in K4 increases.

Power Interrupted in both cases, with and without L P

Different from frequency and unavailability, the indices of interrupted power and energy not
supplied are cumulative values. Without considering remedial measures due to the structure
and assumption of the simple network, the simplified formula of interrupted power and
energy not supplied can be expressed as in Equation 3-3 (detailed symbol descriptions are
attached in Annex A.3):
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Node Result:
with pessimistic power allocation mode:

Sik = ZSJ,ik withS,, =H;;-S,; and S, = Zpd Sy
i d
withoptimistic power allocation mode:

S.I,k = ZSJ,ik

Vvu,k = zvvu,ik

\Nithvvu,ik = HZ,i 'Tu,ik : SZ,ik

Network Result:
Sh = ZSJK W, = Z\Nuk
k

k

d:thestep fromADCwithS, > S,

p, : probability of step din 1 year fromADC

S, : demand of end—customer kin step d

S, : available power on end —customer k in failurecombinatiani

with S.I,ik = Hz,i 'Sz,ik and SZ,ik = Zpd '(S«j _Sk)
d

TG2

Equation 3-3

Figure 3-13 shows the interrupted power in both cases. The node result can be explained in
the same way as H, and Q,, nevertheless, the network result is different. From Equation 3-3,
it can be seen that the network's interrupted power is a summarised value of each end-

customer’s index S, thus it will be improved as long as any of the end-customer’s S

increases. Consequently, the improvement of §, in the case with LP is faster than in the case
without LP, what can be seen in Figure 3-13.
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Figure 3-13 Interrupted Power in Pessimistic Mode

Furthermore, Figure 3-14 demonstrates the effects of a variation of power allocation mode

(Figure 3-7), which has the influence on power related indices, on interrupted power P,

(network result). The blue curves are with pessimistic mode (discrete characteristic) while
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the red ones are from optimistic mode, which display continuous characteristic and show

higher reliability improvement.

0,030

0,025 -

0020 f - NI

0015 +---————— AT - N\ -

0010 f - - - - -4 -
—e&— Pessimistic Mode_w ithout LP
—— Optimistic Mode_w ithout LP
0,005 1| —¢— Pessimistic Mode_withLP [~~~
—— Optimistic Mode_w ith LP
0,000 : : ‘
0,0 0,3 0,6 0,9 1,2

Rated power of DG (PL) (MVA)

Interrupted Power (MVA/a)

Figure 3-14 Network Interrupted Power depending on Power Allocation Mode

Three observations can be derived from Figure 3-14:

The light blue curve is the case of pessimistic mode with LP. It can be divided into 4
sections, with each section displaying the same shaped but proportionally shrunk
curve as the dark blue one (the case of pessimistic mode without LP) due to the
unique load profile and the various LP of each load.

The light red curve presents the case of optimistic mode with LP. Compared with the
dark red curve (optimistic without LP), the network interrupted power decreases once
the injected DG power is higher than zero (continuous characteristic) in both cases;
but the value of light red curve is little bit higher than the dark red one, which is
caused by the characteristic of the adopted load ADC (critical index Sz in Equation
3-3). It may also happen that the value of dark red curve is higher than the light red
one when the load profile of ADC changes, especially possible for the load profile
with lower LF.

It is interesting to see that the difference between two modes in the case with LP is
much smaller than the one in the case without LP, because the individual S, is easier
improved in the case with LP.

According to the observations, one conclusion can be drawn. If the pessimistic mode is

considered, in term of interrupted power, the case with LP should be chosen for better

reliability indices while in optimistic mode the better case depends on the adopted load ADC.
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Probability Distributions of the Reliability Indices
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Figure 3-15 Probability Distributions depending on DG Penetration (Pessimistic M ode)

With a considered confidence interval of 90 %, the indices are compared for both cases
without and with LP in Table 3-5 and Table 3-6 respectively.

90% Confidence Hu (1/a) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)

Interval E(x) | Probability | Ex) |Probavility] E(x) |Probability] E(x) |Probability

BaseCase T [ 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0280( 0-0.075 J0.2595| 0-0.69

Ps=0.33MVA | 0,0318 | (73%) <0.1 | 18,2892 0-49 0,0261 0-0.07 0,2456 0-0.66
Ps=0.7MVA ] 0,0275 | (76%) <0.1 | 15,7540 0-42 0,0233 [ 0-0.063 10,2177 0-0.58

Ps=0.93MVA | 0,0211 | (81%) <0.1 | 11,9511 0-31 0,0178 [ 0-0.047 ]0,1629 0-0.44

Ps=1.1MVA ]0,0148 | (86%)<0.1 | 8,1482 0-21 0,0111 [ 0-0.027 ] 0,0963 0-0.26

Scenario|-T ] 0.0105 | (90%) <0.1 | 5.6130 0-13 0.0057 | 0-0.013 J0.0428| 0-0.11

Table 3-5 Indicesdepending on PL without LP (Pessimistic M ode)

90% Confidence Hu (1/a) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)

Interval E) | Probability | Ex) | Probavility] Ex) |Probability] E(x) | Probability

BaseCase T [ 0,0333 | (72%) <0.1 | 19,5183 0-52 0,0280 0-0.075 02595 0-0.69

Ps=0.33MVA | 0,0318 | (72%) <0.1 | 18,2892 0-49 0,0208 [ 0-0.055 ]0,1922 0-0.51
Ps=0.7MVA ] 0,0318 | (72%) <0.1 | 18,2892 0-49 0,0159 [ 0-0.043 ] 0,1442 0-0.39

Pc=0.93MVA | 0,0318 | (72%) <0.1 | 18,2892 0-49 0,0111 [ 0-0.033 ] 0,0961 0-0.29

Ps=1.1MVA 10,0305 | (74%)<0.1 | 17,8135 0-48 0,0104 { 0-0.028 | 0,0947 0-0.25

Scenario|l-T ] 0,0105 | (90%) <0.1 | 5,6130 0-13 0,0057 [ 0-0.013 | 0,0427 0-0.11

Table 3-6 Indices depending on PL with LP (Pessimistic M ode)
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Summary

The penetration level — the ratio between rated power of DG units and total load in a supply
area — has significant impact on reliability results.

Without LP, after PL reaching the base power demand of total loads during one year, the
increasing PL has an even accreting positive impact discretely step by step on both node and
network reliability indices. On the other hand, with LP, DG supplies node one after another
according to the different levels of LP, which leads to the conclusion that, nodes with higher
LP could receive reliability improvements under a low PL value while nodes with lower LP
cannot receive reliability enhancements until PL value is sufficiently large. PL impact on
reliability performance for separate nodes is the same as the case without LP. And the
network reliability indices H, and Q, can not be improved until the reliability of the node
with lowest priority is improved.

Network indices P, and W, improve as long as any of the individual customer’s P,y and W,
decreases. With pessimistic power allocation mode, the improvement of P, and W, is discrete
while with optimal power allocation mode, their improvement is continuous.

1.5.2.2 Impact of the Numbersof DG Units

Under the same PL, the number of DG units may also have impacts on node and network
reliability. Thus 4 schemes based on Scenario I-T are analysed in this section. All DG units
share the same power factor.

e Scheme 1 (Scenario I-T): 1 DG unit (100% PL) is connected to K3

e Scheme 2: 2 DG units (2*50% PL) are connected to K3 and K1

e Scheme 3: 3 DG units (3*33.3% PL) are connected to K3, K1 and K2

e Scheme 4: 4 DG units (4*25% PL) are connected to K3, K1, K2 and K4

The reliability indices are compared in Figure 3-16.
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Figure 3-16 Reliability Indices with Different Numbers of DG Units

The indices can be explained in two categories as well:

e To the 1) category (for global influence):

Since the PL for total DG units is the same in 4 schemes, for the integrated single node

system, Hy xej, Hu,Lsi and Hy, 11j always keep constant during scheme variation.

e To the 2) category (for local influence):

Since more individual end-customer nodes are deployed DG units, the failure

combinations Hyksj, Hu,r1j, Hur2j, Hur3j and Hy 14 may decrease dependent on the output

power and location of each DG unit.
Therefore, the best reliability indices are achieved by a DG allocation scheme where most of
the end-customers are fully supplied by DG units. In this section, the best scheme is scheme
3 in which K1, K2 and K3 are fully supplied by 33.3 % PL DG units; on the other hand, in
scheme 4 only K2 and K3 are fully supplied by the connected DG unit (25% PL) although 4
DG units are connected to the individual nodes respectively.

With a considered confidence interval of 90 %, the indices are compared in Table 3-7.

90% Confidence Hu (1/a) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)

Interval Ex) | Probability | Ex) | Probability] E(x) | Probability| E(x) |Probability

BaseCase T | 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0280 | 0-0.075 | 0.2595( 0-0.69

Scenariol -T ] 0.0105 | (90%) <0.1 | 5.6130 0-13 0.0057 [ 0-0.013 | 0.0428| 0-0.11

2DG Units | 0,0097 [ (91%) <0.1 | 5,0643 0-12 0,0039 | 0-0.009 ] 0,0302 0-0.07

3 DG Units 0,0086 | (92%) <0.1 | 4,1754 0-9 0,0022 | 0-0.005 | 0,0176 0-0.04

4 DG Units ] 0,0094 | (91%) <0.1 | 4,7241 0-11 0,0040 | 0-0.009 ] 0,0302 0-0.07

Table 3-7 Indices depending on number of DG Units
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Summary

It is necessary to consider the number of DG units, their distribution in the network as well as
their ability to cover demand to evaluate the impact of a certain DG penetration level for
given network areas.

Generally, more DG units which are connected to different nodes could possibly result in
better reliability performance than using a single DG unit with same total installed capacity.
Highest reliability is achieved when most of the end-customers are fully supplied by DG
units directly connected to the loads.

15.2.3 Impact of DG L ocation
In this simple network, three options of DG location (K3 — Scenario I-T, K5 and K7) are

chosen to evaluate the impact of DG location on reliability (Figure 3-17, the values shown
correspond to K3, K4 and Network).
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Figure 3-17 Reliability I ndices depending on Different DG L ocation

From Figure 3-17, especially by observing the node result of K3, which is directly connected
to DG in the first option, it can be seen that H, 5, Q, 3, P,xzand W, are growing with

increasing distance of the DG unit location from K3 (from the connection node K3 to K5 and
then to K7). In other words, the DG unit improves the node reliability most in these nodes
with shortest distance.

WPG2-reliablity 41/174 30.11.2009



More Microgrids TG2

Both node and network reliability are worst for the option that DG is connected to K7 due to
the contribution of additional failure combinations of the transformer T1. In case of failures
in T1, only DG unit connected to K5 or more downstream can reduce the impact of the
outage.

By analogy, a higher reliability of the network is shown by a DG location in K3 instead of
K35, which is caused by the eliminated failure combination of Line L3 (for reliability of node
K3, the result difference is caused by the failure combinations of both L3 and KS5; and for
reliability of other nodes, there is actually no difference between the location of K3 and K5
as L3 is not the responsible component for reliability of other nodes except K3).
Consequently, it can be generally concluded that the reliability improves when the DG moves
downstream.

It should be noted that, as the 4 loads are connected in parallel to the busbar K5 indirectly
with lines of different-length, which can be considered as an integrated load of single-node
system, the node K1 (AL1), K2 (AL2), K3 (AL3) and K4 (AL4) are at the same
“’downstream level’’. According to the conclusions above, if the DG is connected to K1, K2,
K3 and K4 respectively (4 cases), two points in term of reliability variation can be derived.

e Node result: only the nodes that change the situation from not being connected to
being directly connected with DG or vice versa have the reliability variation while the
case is changed. And in each case, the node which is directly connected to DG
displays the highest improvement of reliability.

o Network result: the reliability is slightly changed among these 4 cases, which is
caused by the different lengths of L1, L2, L3 and L4. The best case is the one in
which the DG unit is connected to K4, as line L4 has the longest length and hence the
largest failure combination among L1, L2, L3 and L4, which can be eliminated due to
the penetration of DG.

With a considered confidence interval or 90 %, the indices are compared in Table 3-8.

90% Confidence Hu (Va) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)

Interval E(x) | Probability E(x) | Probability] E(X) | Probability] E(x) [Probability

BaseCase T | 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0280 [ 0-0.075 | 0.2595| 0-0.69

DG at K7 0,0174 | (84%) <0.1 | 8,5965 0-22 0,0128 | 0-0.034 ] 0,0847 0-0.22

DG at K5 0,0121 | (88%) <0.1 | 6,8613 0-17 0,0077 | 0-0.018 | 0,0570 0-0.14

Scenariol -T | 0.0105 | (90%) <0.1 | 5.6130 0-13 0.0057 [ 0-0.013 | 0.0428 | 0-0.11

Table 3-8 Indices Comparison by Different DG L ocation

Summary

DG units can reduce the impact of outages in upstream networks of the DG location if the
remaining network is able to be operated in island mode. In this point of view, the optimum
location to connect DG units among three analysed locations is the node K3, which is located
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most downstream. But it should be noted that, the most downstream location might not be the
optimal choice in practice when the DG unit produces large reserved power flow to the
system, which causes significant power losses in scope of the whole network.

Furthermore, the example here is a very simple network, with one transformer feeding only
one busbar. Once there are more transformers and busbars connected to node K7, the last
option (DG is connected to K7) becomes more advantages especially when the DG unit is
operated in island mode. In other words, with the second option (DG is connected to K5)
during islanded operation, the reliability indices of end-customer nodes except K3 will
increase significantly due to the long path of power flow that is supplied by the most
downstream DG unit, which is normally not a worthwhile trade-off.

In reality, the situation is much more complicated; the optimum location of the DG units
depends on multiple-considered conditions, such as the type of load (where is the sensitive
load that must not be interrupted), the capacity of DG units (how many loads can be
supplied), the types of the DG (PV, WT, CHP or in combinations), territorial restrictions, etc.

1.5.2.4 Impact of DG Availability

Both the electrical networks, and also the generation systems, have impacts on power quality

and reliability. Outages in the generation system do not only have technical influences on
power quality, but also significant economical consequences [18].

Outages of DG units (the reliability of power generation units from upstream network is out
of scope here) are simulated by the easiest way using a two state model where the
components only have an °“ON’’ and an “’OFF’’ state.

o, =A

O]\ OFF

) )

Uy =H
Repair rate

Figure 3-18 Two state DG model

Failure rate and down time of the independent single failure are predefined as the reliability
input data in PSS™SINCAL/ZUBER. This study assumes several DG availability schemes -
independent from the DG technologies - to observe the impact on results. Table 3-9
demonstrates the corresponding down times for different DG availabilities assuming 1 outage

per year.
DER Réliability 99.9% 99% 98% 97% 96% 95%

H [1/a] 1 1 1 1 1 1
T[h] 8,76 87,6 175,2 262,8 350,4 438

Table3-9 DG Reliability Input Data with constant failurerate

Assuming constant down time (T = 20h) leads to an increased frequency of interruptions with
decreasing reliability as shown in Table 3-10.
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DER Réliability 99.9% 99% 98% 97% 96% 95%
H [1/4] 0.5 4.38 8.76 13.14 17.52 21.9
T[h] 20 20 20 20 20 20

Table 3-10 DG Reliability Input Data with constant down time

The values of Table 3-10 are taken for further investigations.

An outage of DG only affects the reliability if the main supply is interrupted in the mean time
or vice versa. In other words, the contribution of a DG outage is taken into account by the
coexistence of DG failure and any other component failure, which finally causes a failure of

the whole system.

The calculation for such ’double and multiple faults’ can be expressed by (homogeneous)
Markov process [17] (see annex A.2). It must be noted that *double and multiple faults’ are
different from not so-called ’common mode fault’ (dependent synchronous faults occur in
two lines due to a common cause such as the lighting strike), but are defined as ’stochastic

double faults’ [12] [17]. The impact on each reliability index is shown in Figure 3-19.
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The reliability indices show linear dependency from DG availability. The trend line of node
K3 has the largest slope coefficient as it is directly connected to the DG unit, while the trend
lines of the other three nodes have the same slope coefficient which is smaller than the one of
node K3. The slope coefficient of the network result is dependent on the algorithm of each
index (Equation A -8).

The indices in Table 3-11 indicate that a DG availability of 99.99 % has almost the same
results as with 100% DG reliability (Scenario I-T).

With a considered confidence interval 90 %, the indices are compared in Table 3-11.

90% Confidence Hu (Va) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)

Interval E(x) | Probability E(x) | Probability] E(X) [ Probability] E(x) |Probability

BaseCase T | 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0280 [ 0-0.075 | 0.2595 0-0.69

DG Rel.95% [ 0,0122 | (88%) <0.1 | 6,3083 0-22 0,0074 | 0-0.034 | 0,0536 0-0.22

DG Rel.99% | 0,0108 | (89%) <0.1 | 5,7521 0-17 0,0061 | 0-0.018 | 0,0449 0-0.14

DG Rel.99.9% | 0,0105 | (90%) <0.1 | 5,6289 0-13 0,0058 | 0-0.013 | 0,0430 0-0.11

Scenariol - T | 0.0105 | (90%) <0.1 | 5.6130 0-13 0.0057 | 0-0.013 | 0.0428 0-0.11

Table 3-11 Indices Comparison Concerning DG Availability

Compared to Base Case T (without DG), there is a much higher reliability with micro-
sources even if the units are only 95% reliable, although more failure combinations are
considered due to the micro-source outages. The new failure combinations generated by
micro-source outages are caused by ’double and multiple faults” which occur with very low
probability.
Summary

The impact of the availability of DG on network reliability is not a stand-alone factor. DG
outages contribute to system reliability with coexistence of other component failures, which
can be presented with the help of (homogenous) Markov Process. Compared to the Base
Case T (without DQG), the reliability indices are improved significantly anyhow with DG,
even if the DG units show a certain unavailability. Moreover, along with the increase of DG
outages, i.e. worse DG reliability, both node and network reliability results are getting worse
with linear characteristics. The node where the DG unit is connected shows the strongest
dependency on DG availability.

1.6 SimpleNetwork Analysis— Time-dependency of Generation and L oad Profiles

1.6.1 General Introduction

In most of the literatures related to the field of micro-source reliability, the effect of micro-
source on distribution networks is simulated with fixed operating point, rather than
considering the actual time-dependent availability of DG units (known from Capacity Factor
(CF) and Availability Factor (AF), attached in A.5). Intermittency of the generation is
considered in a generally reduced availability of the unit. However, especially for RES, the
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actual output is strongly dependent on the intermittency of the primary energy resources at
that time, such as sunlight, wind, water and so on, which is normally not controllable.
Consequently, the impact of micro-source on system reliability may vary compared with the
impact of micro-source units with constant operation.

In this chapter, the time-dependent information of the DG units (PV, WT and CHP in this
report) is considered during the simulation. Other network settings stay the same as Scenario
[, but the input load ADC is rearranged according to different DG types. Three single options
PV, WT and CHP are analysed respectively as Scenario Il, Scenario Il and Scenario IV,
where the household load profile is adopted. Different technologies are mixed as well as
micro-source allocation is varied to observe the optimum case for reliability improvement.
Lastly, the number of DG units are determined that are required to have equivalent reliability
in an islanded network operation as in case of a grid connection without micro-source.

As it is currently not possible to simulate actual generation profiles with PSS™SINCAL
(only rated output power and control methods of the injection units are adjustable), new ways
had to be found to evaluate this impact approximately. Conditional interruption probabilities
pzjk are considered to demonstrate the relationship between generation and demand. When
the output power is higher than the demand, there will be no interruption, and thus an
improvement of reliability.

Thus, it is necessary in a first step to compare the annual load curve (ALC) and the annual
generation curve (AGC) and to count the hours per year when the output is higher than the
demand (fully supplied hours). In a second step a new ‘virtual’ operating point (rated power)
of the DG unit is determined according to both the new input load ADC and the previous
determined fully supplied hours of each unit in order to reach similar contribution to the
eliminated interruptions during that duration by actual performance of the unit.

1.6.1.1 DG unitswith household load

In this chapter the impact of the micro-source technologies photovoltaic system (PV), wind
turbines (WT), and CHP units (CHP) on the supply of household loads is analysed.

Photovoltaic (PV) generation
PV generation is of highly intermittent nature. A comparison of hourly load profiles of the

household load with simultaneous PV generation for the case of a 100 % PV penetration
demonstrates that — despite of equal installed capacities — PV generation is able to balance
demand locally only for a limited number of hours per year (Figure 3-20). The definition of
the capacity ratio is similar as the demand ratio in Section 1.4.1.1, with
P =R /Ps,.. =P /Py .

max
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Figure 3-20 Hourly Household Load and PV Generation Profiles

The annual duration curves (ADC) of the corresponding power balances (Figure 3-21) can be
calculated as the difference between load and generation. They are taken to determine new
input ADC for the simulation of the reliability contribution of PV in PSS™SINCAL.
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Figure 3-21 ADC of PV and the Household L oad

In both figures, the pink and green curves represent the original load (here households) and
generation profile; the curve is the residual power demand of the whole network in
case of 100% penetration with PV units — named as state 1 according to the category 1)
(global influence) in section 1.5.2.1. It is calculated from the actual shapes in Figure 3-20, the
differences between the total network load and the instantaneous PV generation profile.

The blue curve is the residual power demand of the local load AL3 where PV generation is
connected under the same situation that DG size is kept constant (rated power 1.267 MVA
equal to 100% penetration that contributes to the supply of the load AL3 with a maximum
demand of 300 kW) — named as state 2 (local influence). The negative values represent the
surplus power from DG fed to the system when DG output power is higher than the demand.
The number of hours with negative values also indicates the fully supplied hours by DG.

The description of the curves will be used throughout the whole chapter.
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Wind turbines

Wind power is considered as one of the most important renewable energy sources (RES)
worldwide. Besides large wind farms with installed capacities in the range up to GW
connected to transmission networks (and therefore out of scope of this report), there are also
single wind turbines connected to distribution networks.

Hourly profiles of the household load and simultaneous WT generation are plotted in Figure
3-22; the ADC is plotted in Figure 3-23.
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Figure 3-22 Hourly Household Load and WT Generation Profiles
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Figure 3-23 ADC of WT and the Household L oad

CHP generation

CHP refers to an energy conversion process, where electrical power and useful heat are
generated in a single, integrated system, operated either heat-driven or electricity-driven. In
this report, heat-driven CHP operation mode is adopted for forming CHP generation curve,
which means CHP generates heat as primary product while electricity as by-product, as
generally heat-driven CHP is considered to be more efficient and consequently has a large
number of applications, although with negative effects concerning reliability improvement.
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There might be cases where the operation mode is changed from heat driven to electricity
driven in case of failures in the network to enable a local supply in an isolated network
(under the precondition that corresponding Microgrid technologies and sufficient (fuel)
resources are available to allow this operation). However, this will only have effects on
reduction of outage duration; an outage will occur nevertheless if due to limited power
gradients the generation unit is not able to cover a suddenly increased demand.

Hourly profiles of the household load and simultaneous CHP generation are plotted in Figure
3-24, the ADC in Figure 3-25. The blue line of state 2 in Figure 3-25 has only negative
values, as the CHP unit can fully supply the directly connected load AL3 at any time. In
comparison to the generation based on RES, controllable CHP generation has a limited
intermittency.
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1.6.2 Probability distribution of Fully Supplied Hours

Figure 3-21, Figure 3-23 and Figure 3-25 indicate the power balance in case of a 100 %
penetration of PV, WT or CHP units with household load. The load is only fully supplied by
DG if the DG output is higher than the demand (p. — ps < 0).

The probability distribution of the power balance (p. — pg) is plotted in Figure 3-26 for all
technologies. I.e., the probability of household load p. lower than the CHP output pg in one
year (pL — Pc < 0) is 0.4325. This indicates that the fully supplied hours in one year equal
0.4325-8760h ~ 3788h .

To have at least equal power balance with a 90 % probability in CHP option, 38 % of the
rated power of demand should be covered by an additional supply possibility (such as grid
connection or in case of isolated system by battery or other generation units). Concerning PV
and WT more than 75 % of the rated power of demand has to be additionally supplied
although there is a same installed capacity of generation and demand. Due to the high
intermittency and the low output of renewable generation, there is a high probability that the
load cannot be covered even if the installed capacities of generation and load are equal.
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Figure 3-26 Prabability of Power Balance p,. - ps (DER with Household L oad)

The bold curves are directly taken from the annual profiles, as frequency distribution of the
power balance.

Assuming load and generation to be normally distributed leads also to normal distributions of
the power balance (plotted as thin curves in Figure 3-26) that fit quite well to the real
distribution in case of a 100% penetration of PV, WT or CHP (Figure 3-26) (for further
details see annex A.6).

With the calculation 2, = u, + 4, for the expected value and o, =+loy +0, for the

standard deviation of two independent distributions [24], it is easy to calculate the probability
of an equal power balance, as long as the parameters of the normal distribution are
determined, and thus also the fully supplied hours for different mixtures of DG and different
degrees of DG penetration without counting the hours.
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1.7 Impact of Single DG Technology
1.7.1 Impact of PV (Scenarioll)

The method can be realized in 3 steps:

1. Determining Input load ADC

From Figure 3-21, it can be seen that in state 1 ( curve), 422 hours are fully supplied
by PV while in state 2 ( curve), 2491 hours are fully supplied by PV. In other words,
from system’s point of view, Hzke Hzrs and Hzr for any of these four loads can be
considered as zero during that 422 hours while from load AL3’s point of view, Hzks and
Hz13 for AL3 can be considered as zero during that 2491 hours.

These fully supplied hours provide the boundaries for the creation of a new resulting input
load ADC for the simulation in PSS™SINCAL that is identified from the ADC of household
load (red curve, Figure 3-27). The load factor LF needs to be constant also in case of this
discretisation. Segments have to be distinguished for 422 h (step 1) and 2069h (2491h -
422h) (step 2) duration with a demand ratio equal to the mean of the load in each segment.

12

Duration/h | Demand Ratio
6269 0,652
2069 0,270
422 0,104
ul 059 COUSSNOH 1 e v 2009 Pencpatn

Pow er Demand of AL3 after PV 100% Penetration
Input load ADC in SINCAL

Figure 3-27 Input load ADC for PVsOption (Scenarioll)

2. Determining Rated Power of DG

With this new input load ADC, the rated power of DG units can be determined to meet the
requirements for both states, the coverage of the total network demand and the local supply.
This means in state 1, DG output power is between the demand ratio of the total load
between step 1 and 2, while in state 2, DG output power is between the demand ratio of the
local load in K3 between step 2 and 3. Consequently, there is

o forstate 1: 0.104x1.267TMVA< P, <0.27x1.267TMVA,
e forstate 2: 0.27 x0.3MVA< P, <0.652x0.3MVA,

and thus P, €(0.132,0.196)MVA. As we have seen in the previous chapter, there is the same

effect on reliability as long as generation is within these limits assuming pessimistic power
allocation. Therefore, P, =0.18MVAis chosen.
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3. Reliability Results

Table 3-12 shows the reliability indices of this PV option according to adopted load ADC
and rated PV power of DG units. The improvement of network result in comparison with
Base Case H is also given.

Node Hu[/a] | Qu[min/a] Tulh] | Pu[MVA/a] | Wu[MVAh/a]
K1 0,027493 | 1505024 | 9,123577 | 0,005053 0,046218
K2 0,027871 | 1539044 | 9203275 | 0,004608 0,042506
K3 0,025968 | 14,68843 | 9427304 | 0,004503 0,042158
K4 0,028816 | 1624094 | 9,393373 0,005289 0,049759
Network 0031818 | 1855814 | 9720912 | 0,019453 0,180641
BaseCaseH | 0.033275 | 195183 9.776258 0.01976 0.183309

Table 3-12 Reliability Indices of PV Option

With a considered confidence interval of 90 %, the network indices are compared in Table
3-13 in respect to Base Case H.

90% Confidence .
Interval Hu (/&) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)
Base Case H (72%) <0.1 0-52 0-0.053 0-0.49
Scenario Il (PVs) (73%) <0.1 0-50 0-0.052 0-0.48

Table 3-13 Network Indices Comparison between PV Option and Base Case H

1.7.2 Impact of WT (Scenariolll)
Determining Input Load ADC
From Figure 3-23, it can be seen that in state 1 ( curve), 1527 hours are fully supplied

by WT, while in state 2 ( curve), 4610 hours are fully supplied by WT. Therefore, the
input load ADC for WT option can be identified as plotted in Figure 3-28.
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Figure 3-28 Input load ADC for WT Option (Scenario I11)
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1. Determining Rated Power of DG

From Figure 3-28 it can be derived:

o forstate 1: 0.135x1.267MVA< P, <0.454 x1.267TMVA;

o forstate 2: 0.454 x0.3MVA< P, <0.743x0.3MVA,
and thus Pg, €(0.171,0.223)MVA . Therefore, here P, =0.21MVA is chosen.
2. Reliability Results

The reliability indices of WT option are listed in Table 3-14, compared with the network
result of Base Case H.

Node Hu[Va] | Qumin/a] | Tulh] | Pu[MVA/a] | Wu[MVAN/a]
K1 0,024813 13,45125 9,035151 0,004922 0,044917
K2 0,025191 | 13,79145 | 9,124657 0,00449 0,041336
K3 0,021347 | 12,20287 9,52754 0,00411 0,038887
K4 0,026136 | 1464195 | 9337093 | 0,005158 0,048458
Network | 0028769 | 1666182 | 9,652543 0,01868 0,173599
BaseCaseH | 0033275 | 19,5183 9,776258 0.01976 0.183309
Improvement | 13,54% 14,63% 1,27% 5.47% 5.30%

Table 3-14 Reliability Indices of WT Option

With a considered confidence interval 90%, the network indices are compared in Table 3-15.
The improvement is with respect to Base Case H.

90%5;‘;5;"““ Hu (Va) Qu(min/a) | Pu(MVA/a) | Wu(MVAh/a)
Base Case H (72%) <0.1 0-52 0-0.053 0-0.49
Scenario I11 (WT) (75%) <0.1 0-45 0-0.050 0-0.47
[ mprovement 0%-13.5% 0%-5.66% 0%-4.08%

Table 3-15 Indices Comparison between WT Option and Base Case H

1.7.3 Impact of CHP (Scenario V)
1. Determining Input Load ADC

From Figure 3-25, it can be seen that in state 1 ( curve), 3788 hours are fully supplied
by WT, while in state 2 ( curve), 8760 hours are fully supplied by CHP. Therefore, the
input load ADC for CHP option can be identified as plotted in Figure 3-29.
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Figure 3-29 Input load ADC for CHP Option (Scenario V)

CHP units itself, as traditional fuel generators, have — depending on size, manufacturer and
technology - an availability between 80% to 99% according to heat- or electricity-driven
operation mode. Here it is assumed that the reliability of CHP unit is 90%.

2. Determining Rated Power of DG unit

From Figure 3-28, it can be derived

o forstate 1: 0.322x1.267TMVA< P, <0.698 x1.267TMVA;

o forstate 2: P, > 0.3MVA,
and thus P, €(0.408,0.884)MVA. Therefore, Pgr = 0.6 MVA is chosen.
3. Réliability Results

The reliability indices of the CHP option are listed in Table 3-16 (with 100 % availability of
CHP unit), and in Table 3-17 (with 90 % availability of CHP unit), each compared with the
network result of Base Case H.

Node Hu[Va] | Qu[min/a] Tulh] | Pu[MVA/a] | Wu [MVAh/a]

K1 0,019328 | 10,17946 | 8,777781 0,004103 0,036778

K2 0,019706 | 10,51966 | 8.897136 0,003754 0,034011

K3 0,012061 | 7,194757 | 9,942117 0,002526 0,02511

K4 0,020651 | 11,37016 | 9,176404 0,004339 0,04032
Network 0022563 | 12,80776 | 9,460707 | 0,014722 0,136218
BaseCaseH | 0033275 | 19,5183 9,776258 0.01976 0.183309
Improvement | 32,19% 34,38% 3,23% 25.50% 25.69%

Table 3-16 Reliability I ndices of CHP Option (100 % available)
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Node Hu[Va] | Qumin/a] | Tulh] | Pu[MVA/a] | Wu[MVAHa]
K1 0,020644 10,68729 8,628437 0,00423 0,037608
K2 0,021022 | 11,02749 | 8743009 | 0,003868 0,0347578
K3 0,014527 | 8069097 | 9257273 | 0,002825 0,0268381
K4 0,021967 | 1187799 | 9012185 | 0,004466 0,0411498

Network 0,024148 13,4385 9,275188 0,015389 0,1403537

Base Case H 0,033275 19,5183 9,776258 0.01976 0.183309

I mprovement 27,43% 31,15% 5,13% 22,12% 23,43%

Table 3-17 Reliability Indices of CHP Option (90% available)

With a considered confidence interval of 90 %, the reliability indices for the network as well
as the improvement with respect to Base Case H are compared in Table 3-18.

90% Confidence Interval Hu (1/a) Qu (min/a) Pu (MVA/a) Wu (MVAh/a)
Base Case H (72%) <0.1 0-52 0-0.053 0-0.49
Scenario 1V

: 80%) <0.1 0-34 0-0.039 0-0.37

(CHP, 100 % available) (80%)

Scenario 1V
80%) <0.1 0-35 0-0.041 0-0.38
(CHP, 90 % available) (80%)

Table 3-18 Indices Comparison between CHP Option and Base Case H

1.7.4 Consideration of Intermittency with reduced DG availability

The reliability results in previous sections are simulated considering the real time-dependent
intermittency of DG units in parallel with given real time-dependent load profiles. A
common approach in literature to consider this 'reduced' availability of DG unit due to
primary resources unavailability is to assume a constant operation of the units, but, with a
reduced availability. This section is dedicated to determine if this approach is valid as such a
simulation is much less demanding.

For this, DG unit are modelled with a constant output, but, with only 15% (PV), 22% (WT)
or 50% (CHP) availability, with respectively 1314 h/a, 1927 h/a or 4380 h/a in operation.
Table 3-19 demonstrates the DG reliability input data (2 schemes with fixed failure rate H =
100 /aand H = 10 1/a).

15% 22% 50% 15% 22% 50%
DER Réliability
PV WT CHP PV WT CHP
H [Va] 100 100 100 10 10 10
T [h] 74.46 70.08 438 744.6 700.8 438

Table 3-19 Input data of highly unavailable DG Units
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The reliability indices achieved in the different simulation modes are compared in Figure
3-30. Different setting of failure rate and down time of DG unit under same unavailability
duration impacts only reliability indices H, and P,, but shows almost no difference in Q, and
W,.

Generally, it can be seen that interrupted power and energy not supplied is underestimated by
the simulation approach with constant DER operation with a maximum error around 20%.
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Figure 3-30 Reliability Comparison Concer ning Different Simulation M odes
Thus, the simple simulation method is applicable as long as only rough estimates about the

impact on reliability are required. For more precise analysis it is necessary to consider time-
dependent intermittency.

1.7.5 Comparison of Reliability Impact of Different DG Types

The reliability is obviously improved by the penetration of DG units, but the degree of
improvement varies for each DG option. CHP units have the most significant contribution to
the improvement of reliability because of the continuous and stable generation. PV units

contribute on lowest degree to a reliability improvement due to their relatively low power
availability. WT units are in between.
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interruption has only a slight improvement as it is mainly dependent on the remedial

measures which are almost neglected in this simple network; and other indices are all

improved with a considerable degree.

The comparison of reliability indices in each DG option can be easily seen in Figure 3-31 for
H,.Q,.P, and W, respectively. The indices of Base Case H and Scenario I-H are plotted as

well. Furthermore, the reliability improvement of each DG option and Scenario I-H in
comparison with Base Case H are listed in Table 3-20.
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Figure 3-31 Reliability I ndices depending on Different DG Types
| mprovement Hu (JJa) Qu (mln/a) Pu (M VA/a) Wu (M VAh/a)
(%0) E(x) | Probability E(x) | Probability] E(x) [ Probability] E(x) |Probability
Base CaseH | 0.0333 | (72%) <0.1 | 19.5183 0-52 0.0198 | 0-0.053 | 0.1832 0-0.49
Scenariol-H | 68.4% | (90%) <0.1 | 71.2% | 0%-75% | 79.3% | 0%-83% | 83.5% | 0%-85.7%
Scenario Il 4.4% | (73%) <0.1 4,9% 0%-3.8% | 1.6% | 0%-1.9% | 15% | 0%-2.0%
Scenario Il 13,5% | (75%) <0.1 | 14,6% | 0%-13.5% | 55% | 0%-5.7% | 5.3% | 0%-4.1%
Scenario 1V 32,2% | (80%) <0.1 | 34,4% | 0%-34.6% | 25.5% | 0%-26.4% | 25.7% | 0%-24.5%

Table 3-20 Réliability Improvement by different DG Options, Base Case H and Scenario |-H
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The improvement concerning different indices is plotted in Figure 3-32.
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Figure 3-32 Reliability Improvement by Each DG Option Concer ning Different Indices

From the comparison between each DG option and Scenario I-H, it can be seen that the
reliability improvement by actual DG penetration is much less than the scenario with fixed
operating point of DER, which proves that it is necessary to consider the correlation of
generation profile and load profile rather than using the fixed output power of generation and
constant load demand (chapter 1.5), especially for intermittent energy resources.

Furthermore, Figure 3-31 also indicates that reliability of node K3 shows the highest
improvement of all three options as the DG unit is directly connected there.

1.8 Reéliability Impact of Demand Side M anagement

There are two possibilities to have an equal power balance locally, increased generation or
measures on the demand side such as a general reduction of the demand. This section
therefore aims at the question with which approach a higher reliability contribution is
achieved: simulation of DG penetration or modelling the load with lower LF, both resulting
in equal power flow in the network.

The WT is taken as an example in this study. The orange curves in Figure 3-23 or Figure
3-28 indicate the actual power demand in case of 100% WT penetration (installed capacity
equals demand), which is obviously less than the original demand of household load (pink
curve). To simulate the equivalent power demand as with WT, one load ADC was identified
with same LF as the orange curve in WT option (Scenario LM) (Figure 3-33).

The negative values in orange curve is the surplus power from WT fed back into the network;
from the demand point of view, these values can be considered as zero (demand ratio is
approximated to be 0.01 as zero is an unacceptable input value in PSS™SINCAL).
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Figure 3-33 Load ADC of Scenariolll and Scenario LM

The reliability indices are shown in Figure 3-34. The specific settings of three cases are:
e Base Case H: without DER; 3 — states household ADC with LF 0.535
e Scenario ll1: with WT penetration; 3 — states household ADC with LF 0.535
e Stenario LM: without DER; 3 — states ADC with LF 0.355 (equivalent power demand

as WT penetration)
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O Baze CaseH
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e
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Figure 3-34 Reliability Comparison between Scenario I11 and Scenario LM
While in Scenario 111 with WT all reliability indices get improved shows scenario LM only
impact on power related indices P,and W, ; H,and Q,keep constant as Base Case H. As

there is less demand to be covered in scenario LM the reduction in P, and W, is even higher
than in scenario III for pessimistic power allocation mode as restricted power is unacceptable
in this case; the improvement of P, and W, equals the case of WT installation in optimistic

mode (Equation A -7).
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1.9 Impact of DG Allocation
1.9.1 General Allocation Options—100% Penetration L evel

With discussions in the last section, impact of each single DG penetration option has been
already modelled and compared. This section is primary focused on the optimization of
mixed DG allocation for the attempt of optimum reliability improvement.

Technical analyses based on loss reduction and peak reduction determined optimum
allocation for CHP-PV-WT in the network, in radial network ideally from the end-feeder to
upstream with such an order.

Furthermore, 7 possible DG options based on the allocation order CHP-PV-WT are checked:
single CHP, single PV, single WT (introduced in the last section), CHP-PV, CHP-WT, PV-
WT, and CHP-PV-WT. Due to the properties of PV, such as zero power output during night
time and relatively low capacity ratio, it is not preferable to apply single PV to the nodes in
most of the cases, but is favourable for CHP-PV or PV-WT due to the good compatibility of
PV while concerning the contribution to loss reduction.

One of the most important targets of DG penetration is to sustain System adequacy in island
mode. Thus it is necessary to examine simultaneous generation and load profiles in each
allocation option. Intuitionally, in other words, the evaluation of the reliability is to count the
fully supplied hours in one year of each DG penetration option.

Three typical load profiles (taken from the standard German load profiles) are studied in this
section: industry load always need a certain electricity demand to satisfy the ordinary
production; in contrast, commercial load demand can be varied in large scale dependent on
the time of business activities; and household load is in between (Figure 3-35).

1.2 4

Household load

T T Industry load
Commercial load

0.8

0.6 -

Demand Ratio

0.4 -

0.2 |

0.0

0 17‘52 35:04 5256 760H ours 8;60
Figure 3-35 ADC of Household Industry and Commercial L oad Profile

During computational processes, 1 % allocation rate step for progressive allocation schemes
under 100% PL is adopted and the optimum allocation rate, which is in accordance with
maximum possible fully supplied hours under this allocation rate in each option, is listed in
Table 3-21.
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L oad profiles DER options 1 2 3 4 5 6 7

Housshold | CHP (%) 100 99 99 98
PV (%) 100 1 1 1
WT (%) 100 1 99 1
Fully supplied 3788 | 422 | 1527 | 3747 | 3758 | 1506 | 3718
Hours (h)

Industry CHP (%) 100 99 99 08
PV (%) 100 1 1 1
WT (%) 100 1 99 1
Fully supplied 1258 | 102 540 | 1211 | 1223 | 529 | 1161
Hours (h)

Commercial | CHP (%) 100 99 99 08
PV (%) 100 1 14 1
WT (%) 100 1 86 1
Fully supplied 6835 | 1725 | 4173 | 6821 | 6824 | 4190 | es14
Hours (h)

Table 3-21 Maximum Possible Fully Supplied Hours of DG Options

CHP units always occupy the most of the percentages during the mixed DG options, in order
to achieve the best reliability, i.e. the maximum possible fully supplied hours. It is because
CHP units are to a certain extent controllable injection units and hence can provide more
stable output power than any other RES.

On the other hand, the reliability could achieve higher improvement with the PV-involved
mixed options in comparison with the single PV option. Furthermore, the best cases in PV-
involved mixed options always occur with low allocation rate of PV.

The generation of WT is strongly dependent on the complicated geographic and weather
conditions which generally have no obvious time or season dependent disciplines. Thus it is
hard to find even the rough relationship between the WT output and the load demand. The
best case of mixed PV-WT option with industry load shows reliability better than single PV
but slightly worse than single WT; but with commercial load, the reliability of this option is
better than the both of the single options.

19.2 DG isldanded Operation in Comparison with Grid Connection

As we have seen in last section, 100 % DG penetration is far away from sufficient system
adequacy. Considering islanded operation mode, it is necessary to investigate the DG
capacity required to achieve a reliability level equivalent to grid connection.

The grid connection is considered as slack node here, having a capacity always equal to the
demand. It is assumed to be 100% reliable, and can therefore fully supply all the loads during
the whole year. The objective of this section is to observe the DG size (penetration level of
assumed 100% reliability DG) of each allocation option that can also fully supply all the
loads during one year.
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Common approaches only define DG units with an availability factor and demand with a
constant value for sake of simplicity. In fact, especially for intermittent RES, the availability
factor (taking primary sources availability into account) is very low, such as 0.2 for wind
farm or even lower for PV; another unit of the same intermittency type is probably not
available either. Therefore, the resulting DG size from the simplicity may make no sense to
cope with the intermittency in reality and hence in this section the synergy of generation and
load profiles is considered.

Due to their high intermittency it is unfeasible to use only the single technology WT or PV to
fully supply the load within the whole year (8760 h), and in a similar way, neither does a
combination of both (PV-WT). Only the combination of intermittent generation units based
on RES with controllable units or storage units can achieve an equivalent reliability as a grid
connection, i.e. usage of single CHP, CHP-PV, CHP-WT and CHP-PV-WT. Table 3-22
shows the minimum PL of the DG in each option that can fully supply the load over 8760 h
and one of the possible allocation schemes that was successively computed with 1 % rate
step.

It can be seen that in most cases around 300 % DG capacity are required to act as a similar
slack node as the main grid and consequently have the equivalent reliability contribution to
the network as the main grid normally does when DG is in islanded operating mode.

L oad profiles | DER optionswith allocation rate 1 2 3 4

Household CHP (%) 100 98 98 98
PV (%) 2 1
WT (%) 2 1
Minimum PL —of DG Fully} ;g 2,99 2.98 2.98
Supplying L oads

Industry CHP (%) 100 96 97 96
PV (%) 4 2
WT (%) 3 2
M |n|mgm PL of DG Fully 505 599 3 3
Supplying L oads

Load profiles DER optionswith allocation rate 1 2 3 4

Commercial JCHP (%) 100 73 74 73
PV (%) 27 1
WT (%) 26 26
M |n|mgm PL of DG Fully 59 508 597 508
Supplying L oads

Table 3-22 Equivalent Reliability Contribution between DG Island M ode and Grid Connection
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CHP occupies the largest allocation rate in all of the options as the previous studies. But it
should be noticed that the allocation rate shown in Table 3-22 is not the unique one. For
example, in the option CHP-PV with industry load, the allocation rate appears as
CHP : PVs =94% : 6% . It means, to fully supply the load with 8760h, the percentage of
CHP is at least 94%, and this option can keep on meeting the target if the percentage of CHP
is above 94%. By analogy, in the option CHP-PV-WT with commercial load
CHP : PVs:WT =73%:1%: 26%, once the minimum percentage of CHP 73% with the
minimum percentage of PV 1% is achieved, any further larger percentage of PV like 2% with
73% of CHP, or any further larger percentage of CHP like 74% with any rate of PV, can both
meet the target of fully supplying the load at any time in one year. All of the other cases in
Table 3-22 are in accordance with this analysis.

Figure 3-36 indicates the probability of DG fully supplying loads depending on the PL
ranging from O % to 300 % (accuracy 1%). With this figure, the DG penetration level
required to cover the load with a given probability can easily be derived. Further, the
penetration level required to fully supply the load can also be determined; e.g. with a 90%
probability of fully supplying household load, 203 % DG penetration is required.

1,0

With Industry I(_)oad

CHP_Household
{‘HD_D\I_I—Iana
CHP_WT_House + 0,4
CHP_PV_WT_House
CHP_Industry
CHP_PV_Indu
CHP_WT_Indu
CHP_PV_WT Indu [T 0.2
CHP_Commercial
CHP_PV_Comm
CHP_WT_Comm
CHP_PV_WT_Comm

Probability of DG Fully Supplying L oads

‘ ‘ 0,0
0,0 0,5 1,0 1,5 2,0 2,5 3,0
Penetration Level

Figure 3-36 Praobability of DG Fully Supplying L oads by Different Penetration L evel

193 Summary

Similar as the studies of single DG option in last section, the idea of reliability analysis
focused on DG allocation is to count the hours in one year when micro-sources can fully
supply the load. Under the same evaluation criteria, the single CHP option is the most
effective one to improve the reliability. The best case of any other options together with CHP
turns out to be with the allocation rate of CHP as high as possible.

To have equal reliability in islanded mode as in case of grid connection a minimum DG
penetration around 300 % is required, but, only in combination with CHP or any further
storage units.
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The results strongly depend on the yearly shapes of different load segments and of generation
units. In this example standard values from Germany were taken.

1.10 Conclusionsof Simple Network Analysis

This section summarizes the main observations from the analysis of the simple network. First
of all, some limitations of the method applied need to be mentioned:

e The method has a high accuracy in highly meshed networks; however, the errors in
radial networks are considerably large.

e Reactive power Q was not considered. Actually Q is assumed to be always balanced
with the control method of DG unit in reliability configurations of PSSTMSINCAL.
Consequently, all the calculations are based on active power only.

e All the DG units are directly connected to the load nodes, furthermore, for one single
node, only one DG type is considered.
The impact of DG on the reliability of the simple network was studied by two general
approaches: with constant DG operation and with analysis of time-dependent synergy of
generation and load profiles.

Analysiswith Constant DG Operation

In this approach, four aspects were observed separately:
e Impact of DG capacity

The power allocation mode, either pessimistic or optimistic, contributes only to the power
related indices P, and W,. Higher reliability improvements are achieved in optimistic
mode, continuously with respect to the increasing PL.

Without load priority pessimistic mode: both node and network reliability indices H,,
Qu, Py, and W, were improved stepwise and evenly with increasing PL according to the
input load ADC.

Without load priority optimistic mode: both node and network reliability indices of P,
and W, were improved continuously and evenly with the increasing PL.

With load priority pessimistic mode: the node with higher LP had the priority in time
sequence to improve all the node reliability indices, with the improving principle to each
node the same as the case without LP; network indices of H, and Q, were not improved
until the reliability of the node with lowest priority is improved, while P, and W, would
be improved as long as any of the individual node P,, and W, , decreased (discretely).

With load priority optimistic mode: the node indices of P,x and W, x were improved
continuously with the increasing PL, but unevenly due to the varied LP, network indices
of Py, and W, would be improved as long as any of the individual node P, and

W,  decreased, but with continuous improving trend.
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e Impact of Numbersof DG Units

Under the same PL (100 %), one or more DG units were sharing the total DG capacity
during simulations. The reliability improvement is dependent on both the capacity of
each single DG unit and the location of that unit and hence the best scheme could be
obtained when most of the end-customers in DG supply area were fully supplied by the
deployment of total DG units.

e Impact of DG L ocation

The most downstream location that DG was connected performs the best reliability as
DG can reduce the impact of outages which were in the upstream of the DG location.
However, it might not be the optimal choice at the most downstream location in practice
due to potentially large amount of surplus power that DG unit produced.

e Impact of DG Availability

Several schemes of DG availability, ranging from 95% to 99.9%, were simulated in this
aspect. The reliability indices were definitely getting worse compared to 100% DG
reliability, however, the difference was not significant as the impact of DG outages
contributed to the reliability performance only with coexistence of other component
failures, which could result in system deficit. Furthermore, along with decreasing DG
reliability, both node and network reliability were getting worse with linear
characteristics.

Analysis considering simultaneous Generation and L oad Profiles
e Impact of DG Technology

The household load profile was chosen to analyse the synergy with each DG generation
profile in order to simulate the actual intermittency.

CHP units had the most significant contribution to the improvement of reliability because
of their relatively constant output.

To install DG or to cut part of loads could both reduce power demand; under the same
criteria, DG reduce all network indices H,, Q, , P, , and W,, while cutting the load
impacts only the power related indices P, , and W,,.

The reliability improvement considering real intermittency is much less as with
assumption of a constant output; DG units only contribute to a reliability improvement
when the power output is higher than the demand.

e Impact of DG Allocation

Four mixing allocation schemes with allocation order CHP-PV-WT, apart from three
single options were observed respectively in accordance with household, industry and
commercial load profiles.
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A high percentage of total DG penetration should be covered CHP units (or similar
controllable technologies with low intermittency) to get the best reliability performance.

With aforementioned findings, following approaches for effectively improving network

reliability are recommended (Figure 3-37):

In order to achieve a considerable reliability improvement, CHP units or other
controllable resources should be considered first. With only CHP or in combination
with WT or PV technology in which CHP occupies a high percentage, 200% PL can
cover nearly 90 % household load.

After the planned capacity of total DG is determined, it is better to deploy several DG
units to different customer nodes, each with relatively small installed capacity (but
sufficiently large to supply local demand), than to deploy only one unit to one node
with large capacity.

In radial network, moving the DER units to downstream location could lead to better
reliability.

Load profiles should be concerned attentively while planning DG penetration, as it
influences the reliability performance significantly with synergy of DER generation

profiles.
 oad OTHER ASPECTS
- — M anagement
Evaluation Criteria Smaller impact than
1. Optimistic M ode DER Penetration
2. Pessimistic M ode under same criteria Sophisticated
Protection Schemes
Reliability

L ocation
Downstream

PL t

90% L oad Fully
Supplied by CHP:

Type
1.CHP or
controllable

Number of Units
Distributed small units
instead of one large

R esour ces; House: PL=2; 8 ’
2 WT: Commercial: unit with same total
3. PV PL=1.5; capacity

Industry: PL=2.4
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Figure 3-37 Recommendations for Reliability | mprovement
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4 Analytical reliability analysis directly considering reliability
contribution of micro-sour ces

In this approach, based on the results of ZUBER simulation part, reliability indices are
calculated by the analytical method.

1.11 Stochastic load demand and DG generation modelling

For the further analysis of ZUBER simulation result, stochastic load demand and DG
generation has to be modelled. Many papers have been published regarding probabilistic load
flow computations [54]-[58], taking into account stochastic load demand and DG generation.
Different strategies of modelling stochastic property of load and generator are proposed in
these papers. In paper [57] DG generation and load demand are modelled by hourly time-
series data. Large amounts of time-series data are required to be manipulated by this method,
especially when modelling many micro-sources. DG and load can normally be approximated
as normal distribution which avoids the time consuming convolution process. In papers [54]
and [56] a more accurate strategy of combined cumulants and Gram-Charlier expansion are
described to solve this problem. In principle simplified normal distribution is the case that
only two orders cumulants are considered by the strategy of combined cumulants and Gram-
Charlier expansion, so both methods can be categorized as one strategy. The basic reliability
calculation of DG unit and load can be reflected by the following function

Pue=P —-F Equation 4-1
Where P, is the load demand, P, is the DG power; assuming one load and one DG work in
island, when P, is higher than 0, end-customer is interrupted. In contrary, when P, is

lower than 0, end-customer is fully supplied. Other interruption indices are based on the
result of this formula.

This formula is similar with the net flow computation applied in the power flow calculation,
so the method of stochastic modelling applied in the power flow calculation can be also used
in the reliability calculation.

An advantage of combined cumulant and Gram-Charlier expansion (CGCE) is that the
summation of two independent variables can be done by the summation of their cumulants,
which avoid the time consuming convolution process. This dramatically reduces the
computation time. For example when considering only the base order cumulant Gram-
Charlie expansion of the stochastic variable, the distribution of these variables are simplified
to normal distribution, so the summation of such two variables is still normal distribution
,and the mean value and standard deviation are the corresponding summed mean and
deviation of these two variables

U=X+Y=Normal(u, +u,,0,” + Gyz) Equation 4-2

One assumption of this good property is that the variables applied in this method should be
independent. However, DG units and loads are interdependent with each other, so before
applying the Gram-Charlier expansion (see A.7), these variables have to be decorrelated first.
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1.11.1 Decorrelation of interdependent loads and DGs

The property of the cumulant is only valid for independent variables. The generation of many
micro-sources depends on natural factors with statistical interdependencies with customer
load, so strong correlation exists between DG unit and load. Figure 4-1 describes the
correlation of different DGs and loads based on annual German load profiles.

1,2
1
.08 7 @ CHP
@ A
S B Wind
:ﬂ:J 0,6 H apPv
S .
c O Agri
2 0,4 H | Indu
<
o OComm
8 0,2 H W House
0 H a
HP Wind PV Agri Indu Comm House
-0,2

Figure 4-1 Correlation coefficient of German loads and various micro-sour ces

Correlations exist between DGs, between loads, and also between load and DG. PV and
loads show the largest correlation, mainly due to their time interdependence. Three days PV
and loads profiles are indicated in Figure 4-2, all with a peak around noon. During the off-
peak hours of load at night there is also no PV output. WT generation is mainly influenced by
the wind speed, which has small correlation with time, therefore WT have the lowest
correlation with loads and other types DG units.

—pPV

1,2 -
—— Industry

——commercial

AV fM T

AN \
i V] q\v

-0,2 -

rated power

Figure 4-2 PV output power and load demand variation
To eliminate the interdependence of DGs and loads, a decorrelation between load and DGs
has to be done as suggested by [56].
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Let S is a jointly loads and DG variables with mean b=M (é) and a covariance matrix V.

The elements of this matrix are given by
Vi =Var(s),
V; =cov(S,S;)

!

Equation 4-3

Assume the correlation of elements of S is second order. Then a vector of independent

random variable R is obtained by the transformation

R=A" (é - 6) Equation 4-4
where V = AA" is a factorization of the covariance matrix. Matrix A is not unique, it is
convenient to choose the Cholesky factorization [59]; such an 3*3 matrix looks as

a, 0 0 a, &, a; anz a,a, a;a,

V=AAT = a, a, 0 |*0 a, a;|=la,3, alzz + azz2 a8, + 8,8y

A; 8y Ay 0 0 a; 58, a;a;, +a,ay, ‘51132 + az32 + a332
Equation 4-5

Assume V, ; is the element of covariance matrixV , @, ; is the element of matrix A

According to Cholesky factorization, the entries for A can be obtained by

1 & L
a; =—(V, —kZai,kaj,k) fori > j
=1

Equation 4-6

Assume only one load and one DG working in the island, which have nationalized power.
The most basic calculation of reliability can be reflected by

Pe =P —Fs Equation 4-7
So, if S has only two elements (P_F;) then the element of A are

a,, =4/Vy, > a, = 0,

_ ] L Equation 4-8
a21 - V12/ Vll H a22 - V11V12 _V12 / Vll

Combined with Equation 4-4

WPG2-reliablity 69/174 30.11.2009



More Microgrids TG2

PL' :(PL _b1)/a11’

\ Equation 4-9
P. =—(R -b)a, /(a,a,)+(F; —b,)/a,,

Where PL' , P, are the uncorrelated load demand and DG output variable.
The net power of one island with one DG and one load can be determined by

Pa = PL' - PG'

Equation 4-10
= (an - az1)R1 +a, Rz + bl - bz

as the cumulants of a sum of independent random variables are the sum of their cumulants

K (P ) = (8, = 8,) K, (P) + 2y, K, (Py) Equation 4-11
with
kr R)= allr kr (PL') Equation 4-12
kr (PG) = a21rkr (PL') + azzr kr (PG')
Therefore,
kr (PL') = all_r kr (R) Equation 4-13
k, (P ) =—(ay, /(a,,3,,)) K, (P,) +a, 'k (Ps)
And thus,

K (Pe) = (@, —a,)" —a,")/a, )k (P)+a,'k (P,) Fauations-14

When calculating the sum of any correlated random numbers, it can be done recursively by
the following formula. Y,,, =Y, +S , Y, is the summation of first i variables, S is the new

variable that should be summed.

K, (i) ={(1 + cov(Y; S, )/ var(Y,)) = (cov(Y;, S,)/ var(Y,)" |k, () + (-1 k,(S).
where
var(Y,,,) = var(Y,) + var(§ ) — 2cov(Y; S),

cov(Y; S§)=cov(Y,S) - IZillcov(S,,Sj )
=

Equation 4-15
This strategy is applied to micro-sources and all loads in the Microgrid. The covariance
coefficients are indicated in Figure 4-3 with a significantly The correlation between loads
and DG units is dramatically reduced after the decorrelation process.
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Figure 4-3 Covariance coefficients of DGs and L oad

Now non-correlated P, and P, are obtained, whose cumulants can be directly calculated:
a) Compute the moment of P, and P according to Equation A -48

b) Compute the cumulants of P, and P according to Equation A -49

¢) Compute the cumulants of uncorrelated P, and P, according to Equation 4-14,

d) Compute the coefficient according to Equation A -56
e) The probability density function can be calculated by Equation A -57

1.12 Comparison of net power PDF based on CGCE model and discr ete model

To choose suitable orders of the Gram-Charlier expansion, distinct combinations of DGs and
loads with normalized power are applied to the simple island of one DG and one load.
Compared subtraction of discrete hourly power generation and load demand, which can be
regarded as the real distribution of P, , and the probability distribution of P, based on

the expansion of different orders are indicated in figure 3-12.
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Figure 4-4 Different orders CGCE and real curve comparison

Figure 4-4 indicates that the base order of Gram-Charlier expansion (normal distribution)
already offers accurate result of CHP and wind related combination. For PV related
combination higher orders Gram-Charlier expansion offer slightly better approximation to
the real curve, but the improvement compared with normal distribution is not obvious.
Another significant advantage of normal distribution approximation is that, when integrating
the interruption power, which is described in the next section, analytical solutions exist, so
the time consuming discrete integration can be avoided. This can not be avoided with higher
order Gram-Charlier expansion. Therefore in the following analysis part, normal distribution
approximation of DGs and loads are used for the reliability indices computation.

1.13 Analysispart

In this section, (system and customer) reliability indices are computed in Excel worksheet by
VBA programming based on the simulation result of ZUBER after all failure combinations
have been processed

1.13.1 Input of analysis part

Input for the analysis part is the simulation result of ZUBER, which is read from ZUBER
generated text file into an Excel worksheet:

e Island information of busbar and upstream infeeder “Tn” directly after failure and
after each restoration

e Failure frequency of each failure combination
e Failure duration of each failure combination
e Restoration time of each restoration step

The network element information needs to be entered manually including:

e Busbar parameters including, busbar name, total busbar amount, and total load
amount in one busbar

e Load parameters including total load amount in one busbar, load name, load type
(House, Industry, Commercial, Agriculture), load priority (very low, low, normal,
high, very high), and load rated power

e DG parameters including total DG amount in one busbar, DG name, DG type (CHP,
PV, Wind), DG unavailability, and rated power
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1.13.2 Reliability indices computation

In this analysis process customer connected with upstream infeeder is assumed to be fully
supplied, so the reliability indices are regarded as O in this case. Therefore the reliability
indices computation is mainly concentrated on the loads working in island. The computation
method is demonstrated by an example with two DGs and two loads working in the island;
load and DG settings are indicated in Table 4-1 and 4-2.

Load Name Load Type Load Priority Load Rated Power/kW
Loadl Commercial High K,

Load2 House Low K.,

Load3 House Low K.,

Table 4-1 L oad setting of a example to demonstr ate indices computation by SAM

DG Name DG Type DG Unavailability Load Rated Power/ kW
DG1 CHP 20% Ko

DG2 PV 20% Kpes

Table 4-2 DG settings of an example to demonstr ate indices computation by SAM
The computation procedures comprise the following steps.
Step 1. Total power generation calculation in island taking into account of DG
availability

Compared with conventional generation units, DG units normally have modular structures.
Due to economic and technology reasons, micro-sources experience more failure states
compared with conventional generation units. Therefore DG unit availability has to be taken
into account when total power of DGs is calculated. Two approaches are used to model the
DG units with unavailability.

Discrete M odel
The distribution function of DG unit of discrete model is described by
ko(P =0) P=0 Equation 4-16
f(P)= ,
(A-K)yp(u,07) P=0

where k is the unavailability of the micro-source unit.

From this model the summed power generation of two DG units, both of which have certain
unavailability, can be described by the following distribution

kl kzé‘(Ptotal =0) Ptotal =0 Equation 417
f(P +P) =1k (- k(0. )+ K, (1=K )1y, 057 ) +
(=K1 =K, + 11,0, +73°) Po %0

Where 4, and o, are the uncorrelated mean value and standard deviation.

In this model the probability distribution of total power not equal to 0 is overlapped by three
normal distributions. These three parts have to be separately applied to the following
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reliability indices calculations. When n DG units work in one island, the probability
distribution of the summed power is overlapped by 2" — 1 normal distributions, therefore the
calculation complexity is dramatically increased.

Adaptation model

Another alternative model to describe the unavailability of DG units is to transform the mean
value and standard deviation of each DG unit to a new mean and standard deviation taking
into account of unavailability. The micro-source unit is still modelled by an adapted
continuous normal distribution instead of a discrete distribution.

f(P)= ¢(/uadap’o-adap2) Equation 4-18

The adaptation can be done by

Hagap = z pf (p)Ap Equation 4-19

O-adap =\/Z(p_ﬂadp)2 f(p)Ap

The following formulas derive the relationship between g 4,y ,0 o4, and original u,0 :
Hagp = 2, PE(P)AP =D pf (P)KAP+0(1-K) =KD, pf (p)Ap
v L PH(PAP=p

SO /uadap = kluorigin

O-adap = \/Z( p_ /Uadap)2 f ( p)Ap
= (P (P)AP) +itater” 3, T (PYAP— oy 3 2 PF (P)AP
.. :uadap = k:uorigin
. Z f (p)Ap - I‘(’uorigin

SO O-adap = \/Z p2 f ( p)Ap + k2luorigin2 * k - 2kluorigink/uorigin

o in the exp anded expression o, only the first iterm isunknown. It canbederived

as follows

Similar as the €Xp anSion Of O-adapt ’ O-origin = \/z p2 f (p)Ap + k2:uorigin2 * k - 2k/uorigink:uorigin
For theoriginal distribution function, noadaptionisapplied, sok =1
0 ) p’f(p)Ap=oc’+u’ for the unadatpted normal distribution
for the adapted normal distribution " p* f(p)Ap=k(c” + 1*)
substitute this expression to o,

finally oy = /(K+k* —2K?)p* + ko
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From the derivation above, we obtain the direct relationship between the adapted mean value,
standard deviation and the original mean value, standard deviation.

Hogap = k:uorigin Equation 4-20

O-adap = \/(k + k3 - 2kz)/uorigin2 + ko-origin

2

Figure 4-5 indicates the adapted and original PDF of CHP unit with 30% unavailability
compared with the CHP unit with 100% availability.
— 100% Availability

30 Unavailability Original
—— 30% Unvailability Adapted

Probability

Power

Figure 4-5 PDF of adapted and original CHP unit

Due to the adaptation an error is induced into the calculation; Figure 4-6 compares the
interruption frequency and interruption energy based on adaptation model with the discrete,
most accurate model. In this test, one CHP unit with an increasing availability from 0% to
100 % and one house load work in island and the reliability indices are calculated based on

hourly load and generation.

L2 i T

—— Hu Discrete Model ;
1 —=—Hu Adapted Model | ___________________________4 _ :
—— Qu Discreted Model :
*— Qu Adapted Model

Hu/a Qu kw/a
o o o
i o o)

o
N}

100% 90% 80% 70% 60% 50% 40% 30% 20% 10% 0%
Availability

Figure 4-6 Comparison of discrete model and adapted model

Acceptable errors are induced by the adapted model, especially when the unavailability of
DG units is lower than 20%. Considering the low computation time investment, in the
following analysis adapted model is used to describe DG availability.
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Back to the example described at the begging of this section, the total power distribution
applying adapted model is calculated by

o2 Equation 4-21
Pota = #(Hiotars Trorar )

' ' ' ' 2 ' 2 '
Where :Utotal =,U adapl+ﬂadap2aatotaj = Gadapl + O-adapz

2
Step 2: Available power computation of end-customer

Load priority is taken into account for the available power calculation of end-customer. Two
criteria are considered to calculate the available power of end customer

a) Load having higher priority level is supplied firstly by DG units

b) Available power distribution of the loads with the same load priority level is based
on the rated power of this load in proportional to the total load.

In the example, load 1 has the first priority of all the loads, the total DG power will supply
load 1 first, the available power distribution is indicated by

: .2 Equation 4-22

Pavait = P(Havait1 » O aaitt ) e
Where/u;lvail = ﬂt'otal ’ O-;lvail = O_;otal

The surplus available power after supplying load 1 is distributed to load 2 and load 3

according to criterion b. The available power distribution of both loads is

, | 2
Pavajz :¢(:uavajlzﬂo-avajlz )

' ' ' PL, ' ' ' P,
whereu, .., = max(0, - * ), 0 mr =MaX(0,(Cyy — O ais) *———
/uavalz ( (:utotal :ULI) pLZ N P|_3 ) avai 2 ( ( total a\ all) P|_2 N P|_3 )
' ' 2
Pavaj3 = ¢(:uavajl3 ’ 0avaj|3 )
' ' ' Pus ' ' ' PL3
wherew. ... = max(0, — =), 0 gui» =Max(0,(C gy — Cay) ¥ ———
/uava|3 ( (/utotal :uLl) pL2 N P|_3 ) avai2 ( ( total a\ all) P|_2 N PL3 )

Equation 4-23
Step 3: Interruption frequency calculation

With the available power distribution, the net power distribution can be calculated by the
subtraction of available power distribution and load distribution:

Pnet = ¢(/’lnet ’O-ne’( ) Equat|0n 4-24

where Hoet = Havait — Hiet

Load is assumed to be controllable in Microgrid by load shedding. Thus optimistic allocation
mode is applied in the simulation. For each end-customer interruption frequency is calculated
by

Hooi =P *Po Equation 4-25
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Where p, is the failure frequency of the failure combination i, which is read from the

simulation part. p, is the cumulative probability of P, less than 0, which represents the

interruption probability of end-customer in the case of failure i. This value can be achieved
by reading the probability at 0 point from the CDF of P, which is calculated by

p, = NORMDIST (0; lunety;ana';l) Equation 4-26

Step 4: Interruption Power calculation
The interruption power of end-customer k is calculated as

Quoi =P *0, Equation 4-27

p; is still the interruption frequency of end-customer. ¢, is the cumulative interruption
power of end-customer, which is described by

1 (p-p)’ Equation 4-28
*@ 207 d

N2 P

By using the method “integration by part”, analytical solution for this integration can be

a=[ pf(pdp=] p*

achieved. The following formula derives the analytical solution of this integration:

(x-p)’ (x-p)*
J'(_O.Z* 1 *a 2:2 )y *d :I(X_”)* ! *a 2:2
N27 g 27
1 (-’ 1 _(x=w)?
:JX* *xg 20° dX—J,u* g 200 dx
N2 N27
S0,
_(p-w)’ 0 _(p-w)’
0 2 % 1 * 20 yVd = * 1 * 207
JLcet s omre 2 Vdy = [t e )
0 7(P—,u)2 0 _(P—#)2
:jp* 1 * @ 2azd_J'lu* 1 xg 20° (
~, N2z P ~. AN27 P
SO
0 1 (-’ o | (-’ , 0 1 (-’
J'p*Tﬁ*e 202 dp:.[_w(_ol *Tﬁ*e 257 )dp+ .[/1* — *@ 200 dp
1 _(p-w)’ 0 _(p-w)?
:(_0-2*_*e 202 ) gigw "‘,U*I x@ 207 dp

V2z ) LGy

The left part of last equation is objective function that should be integrated. The first term of
right part is the multiplication of constant value and the value of normal distribution PDF
when p is equal to 0, which can be achieved by an Excel-worksheet function
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1 _(p-p)’ Equation 4-29
*e 207 )[P=*= NORMDIST(0; 1; 5;0)
N2 p=0

The second part is the multiplication of constant value and the value of normal distribution

CDF when p is equal to 0, which can be also obtained by excel function

0 1 _(p-p)? Equation 4-30
——*e 2 d_= NORMDIST(0; 1; ;1)

_'[0 N2 P

So finally, interruption power is calculated by

Q,0j =P *Gy =P, * (-0 * NORMDIST(0; 4;30) + 11* NORMDIST (0; ;1) Equeation 4-31

with 1= p1,;0 =0
Step 5: Interruption Energy and Unavailability calculation

The calculation of interruption energy and unavailability is related the restoration process.
After each restoration step is finished, Step 1 and Step 4 have to be repeated to calculate the

interruption power Q,,; and interruption frequency H,, ;

; again.

Interruption Energy and Unavailability is calculated by

Qu,i = z H UK, * (Tu,k+1 - Tu’k) Equation 4-32
k

Wu,i = ZQu,k,i * (Tu,k+1 - Tu,k)
k

Where T, is the restoration time of step k, a simulation result of ZUBER.

Step 6: Interruption duration and interruption cost calculation

The two reliability indices interruption duration T,; and interruption cost C,; depend on

H.i»Qui>P.i-W,; - They are calculated by

Q.. Equation 4-33
T P Cu’i :kp * Pu’i +k,, "‘Wu,i

Where K, is power specific interruption cost and K, is energy specific cost

Step 7: Customer reliability indices calculation

In the previous step, customer reliability indices of each failure combination are calculated.
Reliability indices of each customer for all the simulated failure combination are calculated
repeating step 1 to step 6. The final customer result is calculated by the summation of result
of each failure combination
Q Equation 4-34
Fu :zFu,i > Tu = Hu H Cu :kp*Pu +kw*Wu
i

u

Where F,; represents the reliability indices H ,;,P,; ,Q,;,W,; of failure combination i.

u,i
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Step 8: System reliability indices calculation

Reliability indices of each customer are calculated by repeating step 1 to step 7. The system
reliability indices are based on customer result.

Interruption frequency H and unavailability Q are calculated by
Z F Equation 4-35
F=-—=

N

with N as the number of customers

To evaluate the system reliability accumulatively, interruption power P and interruption
energy W are calculated by summing all the customer reliability indices

F = Z F, Equation 4-36
u

Similar like the customer reliability indices, system reliability result is finally calculated by
Q Equation 4-37

T=-
H

C=k,*P+k, *W
1.14 Case Study

Two networks collected in task 1 of this work package (TG.1) and described in DG.1 are
studied in the following sections: a typical Italian rural (radial) network (Figure 4-7) and a
German urban (meshed) LV network (Figure 4-8).
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Figure 4-7 Italy rural network topology
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Figure 4-8 German urban LV networ k topology

1.14.1 Italy Rural network

Basic evaluation

ZUBER provides accurate results when no stochastic processes exist in the network. A
simulation with 4 DG units - as shown in Figure 4-7 with constant rated power of 3 kW and
constant load of 3 kW - demonstrated identical results for both methods, the analytical
analysis by ZUBER and the SAM method. The reliability setting of the 400V network is
listed in Table 4-3 .

Networ k Component H(l/a) T(h)
Cable 0,0189 15
Distribution Substation 0,006 6,5
Primary Substation 0,0052 5,5
Switch Bay for Busbar 0,0001 3,2
Switch Bay for Finish per Line 0,0002 3,2

Table 4-3 Reliability setting of LV

As MV and HV network topology doesn't exist in network, the total reliability influence from
MV and HV is attributed to upstream infeeder in the network considering worse system
reliability than the rural and urban average indices collected in [60]. Thus, the reliability
indices of upstream MV infeeder are selected as H=3.9/a and T = 3h.
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Reliability influence of different type DG penetration

Figure 4-9 presents simulation results for selected scenarios (Table 4-4) with different micro-
source types, DG penetration level and DG availability (without considering intermittency).

Scenari02100: | No DG units in the network

Scneario2101: | CHP units are distributed in the network The total penetration level is
150%. DG has 100% availability

Scenario2102: | CHP units are distributed in the network. The total penetration level is
100%. DG has 100% availability.

Scenario2103 | CHP is distributed in the network. The total penetration level is 100%.
DG has 80% availability.

Scenario2104 | PV is distributed in the network. The total penetration level is 80%. DG
has 80% availability

Scenario2105 | WT is distributed in the network. The total penetration level is 80%. DG
has 80% availability.

Table 4-4 Scenario 2100-2105

; O Scenario2101
4 4 | @ Scenario2101 12 - B Scenario2102 Qu ha
B Scenario2102 — O Scenario2103
Hu 1/a +— 0O Scenario2103 O Scenairo2104
O Scenairo2104 10 17— m Scenairo2105 | —
3 1| M Scenairo2105 — O Scenario2100
O Scenario2100 8 |
2,5 + —
2 6 - I
1,5 —
4 |
1 N
0,5 — 2
0 0
Network Network
45 1 | @ Scenario2101 140 4 @ Scenario2101 M Scenario2102
B Scenario2102 O Scenario2103 O Scenairo2104
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Figure 4-9 Simulation result of scenario 2100-2105
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Conclusions that can be easily verified are:

e Microsources with higher availability lead to higher reliability improvement of the

network

e Higher penetration levels with micro-sources more improve the reliability of the
network

e The reliability improvement of different DG type can be ranked as follows

CHP> WT >PV

e DG availability influence to reliability indices

Figure 4-10 demonstrates the impact of micro-source availability on network reliability with
settings as in scenario 2101. Increasing micro-source unavailability decreases network
reliability for all types of micro-source. Pu and Wu is linearly dependent on the
unavailability while Hu and Qu is non-linear related with DG unavailability.

3.8 12
Hu l/a
34 Qu h/a
3,2 10
3 —e— CHP
—&—PV 9 —e—CHP
2,8 —a— Wind —=— PV
2.6 g —a— Wind
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Figure 4-10 Impact of DG unavailability on network reliability
The reason for the different relationship between interruption indices and unavailability of
DG unit is due to the different physical background of each index. Hu is calculated by the
comparison of load demand and available power. The comparison result can be only “load
can be supplied” or “load can not be supplied”. Different available power of the load may
have the same comparison result when compared with the same load demand. However Pu is
an accumulated value, which is calculated by the arithmetic subtraction of load available
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power and load demand. Qu and Wu are determined by Pu and Hu respectively. Therefore
Hu and Qu perform different relationship with unavailability compared with Qu and Wu.

1.14.2 German urban LV network

The reliability setting of MV level is selected according German MV and LV network as
H=0, 18/a, T=0,8h. The reliability setting of LV level is selected according to Table 4-3

Again, different scenarios demonstrate the impact of different micro-source technology on
reliability as shown in Figure 4-11 for micro-source penetration level of 80%. Highest
reliability is achieved when CHP units work in electricity driven mode in case of failure.

@ without DG
0,2 4 B with PV
O with Wind Turine
018 {1 ! O mixed Wind PV CHP
! W with CHP Heating Mode
O with CHP Change to Electricity Mode in failure
0,16 +
014 30% Wind, 20% PV
’ and 50% CHP
0,12 -
0,1 -
0,08 -
0,06 -
0,04 -
0,02 +—
0
Hu /a Qu h/a Pu MVA/a Wu MVAh/a

Figure 4-11 Simulation result of German urban LV scenario 2400-2405

5 Time Sequential Monte-Carlo Simulation for Réliability
Analysisin Networkswith Micro-sour ces

In chapter 4 a reliability evaluation technique based on analytical method is implemented.
The advantage of analytical method is that the computation time is shorter in most cases and
the calculation process is more transparent, therefore it can be applied for testing purpose,
like determining the optimised location and optimised DG capacity, however, with analytical
method the detailed modelling of chronological issues, such as daily load curve or DG
generation curve, is only possible with several approximations. In this case, errors will be
induced when the distribution network is highly penetrated with DG unit. The analytical
method is also restricted to only evaluate the average value of reliability indices, sometimes
to a certain range of index distribution [28].

Time sequential Monte-Carlo simulation technique simulates the operational performance of
all the equipments chronologically during a certain observation period. Each observation
period will be simulated for 1000 times in this application. Because the equipment state is
simulated in time, Monte-Carlo simulation is able to model the chronological issues,
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especially the past-dependent issues, like charging and discharging process of storage
element incorporated in grid, which is impossible to be modelled by analytical method. The
operational performance of equipments are achieved by random numbers as well as failure
and restoration probabilistic distribution of each equipment, therefore the reliability indices
of the system in each simulation period is stochastic and the detailed probabilistic
distribution of these indices can be determined by Monte-Carlo method. The disadvantage of
this method is large computation time compared with analytical method.

1.15 Monte-Carlo Simulation Procedure

Two basic techniques are utilized in Monte-Carlo applications to power system reliability
calculation. These are known as the sequential method and non-sequential method. Non-
Sequential methods simulate all the states of the equipment applied in the network. In non-
sequential methods the states of all components are simulated and non-chronological system
state is obtained. In sequential method, first the failure event and repair event of all
equipments are simulated separately by cycle in each observation period and finally the
system state in one observation period is obtained by ranking the element state of all the
system in one period. The sequential method is able to consider the time dependent issues
and therefore applied in the calculation of reliability indices in this chapter.

A general structure of sequential Monte-Carlo simulation process applied in this chapter is
described in the Figure 5-1 with two main loops. One loop is to process all observation
periods. More observation periods correspond with higher computation time, but, the final
calculated result will be more accurate. In this application 1000 simulation periods are
selected, high enough to get quasi-accurate results.

Another loop is to process all the failure events in one observation period, which is selected
as 50 years. In this loop, each failure event will be processed separately, including fault,
restoration and repair processes. Reliability indices will be also calculated in this loop.
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Figure5-1 Flow chart of time-sequential M onte-Carlo simulation

In the following section, the typical Italian rural network (Figure 4-7), with storage units at
each busbar connected with DG, serves as an example to demonstrate the detailed realisation
procedure of time sequential Monte-Carlo simulation.
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1.15.1 Step 1: Failure event list generation

Time to failure and time to repair statistical distribution for electrical element should be
determined in advance. Additionally mean time to failure and mean time to repair statistical
distribution for electrical element should be also determined. The mean time to failure and
restoration of all electrical elements are chosen as applied in analytical method (Table 4-3).

Only LV failure event is considered in this chapter to clearly observe the reliability
difference of different loads.

Timeto failuredistribution

The most popular used time to failure distribution function for electrical element is
exponential distribution. The CDF and PDF for exponential distribution function is

CDF: 1—-e~ AX Equation 5-1

PDF: A*e X

where A is the rate parameter. The expected value of exponential distribution function is
given by
Equation 5-2

E(x)= l, and thus A= b
A E(x)

Timetorestoration distribution

The most popular used time to repair distribution function for electrical element is Weibull

distribution. The CDF and PDF for Weibull distribution is given by
- K Equation 5-3
CDF for Weibull distribution: ~ 1—€& /* quati

k X _ K
PDF for Weibull distribution: ~ * (z)k L gr(X/4)

where k is the shape factor, A is the scale factor. The expected value of Weibull distribution
function is expressed as

E(x)= A*I'(1+1/k) Equation 5-4
So, the scale factor k for exponential distribution is selected as 4 generally. The scale factor k
for each electrical equipment can be determined by

A=EX)/TA+1/k)=E(x)/T(4/5) Equation 5-5

After determining the probability distribution function of each electrical equipment, the
stochastic failure event can be generated by random number and the distribution function as

Time to failure: Ty =—In(1-P4)/ E(X) 1 Equation 5-6

Time to restoration: T, = (—In(1= P4 )"** E(X) e /T (5/4)
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where P, is the random number generated by random generator, E(X),; 1s the mean time
to failure, E(X),., 1S the mean time to restoration.

An example of failure event generation in one observation period for one busbar is shown as
follows to illustrate the event generation process. Assumed failure rate for busbar is 0.006
and restoration time is 5.5 h.

a) Firstly a random stream for each process must be generated. This can be done by the
random generator of excel function.

Stream 1: 0.12133578, 0.15234597, 0.71234589
Stream 2: 0.23458998, 0.52384698, 0.59237468
b) Calculate the first time to failure according to Equation 5-7.
T =-1n(1-0,12133578)/(0,006)=21,30556 a = 21 years, 4894.6h
c) Calculate the subsequent restoration time according to Equation 5-7
T oo = (—In(1-0,2345898))"* *6,5/T'(5/4)=4.2h
d) Update calendar
T =Ty +Teqor =21year2678h+4,2h = 21year4898,8h

fail r

e) Repeat step a) with the second random number in stream 1 generate

T =27 year 4792h
f) Repeat step b) with the second random number in stream 2 generate
Trestor =5 ’5 h

g) Updating the calendar
T =49 years 935,9h

This process is stopped after the calendar is exceeding 50 years observation period. In this
example the third random number will bring the calendar exceeding 50 years, so in this
simulation period, there two failure events for busbar 1 in total.

The failure event of other electrical elements in the network can be obtained by repeating the
process above.

Finally the failure events of the whole system can be merged and sorted into one list
according to the time sequence. Each failure event will be processed separately as described
in the following sections.

1.15.2 Step 2: Network State Analysis

After failure events are generated, the network state must be analyzed to detect the existing
island due to the failure event.
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a) Network topology information

Network topology information includes the following information:

e Terminal Information
Terminal is the connection point of electrical elements in the network. Disconnectors are
mounted on each terminal. Failure current interruption device, which are most cases fuses in
LV, can be chosen to be mounted on terminals according to the protection concept.

Figure 5-2 shows a simple illustration of terminal position in the network. One example of
required terminal information is listed in Table 5-1.

Terminal ID | Terminal Connected Connected Connected Connected Protection ID
Name Element 1 | Element 1 ID | Element 2 Element 2
Type Type ID
4 Terminal 4 Busbar 2 Line 1

Table5-1 Terminal information required for Monte-Carlo simulation
Each terminal connects two elements, so in this table the two elements connected by terminal
are distinguished. Protection ID represents whether fuse is mounted on the terminal. ID “1”
represents fuse is mounted on terminal and ID “0” represents no fuse is mounted on terminal

[[] — Texminal 1

Terminal 2 +— [[]

[]—» Terminal 3

Terminal 4 *—

Tarminal & *— —Ternminal 7
ééu ;é

Figure5-2 Terminal positionsin the network

e Infeeder Information
Infeeder should be distinguished by upstream infeeder or DG, i.e.:

Infeeder ID Connected Infeeder Type DG Type Unavailability Rated  Power
Terminal ID kW
1 1 Upstream
2 6 DG CHP %0 3
Table 5-2 Infeeder information required for Monte-Carlo simulation
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e Busbar Information
An example of busbar information is listed in Table 5-3

TG2

Busbar ID Busbar Name Connected Connected Connected Connected
Terminal Terminal 1 Terminal 3 Terminal 2
Amount
1 Busbar 1 2 2
2 Busbar 2 2 4
3 Busbar 3 3 6 7

It should be noted here that, the amount of terminals that connected by each busbar can be

Table 5-3 Busbar information required for Monte-Carlo simulation

different; so the terminal amount should be specified.

e Lineinformation
An example of Line information is listed in Table 5-4

Line ID Line Name Connected Connected Line Length /m
Terminal 1 ID Terminal 2 ID
1 Line 1 4 5 100

Table 5-4 Lineinformation required for Monte-Carlo simulation

e Transformer Information
An example of transformer information is listed in Table 5-5

Transformer ID | Transformer Name Connected Terminal 1 ID Connected Terminal 2 ID

1 Trafol 2 3

Table 5-5 Transformer infor mation required for Monte-Carlo simulation

e Load Information
Load is directly connected with busbar, so there is no terminal information for load, only the
connected busbar should be specified. In Monte Carlo simulation, similar as in the analytical
method, the load type varies between Industry, Household, or Agriculture. Load Priority is
categorized as “Very High”, “High”, “Normal”, “Low”, “Very Low”, in total five stages.

Load ID Load Name Connected Bus ID | Load Priority Load Type | Rated Power/kW

1 Load 1 3 Normal House 3

Table 5-6 Load information required for Monte-Carlo simulation
It can be seen from elements information, except loads, that all the electrical elements have
the “terminal” information and all the terminals have the information, that with which
electrical elements are terminals connected the following analysis are based on the relations
between electrical element and terminals.

b) Network topology analysis

After failure happens on one element, disconnectors at all terminals of this element will be
triggered, then it should be judged whether a fuse is mounted on these terminals. If a fuse is
mounted on this terminal, a failure will be not extended to another element connected with
this terminal, otherwise all terminals of the element connected with the failure element are
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also triggered to isolate this failure. The similar trigger will proceed until the fuse interrupts
the failure current.

After the failure is isolated, connected elements is categorized into one island, which is
marked by the same number.

In the example shown in Figure 5-3 , after failure happens on the line, which is marked by
“red”, all the elements inside this protection zone are triggered, which is marked by “blue”

- Bug?
Busd ——t

Figure5-3 Islanding topology of Italy rural network
After network analysis, all networks marked by the same island ID are categorized in the
same island, i.e.:

Island ID Infeeder Load

0 Upstream Infeeder

2 Load 7

3 DG 4 Load 6

4 DG 3 Load 4, Load 5
5 DG 2 Load 2, Load 3
6 DG 1 Load 1

Table 5-7 Idland categorization for network topology analysis
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1.15.3 Step 3: Load State Analysis

After the network analysis load state is analysed to calculate the interruption frequency and
interruption power. Load state analysis can be performed in three different cases

a) Load is connected with upstream infeeder

In this case, load can be fully supplied by upstream infeeder, so interruption frequency and
interruption power are both 0

b) Load is disconnected from upstream infeeder and no DG work in the same island
with thisload

In case b, no infeeder supplies this load, so load is interrupted and interruption power equal
to instantaneous load demand at the failure time.

c) Load isdisconnected from upstream infeeder and there are DGsworking in the same
island with thisload.

In case c, two cases should be separately processed.

L oadsworking in the sameisdand have the sameload priority

For instance, in island 5 of last example, load 2, load 3 and DG 2 work in the same island.
Assume at the failure time, instantaneous DG power is P, , instantaneous load demand of
load 2 is P4, , instantaneous load demand of load 3 isP_,;, load 2 and load 3 have the
same priority, then the available power of load 2 is

P Equation 5-7

Pavil.» = Poge -
F)Loadz + PLoad3
In Microgrid load can be shed to instantaneous power at the failure time, so the interrupted
power corresponds to

P

loss

= max(Py 4, — Pos,0) Equation 5-8

Load is regarded to be interrupted when

-P

Availl

F)Ioadl <0 Equation 5-9

L oads working in the sameisdand have different load priority

Assume load 2 having higher load priority than load 3, then
P

Avail,2 =

PAvaiI,3 = max((PAvajl,Z — Pload2):0)

P Equation 5-10

When more loads are available in one island with different priorities, the same iteration can
be done to calculate the available power

P

Avail i

= max((Pai i1 — Ploagji-i1),0) Equation 5-11
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Where Py, and PB4, are the available power and load demand of the load in the last

priority stage. Then the same calculation can be done to calculate the interruption power and
interruption frequency according to Equation 5-8.

1.15.4 Step 4: Restoration and repair process

After the failure is isolated, the restoration process starts. All the triggered elements are
restored. Finally the failure elements are repaired and system work in normal state again.
After each restoration of electrical elements, system state is analyzed again according to
step 2. During the period between current restoration and next restoration, load state is
analyzed chronologically as in step 3 according to the instantaneous load demand and DG
output power of each step. It can be seen from here intermittent micro-source output is
considered. Interrupted energy and interruption duration during this period are calculated.
After the failure element is repaired, the calculated interruption duration and interruption
energy during each restoration step is summed to obtain the total interruption energy and
interruption duration of one failure event. The flow chart of restoration and repair process is
shown in Figure 5-4.

Reconnection triggered element and
. G
system state analysis

Load state analysis and calculate Qu,

Wu every hour between current

restoration and next restoration

next failure
event

Al the triggered elemer
reconnected?

Repair the failure element and calculate
the cumulative Qu, Wu

Figure 5-4 Flow chart of restoration process
After one observation period is finished, system reliability indices Hu, Qu are calculated
according to

F Equation 5-12
_ ZI: ZJ: u,l, |

F
K OP
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Where OP means observation period, which is chosen as 50 year, F, is the system reliability

of the k™ observation period. Fu,i,-

J

failure event j.

is the reliability index for the end load customer 1 of

System reliability indices are Pu, Wu are cumulative values, which can be calculated by

Fo= z z Fui.l
P

Equation 5-13

The final reliability indices after can be calculated by

NS
2 Fk NS
Fy =—1NS , Fyv=>_F

1

Equation 5-14

where NS means the number of observation periods, which is chosen as 1000 times.

1.16

Case study- Italy rural network

1.16.1 Convergence progress of system reliability after applying micro-sour ces

Italy rural network topology is indicated in Figure 5-3 with load and DG power both rated

3kW. The convergence process of system reliability without battery is shown in Figure 5-5.

In theory, Monte-Carlo simulation achieves most accurate result after infinite observation

periods; however as it can be seen, after 300 observation periods system reliability indices

already begin to converge, so it is possible to get quasi-accurate result after sufficient, but

limited observation periods.
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Figure 5-5 Conver gence process of system reliability

1.16.2 Comparison between Monte-Carlo simulation and analytical method

To compare system reliability indices, Figure 5-6 presents the simulation result for both
analytical and Monte-Carlo simulation for CHP penetration of Italian network, Figure 5-7
presents the results for wind turbine penetration, Figure 5-8 that for PV.

O Analytical Method O Analytical Metho Method
0,12 W Monte-CarloMethod 0,5 lM%?l%]e}%zlrloi\/le(:hog 00—
Hu 1/a Quh/a -
0,08
0,3
0,06 -
0,2
0,04 -
0,02 1 0.1 1
0 | 0 H ‘ ‘
Loadl Load2 Load3 Load4 Load5 Load6 Load7 Loadl Load2 Load3 Load4 Load5 Load6 Load7
014 ~—b O Analytical Method 06 O Analytical Method
’ B Monte-Carlo Method ’ ® Monte-Carlo Method
PukW/a Wu kWh/a
0.1 04 +
0,08
0,3 +—1
0,06
0,04 - 02 -
0,02 - 0.1
0 - 0
Loadl Load2 Load3 Load4 Load5 Load6 Load7 Loadl Load2 Load3 Load4 Load5 Load6 Load7

Figure 5-6 Reliability indices comparison for CHP scenario
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Figure5-7 System reliability indices comparison for WT scenario
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Figure 5-8 System reliability indices comparison of scenario 4120

Deviations up to 5% exist between both methods. Generally Monte-Carlo simulation results
are quasi-accurate after enough times simulation periods. As already analyzed in the previous
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chapter, due to the normal distribution approximation, error of analytical result can not be
avoided. It is also interesting to see that the errors for Hu, Qu and Pu, Wu have different
trends, which is caused by different calculation methods for Hu, Qu and Pu, Wu respectively.
Nevertheless, this error is acceptable, which proves again SAM and Monte-Carlo simulation

being successful.
1.16.3 Comparison of probability distribution of reliability indices

Up to now, the reliability assessment is limited in the range of expected value. With regards
to reliability aspects, the risk is mainly derived from the stochastic nature of failure event.
Especially power generation from PV and Wind turbine depend on intermittent weather
conditions; therefore the reliability indices generally posses a very wide probability
distribution. From the aspect of network planning, the rarely happened failure event is also
very important and should be considered during this period, therefore the evaluation of
reliability expected value is not sufficient to have a complete assessment of system
reliability. Probability distributions of reliability indices are required that are generally
calculated by Monte-Carlo method, due to the simulation property of this method. Paper [28]
demonstrates a method to determine the distribution also for the analytical method, however
this works only for the case without micro-sources and is limited to a specific distribution of
failure event. Monte-Carlo simulation is the only possible method to correctly evaluate the
reliability distribution indices due to fluctuation renewable generation.

The cumulative probability density function (CDF) of system reliability indices for CHP
penetration is presented in Figure 5-9 , the PDF is shown in Figure 5-10.
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Figure5-9 Cumulative distribution function (CDF) for Italian rural network with CHP penetration
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Figure 5-10 Praobability density function (PDF) for Italian rural network with CHP penetration

All the reliability indices have a wide distribution that provides more detailed assessment of

system reliability. It can also be derived that from perspective of distribution, that system
reliability is improved by micro-sources.

1.17 Battery Modelling

Wind and solar generation is intermittent, therefore energy storage units are required to be
incorporated into network in order to match the power balance of instantaneous power
generation and load demand. Traditional energy storage elements that may be applied in
Microgrids are battery, flywheel and pump storage. New solutions such as electric vehicles
with distributed storage in the network are out of scope of this report.

Available power of energy storage elements is relevant with charging and discharging
process. As this is strongly time dependent, analytical method is not applicable. In contrary,
Monte-Carlo method simulates the system performance chronologically, so with good
modelling of battery charging and discharging process, Monte-Carlo method is the most
suitable method to simulate reliability impact of storage elements.

1.17.1 Battery charging and discharging modelling

The basic function of the battery is to smooth the fluctuating of power generation. Whenever
instantaneous power generation is higher than instantaneous load demand, surplus power will
be stored into the battery. When instantaneous power generation is lower than load demand,
battery is discharged to supply the load.
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Because of limited volume and weight, all batteries have a limited storage capacity, which is
rated by “Ah”. For instance a battery, which is rated at 100 Ah will deliver 5 A over a 20 h
period at room temperature. From the aspect of battery life time, deep discharging of a
battery should be avoided. Repeated deep discharge will result in capacity loss and even
failure, when the electrode disintegrate due to mechanical stresses, therefore maximal
discharging capacity should be limited in advance. After exceeding this value, control unit of
battery shuts down discharging circuit. Available capacity of a battery is dependent on the
rate at which it is discharged, if a battery is discharged at a relative high rate, the available
capacity will be lower than expected, for instance, if a battery rated at 100 Ah is discharged
at 50 A, it will run out of charge before the theoretically expected 2 hours, therefore to make
use of battery available capacity maximal discharging rate should be limited. In the following
application, maximal battery discharging rate is 20 % of battery storage capacity. The
maximal storage capacity is set as the rated capacity and minimal storage capacity is set as
40 % of battery rated capacity.

The chronological battery storage state can be achieved from the load state and power
generation state, taking into account of maximal charging/discharging rate and minimal

battery storage capacity [61]. Here, it is calculated using the following model:

a. Determinethe surplusgeneration SG(t), which can be either a positive or a negative
valuetime series from the instantaneousload demand L(t) and the power generation

RG(t) using
G(t) = RG(t) — L(t) Equation 5-15

The instantaneous battery charging/discharging power CG(t) is determined by:
If CG(t) > 0, which means battery is charged

CG,, SG(t)=CG,, and ES(t)<ES,_ Equation 5-16
CG(t)=+SG(t) .SG(t)<CG,,, and ES(t)<ES,,,

If CG(t) < 0, which means battery is discharged

~-CG,,, SG(t)<-CG,, and ES(t)>ES . Equation 5-17
CG(t)=1 SG(t) .SG(t)>-CG,, and ES(t)>ES,,
0 ES(t) = ESmin

with ES(t) as instantaneous battery storage capacity, which is determined by charging
/discharging process in the previous hour, CGnay as the maximal charging/discharging power,
ES..x as maximal battery storage capacity, and ESmin as minimal battery storage capacity.
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b. Computetheinstantaneous energy storage of battery next hour ES(t+1), using the

following equation
ES,.. ES(t) + SG(t) <ES,_, Equation 5-18

ES(t+1)={ES,__ ES(t) + SG(t) > ES, .
ES(t) + CG(t) ES,.. <ES(t)+SG(t)<ES,

Assume one household load with 3 kW rated power, one PV unit with 3 kW rated and
battery with 3 kWh rated capacity work in one island, Figure 5-11 indicates the charging and
discharging process of battery.

When instantaneous DG output is higher than load demand, the battery is charged by the
surplus power with limited charging rate. When DG output is lower than load demand, the
battery is discharged to supply the load with limited discharge rate. Battery storage capacity
is not possible to be charged and discharged infinite. They are limited by the minimal and

maximal storage capacity.

Power/Storage Energy

-\\/\'\ /-»/ —e—PV
0,5 —s—House

¥ \'A///( —a— Battery Energy Capacity
———o—o A

Figure5-11 Operation state of battery

1.17.2 Battery impact on reliability performance

When instantaneous power generation is lower than load demand, battery is discharged and
able to supply part of loads what increases system reliability.

Scenario a: 6 kWh battery and 3 kW CHP unit in network asindicated in Figure 5-12

Probability distribution of simulation results with battery is compared to the case without in
Figure 5-13 and Figure 5-14 for PDF and CDF of reliability indices.
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Figure5-12 Location of battery storagein Italian rural network
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Figure5-13 PDF system reliability improvement by battery
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Figure 5-14 CDF System rédliability improvement by battery

To quantify reliability improvement by battery with different combinations of micro-sources,
the following scenarios are investigated (Figure 5-15):

e a: 6 kWh battery and 3 kW PV unit

e b: 6 kWh battery and 3 kW Wind generation

e c: 6 kWh battery and 3 kW CHP operated heat-driven
e d: 6 kWh battery and 3 kW controllable CHP
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Figure5-15 CDF System rdliability indices with battery and different micro-sour ces

Similar to the case without batteries in the network reliability is improved with increasing

controllability and full-load hours of the micro-sources (Figure 5-16). As shown, best results
are achieved with CHP and battery (6 kWh).
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Figure 5-16 Comparison of micro-sour ce technology impact on reliability

Figure 5-17 demonstrates the impact of the battery capacity on the reliability improvement,

together with 3 kW CHP units. Reliability indices decrease up to battery capacity around

20 kWh; a further increase of battery capacity has no further influence of reliability. In this

case battery and micro-sources are already able to supply most of the load in island mode.

So, for each network and load configuration there is always an optimum battery size with

limited capacity (and thus optimum costs).
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1.18 Impact of Microgrid Control on Reliability

Immediate transition to island mode mainly improves frequency dependent reliability indices
as shown in Figure 5-18 and Figure 5-19 for CHP 3 kW and Battery 6 kWh.
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Figure 5-18 Battery storage capacity influenceto system reliability
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Figure5-19 Probability distribution of technology dependent reliability indices
1.19 Comparison of Sequential Monte-Carlo Simulation and Analytical Method

Table 5-8 compares both simulation methods as already described in the previous chapters.

It can be seen that Monte-Carlo method is most suitable to simulate micro-sources located in
the network. However, due to the enormous reduction of simulation time the analytical
method is applied to detect the optimised penetration with micro-sources, which is described
in the next chapter.
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Table 5-8 Comparison of M onte-Carlo method and analytical method

Analytical simulation Monte-Carlo simulation

Accuracy without DG | Most accurate result Quasi-accurate after enough
time simulation

Accuracy after Certain error exists due to the Quasi-accurate after enough
applying DG normal distribution time simulation(1000 times in
approximation of DG unit this experiment, 50 years

observe duration

Simulation Speed Fast Slow
Possibility to get Possible before applying DG Possible
probability distribution | (after applying DG will be

function further studied)

Possibility to simulate | Not possible Possible
battery

Applying area in the Test the optimization result of Simulate the battery
reliability studies DG position, and DG power get the distribution function

6 Optimum micro-source planning strategy considering their
impact on reliability
Two different planning strategies are investigated in this chapter - the technical reliability

improvement, which means achieving the best reliability improvement with limited micro-
source number and capacity and the economic benefit caused by reliability improvement.

1.20 Optimum micro-sour ce planning strategy for technical reliability improvement

1.20.1 Micro-source location
In previous reliability studies [51], it is concluded that

e DG located in downstream has better reliability improvement than located upstream.

e Decentralized micro-sources achieve higher improvement than centralized generation.
LV networks — which form Microgrids - are already the most downstream network. From
average German reliability indices [60] it can be seen that most of failures of the network are
caused by MV and HV level; therefore when failures from MV level are taken into account,
failures from LV doesn't have significant influence.

Italy rural network (as from Figure 4-7) with load and reliability settings as above is studied
for the optimization purpose.
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Downstream planning strategy

According to the downstream level bus9>bus7>bus4>bus2, different micro-source locations
(with 100 % CHP penetration) are compared in Figure 6-1 without considering MV and HV.

The simulation result considering MV and HV is plotted in Figure 6-2
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Figure 6-1 Reliability depending on CHP location neglecting HV and MV influence
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Figure 6-2 Reliability depending on CHP location considering HV and MV influence
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All the indices are obviously improved the more downstream CHP units are connected,
because DG located most downstream is able to supply the load in more failure cases.

In Figure 6-2 reliability indices are slightly improved, however the improvement is not
obvious, because when failure is from HV and MV, all the DG units and load work in one
island, so micro-source location in LV has no difference for the reliability improvement.

Centralisation planning strategy

The following scenarios, each with 100 % penetration level, are simulated with and without
considering HV and MV influence separately (Figure 6-3 and Figure 6-4). The reliability
setting of LV is still same as before.
0 a: 1 CHP units are concentrated to bus4
b: 4 CHP units are dispersed to bus6, bus9, busl1 and bus13

(0]
0 c: 5 CHP units are dispersed to bus6, bus§, bus9 .busl1 and bus13
0 d: 7 CHP units are dispersed to bus 3, bus6, bus11, bus12, bus8, bus9 and bus13

0,12 ¢ 012 035 - 035
W
o1 03 | Qu b/a 10,3
008 10,25
0,2
L 0,06
L 0,15
L 0,04
o1
0,02 - 0,05
Lo Lo
1 4 5 7 | 4 5 7
12 12 25+

Wu kWh/a

1 4 5 7 1 4 5 7

Figure 6-3 Reliability depending on number of micro-sources neglecting HV/ MV influence
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Hu 1/a 72+ Qu h/a 12
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Pu kW/a Wu kWh/a

1 4 5 7 1 4 5 7

Figure 6-4 Reliability depending on number of micro-sour ces considering HV and MV influence

System reliability indices are obviously improved when CHP is increasingly dispersed in the
network. In case of failure, CHP is able to locate at more islands, so more loads are able to be
supplied by CHP units, and thus reliability is improved. In Figure 6-4 due to the overlap of
failures from MV and LV, the reliability improvement due to local generation is not obvious
to system reliability.

Penetration strategy in the same downstream level

A further problem for micro-source location is when several loads are connected to the same
downstream level of the network but available generation is not sufficient to cover all loads.
In this case the micro-source unit has to supply that load with highest reliability benefit.
Figure 6-5 compares the interruption costs for the following scenarios:

0 a: One 25 kW CHP unit is connected to load5 with 5 kW rated power

0 b: One 25 kW CHP unit is connected to load4 with 10 kW rated power

0 c: One 25 kW CHP unit is connected to load3 with 15 kW rated power
0 d: One 25 kW CHP unit is connected to load2 with 20 kW rated power

Load3, load2, load5 and load4 have the same downstream level. In the first step LV and HV
influence is not taken into account.
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Figure 6-5 Reliability depending on load size neglecting MV and HV influence

The reliability increases with increasing rated power of the load that was selected for

connection. As already verified above different micro-source location achieves no obvious

improvement of system reliability when only considering the failure from MV and HV.
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Figure 6-6 Reliability depending on load size considering MV and HV influence

In the previous studies all the loads located in the network have the same load priority.

However in the real case, several types of load segments such as household, agriculture,

industry or commercial load face different interruption costs, which is listed in Table 6-1

according to the assumptions from the data collection task TG.1 (see deliverable DG.1);

supply of the loads should thus be attempted with different priorities.

WPG2-reliablity

€kW Minimum Average | Maximum
€/kWh €/kWh €/kWh
Residential 0 0.5 1.5 5
Agriculture 0.5 2 5 10
Industry 3 5 10 25
Commercial 2 5 10 30
Table 6-1 Interruption cost of different types of load
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In the following scenario loads in Italy rural network are categorized by two groups:

0 Groupl: Loadl, Load3, Load4, Load6
0 Group2: Load2, Load5, Load7

Groupl is assumed to be commercial load with higher priority with rated power is 10 kW.
Group?2 is household load with normal priority with rated power 3 kW.

Figure 6-7 compares different connections of 4 DG units (each scenario equal to a total
penetration level of 40 %) with the following variations:

0 a: 4 CHP units are connected to loads of groupl

0 b: 3 CHP units are connected to loads of group1, one unit to loads of group2
0 c: 2 CHP units are connected to loads of groupl, two units to loads of group2
0 d: 1 CHP unit is connected to loads of groupl, three units to loads of group2

Interruptions caused by MV and HV are not taken into account.
35 + T35
30 +

25 +

Scenario5501 Scenario5502 Scenario5503 Scenario5504

Figure 6-7 Interruption costs depending on location of CHP units close to loads with different priority
The interruption cost decreases when more microsources are directly connected to industrial
loads. This strong decrease is caused by higher interruption costs of commercial loads
compared with that of household loads.

1.20.2 Micro-source operation

Figure 6-8 demonstrates the impact of micro-source operation mode on reliability where
4 CHP units with identical output power are applied to bus6, bus9, busl1, and bus13 with a
total penetration level from 0% to 400% CHP in electricity driven mode and heating driven
mode, respectively.
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Figure 6-8 CHP reliability indices improvement with the increase of CHP penetration level

After CHP in heating driven mode exceeding approximate 200% penetration level and in
electricity driven mode exceeding approximate 80% penetration level, the further increasing
of CHP penetration level doesn’t have significant improvement for reliability indices, in this
case, CHP unit is already able to supply most of load. Therefore from technical reliability
improvement point of view, it can be assumed in these cases these penetration levels are
optimised.

1.21 Optimal planning strategy considering economic benefit

Investment costs have not been taken into account for the optimal planning strategy in the
previous section. The objective function of the previous section was to achieve the highest
reliability improvement with a minimum number of micro-sources. However with such
objective function over-investment is still possible.

This section considers also investment costs; the best results should however first fulfil
technical reliability aspects.
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1.21.1 Economic benefit model of micro-sour ces

Micro-sources contribute to reliability when they are able to supply the load in island mode
in case of failures. However additional micro-source control (including more complicated
network protection as i.e. developed in WPC) is required to work in island mode; so the
investment cost regarding reliability improvement is mainly the control unit cost and the
operation cost of the micro-source in island mode. Investment cost in the installation of the
micro-source are not considered here assuming the will operate anyway due to other reasons
providing technical, economic or ecologic benefits to different stakeholders. Additionally,
the period of island working is relatively short compared to the normal operation of the unit,
also justifying that their investment costs are neglected.

The economic benefit EB regarding reliability improvement achieved by micro-sources as
objective function is the difference between the interruption cost per year when no DG is
applied (C) and the costs with DG (C,)

EB=C-C, Equation 6-1
Interruption cost C can be calculated by simulation without any micro-sources depending on

load type specific interruption costs as defined in Table 6-1.

The total cost C, after the DG application can be calculated by
C,=C,+C,+C, Equation 6-2

C,istheinterrupted cost per year after specified DG application
C, isthe operationcost inisland mode per year after DG applicaton
C.isthe control unit cost per year
Interruption cost per year C, after DG application can be achieved by reliability indices.

Energy cost C, in island mode per year after DG application is calculated by
C,=¢,*W Equation 6-3
with W as the energy supplied by DG in island mode, and c,, as specific energy cost of the
unit. It is assumed to be 40 €/ MWh for CHP, while wind and PV are free.
Control unit cost C; is calculated by

C.=N*c_, Equation 6-4

with C. as specific control cost per unit and year and N as the number of control units.

To calculate the investment cost for control unit per year, annuity method is applied:

Nim Equation 6-5
equivalent cash flow A:m* B

N

q -1
with B as the initial capital, q, the discount rate and N the lifetime

Based on this method specific control unit cost is indicated in Table 6-2.
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DG control unit 500 15 5% 40,12
Table 6-2 Specific control unit cost
with
Operational costs DG: CHP: 4 Ct/kWh,

PV: 0 Ct/kWh,
Wind: 0 Ct/kWh

The final objective function is now

EB=K-(c,*W+N*c,+C)) Equation 6-6

Two cases must be distinguished concerning the transition into islanding:

e immediate (direct) islanding without any supply interruption
¢ islanding after a short switching period causing a short interruption of supply
(indirect islanding)

Generally, direct islanding requires more investment. The definition of EB in equation 9-6
applies for indirect islanding. As for household load, interruption power cost is 0, and
considering that even without directly islanding, the duration of re-supplying the load within
the Microgrid is relative short compared to the total islanding duration, there is almost no
difference in the interruption cost between direct and indirect islanding for household load.

It can be seen from the definition of variables in this equation that interruption cost C without
micro-sources is a relative constant value in the case of fixed network topology and load type
that only change with the per unit interruption cost value. c,, and C., are also relative constant
values depending only on the micro-source and the control unit market price respectively .

Thus, to achieve highest economic benefit, the target of optimization is to reduce interruption
cost C, by micro-source, operation time of CHP units with energy W and/or the number N of
micro-sources required for islanding.

It is important to note that the investment cost regarding the reliability is only the investment
of control unit and operation of DG in island, which is not influenced by micro-source
capacity. The higher the DG unit rated power, the lower the interruption cost. The extreme
case is that the micro-source unit can cover the whole load operated in one island, so it is
better to choose the DG unit with higher rated power. However the rated power of DG unit is
restricted by the other technical requirements of the micro-sources in the island. For the
following optimisation we choose a maximum DG power of 140 kW per unit. The influence
to the optimised result by maximum DG rated power is described at the end of this section.

1.21.2 German LV network optimisation

The German LV network (Figure 4-8) with household loads is studied in this section; the
simplified network topology is indicated in Figure 6-9. The network is highly meshed,
therefore two types of load can be found in the network, one feeder load and two feeders

WPG2-reliablity 113/174 30.11.2009



More Microgrids TG2

load. Technically same micro-sources connected to one feeder loads achieve higher
reliability improvements than these connected to two feeders load.

Z20kY MNetwork -

i

=1 =

400¥ Network —5——} h

W W k=

Figure6-9 Simplified topology of German LV network

Optimised result considering average cost model

Based on technical optimisation results from the previous section, micro-sources are
connected to the network according to the following criterion

» DG is distributed to different protection zones

* DG is located to most downstream

* DG is connected with one feeder load
* DG is connected with the load with higher rated power

Different scenarios with increasing number of DG units according to Table 6-3 were
analysed.

Figure 6-10a shows the relation between economic cost and DG unit amount. Replacing DG
amount by reliability, part b) of the figure is achieved, with a definition of reliability derived
from unavailability assuming the unit of Qu is h/a as:

Reliability =1-Q, /8760

Investment costs increase with an increasing number of DG units. The more DG units are
dispersed in the network, the more interruption cost is reduced, but investment cost is
increased. The lowest total cost can be achieved when 4 DG units are distributed in the
network. In this case, the system reliability is increased to 99.9982 %.

According to the technical optimum result, 200 % CHP penetration achieves already best
system reliability indices, a further increase of micro-sources obviously doesn't have an
impact on the system reliability.
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4*140kW

168.58

86.28
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99.9964%

1227, 1212,
1230, 1210

5*140kW

99.9987

128.46

228.46

141.44

99.9973%

L227,1212,
1230, 1210,
1228

6*140kW

58.59732

169.82

228.42

141.48

99.9982%

L227,1212,
L230, L210,
L228, L301

7*140kW

37.0203

210.59

247.61

122.29

99.9988%

1227, 1212, 369,9
1230, L210,
L228 L301,

L295

8*140kW

21.72027

251.16

272.89

97.01

99.9993%

1227, 1212,
L1230, L210,
1228 L301,
1295, L.256

9*140kW

14.62722

291.49

306.13

63.77

99.9996%

1227, 1212,
L1230, L210,
L1228, L301,
L1295, 256,
L219

1*140kW

11.45404

331.71

343.17

26.73

99.9997%

L227

9.470686

371.89

381.36

-11.46

99.9997%

Table 6-3 DG setting of scenariosfor German LV network
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Figure 6-10 Impact on economic cost regarding DG unit and reliability

The total load in this network is 1084 kW, so technically the optimum number of DG units
amount can be calculated by

WPG2-reliablity
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By comparing the technical optimization result and economical optimization result, the
optimum number of micro-sources based on economical requirement is considerably lower
than the result based on technical requirement.

M aximum cost model

With settings as of Table 6-3, maximum cost model is applied to calculate the optimisation
result according to Table 6-4 as shown in Figure 6-11.

0 1233 0 1233 0] 99,9957%
1*140 kW 875,38 43,33858 918,72 314,28 99,9959%
2*140 kW 561,94 86,27956 648,22 584,781 99,9964%
3*140 kW 1233 333,33 128,457 461,79 771,211 99,9973%
4*140 kW 195,32 169,8191 365,14 867,86 | 99,9982%
5*140 kW 1234 210,5864 333,99 899,011 99,9988%
6*140 kW 72,4 251,1654 323,57 909,43 | 99,9993%
7*140 kW 48,76 291,4982 340,26 892,741 99,9996%
8*140 kW 38,18 331,7134 369,89 863,111 99,9997%
9*140 kW 31,57 371,8929 403,46 829,541 99,9997%

Table 6-4 Economic cost in case of maximum outage costs
1400 —&— Interruption Cost 1400 - ¢— Interruption Cost
—@— [nvestment Cost —@— Investment Cost
1200 —a— Total Cost 91200 X —aA— Total Cost
§1000
w
2800 | \
o
© 600
€
S 400
o
@ 200
0 T T T T

99,995 99,996 99,997 99,998 99,999 100,00
0% 0% 0% 0% 0%  00%

DG unit reliability
Figure 6-11 Economic cost regarding DG unit and reliability in case of maximum outage costs

If maximum cost model is applied in the calculation, the optimised number of micro-sources
is increased to 6 with an increased reliability of 99.993 %.

Minimum cost model

The simulation result for minimum outage cost model with costs from Table 6-5 is shown in
Figure 6-12. Due to minimum cost model the interruption cost is relatively low, so it is not
advantageous to invest in any micro-source.
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0 123,3 1233 0 123,3 01 99,9957%
1*140 kW 123,3 87,54 43,338583 130,88 -7,58 1 99,9959%
2*%140 kW 123,3 56,19 86,279561 142,47 -19,17] 99,9964%
3*140 kW 123,3 33,23 128,457039 161,69 -38,39 | 99,9973%
4*140 kW 123,3 19,53 169,8190804 189,35 -66,05 | 99,9982%
5*140 kW 123,3 12,34 210,586391 222,93 -99,63 | 99,9988%
6*140 kW 123,3 7,24 251,1653919 258,41 | -135,11]99,9993%
7*140 kW 123,3 4,88 291,4981834 296,37 | -173,07] 99,9996%
8*140 kW 123,3 3,82 331,7133788 335,53 | -212,23 99,9997%
9*140 kW 123,3 3,16 371,8928794 375,05| -251,75]99,9997%

Table 6-5 Economic cost in case of minimum outage costs
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Figure 6-12 Economic cost regarding DG unit and reliability in case of minimum outage costs

Economic benefit of all three cost models is compared in Figure 6-13. With increasing
outage costs it becomes beneficial to install a higher number of micro-sources for island

operation.
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Figure 6-13 Economic benefit depending on outage costs
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While in the previous studies DG capacity was limited to 140 kW. Figure 6-14 compares the
optimum results caused by different maximum rated power of per DG units, for capacities of
210 kW, 300 kW, 350 kW, 420 kW and respectively, as shown in Table 6-6.

140 141,48 99.9982% 140*4 32.3%
210 194,66 99.9985% 210*3 48.6%
300 232,39 99.9985% 300%*2 46.2%
350 242,15 99.9987% 350*2 53.9%
420 252,09 99.9992% 420%*2 64.6%

Table 6-6 Optimised DG penetration based on maximum DG output power
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Figure 6-14 Optimised DG penetration based on maximal DG rated power per unit

It can be seen from Figure 6-14 that the optimised economic benefit and reliability is nearly
positive related with maximum micro-source rated power which is limited in each
simulation. Also the number of the optimally selected micro-source is reduced from 4 to
2 units with increasing maximum DG rated power.

With the increase of the DG rated power, less DG unit are required to be installed in network
to reduce the interruption costs; therefore, investment costs caused by DG control unit are
also reduced and more economic benefit is achieved. The most extreme case is that the rated
power of DG unit is not limited. In this case it is obviously only one DG unit needed to
achieve maximum economic benefit. This situation is due to the fact that installation costs for
micro-sources were not considered when calculating the economic benefit of Microgrid-
operation. To calculate the added value of Microgrids explicitly additional costs for enabling
island operation, i.e. the difference between normal networks with various dispersed
generation units was only determined.

Due to further technical reasons, DG unit rated power is always limited. The maximum value
of DG rated power must be predefined for all scenarios in order to compare the optimised
economic benefit of micro-sources which is influenced by other factors, such as the network
reliability degree without micro-sources.
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Impact of Micro-sour ce availability

The benefits achieved also depend on the availability of the micro-sources. Figure 6-14
demonstrates that the benefit decreases with decreasing micro-source availability.
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Figure 6-15 Cost impact of micro-source availability with aver age outage cost model
1.22 Optimum battery planning strategy

In the previous sections, analytical method was applied for the optimization purpose,
therefore only DG units can be applied to the network, due to the limitation of analytical
method.

In the cost model battery installation cost is neglected and only control unit cost and
operation cost is applied to battery, therefore battery performs like a micro-source during the
discharging process. The micro-source location criterion for DG units can be still applied to
battery and battery can be analyzed as one micro-source when the cost model is applied.
However the optimum micro-source penetration level changes with batteries; with the
contribution of battery output power, optimum micro-source penetration level should be
lower than the case without batteries.

System reliability of Italy rural network is calculated based on the different combinations of
CHP unit capacity and battery storage capacity (Figure 5-12). From Figure 6-14 it is possible
to derive the combination of DG unit rated power and battery storage capacity which has the
same reliability impact with the case when battery is not installed in the network.

With this method, the optimisation procedure can be done by analytical method without
battery penetration, which is generally quite fast. Similar results are achieved by the Monte-
Carlo method. The combination of DG rated power and battery storage capacity which has
the same reliability impact can be achieved from this curve. This curve is valid to any
optimisation result obtained by analytical method, therefore Monte-Carlo simulation is only
done once during the whole optimization procedures and the optimisation speed is quite
reduced.
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Figure 6-16 System reliability indices regarding CHP capacity and battery capacity

The similar curves for PV unit, WT and battery combination are demonstrated in Figure 6-17
and Figure 6-18.
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1.23 Conclusions

Technically, optimum micro-source location can be obtained based on the following criteria:

0 micro-source is distributed to different protection zones

0 micro-source is located most downstream

0 micro-source is connected to the load with highest demand

0 micro-source is prioritised to connect with the most sensitive load

LV networks building Microgrids are already the most downstream; as most failures are
caused in the upstream MV and HV networks, there is only a slight improvement compared
with other planning strategy.

The most important criterion that influences system reliability is the total micro-source
penetration level in the Microgrid. When micro-sources are able to cover most of the load
demand, a further increasing of micro-source installed capacity doesn’t have obvious
improvement of system reliability. With batteries in the network, the optimum DG capacity
decreases. The optimum combination of DG unit rated power and battery capacity can be
achieved by the reliability equivalent curve regarding DG rated power and battery storage
capacity simulated by Monte-Carlo method.

7 European Network Simulation

In this chapter, European networks collected in WPG task 1 are studied [60]. The reliability
setting of LV level is still same as the previous scenario. The setting of HV and MV network
is taken from average values collected. Generally, urban networks have better reliability
performance than rural networks, therefore reliability setting of rural network is selected
worse than the average value and reliability setting of urban network is selected better the
average value as shown in Table 7-1

Italy Germany Holland Portugal
Rural | urban | Rural | Urban | Rural | Urban | Rural | Urban
Frequency of Supply 3,6 1,3 0,54 |0,18 0,6 0,22 5,4 1,8
Interruption 1/a
Interruption duration h 3 1 1,2 0,8 1,4 1 5 2,5

Table7-1 HV and MV Reliability setting of European network
Network parameters are attributed by average values to each network although not fully
reflecting the realistic operation performance:
e The line length of rural network is 60 m between 2 busbars. The line length of urban
network is 20 m between 2 busbars
e The load of the network is selected as house load with rated power 15 kW

e The protection device is assumed to be a fuse. The assumed protection scheme can
be found in the figure of each network topology.

It should be also noted that the following optimization is focused on DG units. When battery
is also applied in the network, the optimum combination of DG unit and battery can be
achieved by the equivalent curve which is similar as Figure 6-16 to Figure 6-18.
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German urban LV network was studied in the last chapter to demonstrate the reliability

calculation

method.

1.25 Italy rural network

Technical optimum result

Italy rural network (Figure 4-7) — as also studied in previous chapters — yields best results if

CHP units with in total 200% penetration level are dispersed to different protection zones.
The detailed DG setting and load setting can be found in A 8. The simulation result of 200%
Table 7-2 compares CHP penetration with the PV, WT with the same penetration level.

No DG 3,68512217 | 11,14238 | 3,023613 | 208,6264 | 630,80552 | 946,2082856
PV 2,48306655 | 7,492861 | 3,017584 | 161,3352 | 487,58678 | 731,3801758
Wind 2,06450591 | 6,222647 3,01411 102,676 | 309,57573 | 464,3635943
CHP 0,36513039 1,07588 | 2,946563 | 7,930956 | 22,492679 | 33,73901925

Table 7-2 Italy rural network reliability indices of different DG penetration
System reliability indices are significantly improved by micro-source operation, especially
by CHP units.

DG optimisation taking into account economic benefit

Similar as the optimization procedure described in the last chapter, to achieve the best

economic benefit, the following scenarios are simulated.

The simulation results are listed in Table 7-3 for average cost model, Table 7-4 for maximum

cost model and Table 7-5 for minimum cost model. The detailed DG location can be found

by referring the DG connected busbar name of the corresponding optimised scenario to the

network topology indicated in AS.

0 Without DG 946,2083 0 946,2083 0 99,873% 11,14238
1*140 kW Busl3 131,7429 61,83908 193,582 752,6263 99,954% 3,994135
2*140 kW | Busl3, Bus9 23,01617 104,8585 | 127,8746 | 818,3337 99,993% 0,597349

Busl13, Bus9,
3*140 kW Busl1 9,784235 145,3313 | 155,1155 | 791,0927 99,998% 0,197306

Table 7-3 Simulation result with average outage costs

Without DG 3154,028 0 3154,028 0 99,873% | 11,14238 | 0
Busl3 439,1429 61,83908 500,982 2653,046 99,954% | 3,994135 | 1*140 kW
Bus13, Bus9 76,72057 104,8585 181,579 2972,449 99,993% | 0,597349 | 2*140 kW
Bus13, Bus9,
Busl1 32,61412 145,3313 177,9454 2976,082 99,998% | 0,197306 | 3*140 kW
Table 7-4 Simulation result with maximum outage costs
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Without DG 315,4028 0| 315,4028 0 99,873% 11,14238 0
Busl13 4391429 61,83908 105,7534 209,6494 99,954% 3,994135 | 1*140 kW
Busl13, Bus9 7,672057 104,8585 112,5305 202,8722 99,993% 0,597349 | 2*140 kW
Bus13, Bus9,

Busl1 3,261412 145,3313 148,5927 166,81 99,998% 0,197306 | 3*140 kW

Table 7-5 Simulation result with minimum

For each cost model there is a optimum number of micro-sources, as demonstrated in Table

7-6.

Average cost 2 818,33 99,993% 0,5973
Maximal cost 3 2976,25 99,998% 0,1973
Minimal cost 1 209,65 99,954% 3,9941

Table 7-6 Optimised DG penetration of Italy rural network considering economic benefit

1.26 Italy urban network

The Italy urban network topology is indicated in Figure 7-1

e

WPG2-reliablity

1T

C3

Figure 7-1 Italy urban network topology
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Technical optimised result

According to the technical optimization criterion, DG units are decentralized to each

TG2

protection zone, which is indicated in Figure 7-1 . Detailed load and DG setting are listed in

AS.

The technically optimised penetration level for CHP unit is equal to 200% dispersed to each

protection zone. Table 7-7 compares that case with 200% PV, Wind penetration and without

DG units.

No DG 1,375602 1,576622 1,146132 361,3652 414,6824 622,0236
PV 0,955391 1,097345 1,148582 279,582 323,9442 485,9163
Wind 0,811065 0,933773 1,151292 183,5892 214,3273 321,491
CHP 0,0248 0,060123 2,424333 5,594 13,38722 20,08084

Table 7-7 Italy network reliability indices of different DG penetration

Compared to the case without micro-sources, 200 % CHP penetration enormously increases

system reliability indices nearly approaching 0. The system reliability indices are also

improved after PV and WT penetration.

DG optimization taking into account economic benefit

In order to achieve the best economic benefit, based on the technical optimization result, the

following scenarios are investigated for CHP penetration in Table 7-8 to Table 7-10

Without

DG 2073,4119 0 | 2073412 0 | 99,9820% 1,5766219 0

C9 1569,4458 44,1517 | 1613,597 | 459,8144 | 99,9828% 1,505075 | 1*140kW

C9,A7 1112,9895 87,9234 | 1200,913 872,499 | 99,9848% 1,3330359 | 2*140kW

C9,A7,D2 751,28228 130,937 | 882,2193 | 1191,193 | 99,9878% 1,0730575 | 3*140kW

C9,A7,D2,

C3 504,82811 173,029 | 677,8568 | 1395,555 | 99,9912% 0,7739352 | 4*140kW

C9,A7,D2,

C3,C7 331,4045 214,536 | 545,9406 | 1527471 | 99,9941% 0,5209789 | 5*140kW

C9,A7,D2,

C3,C7,B3 231,89127 255,452 | 487,3434 | 1586,068 | 99,9960% 0,3506321 | 6*140kW

C9,A7,D2,

C3,C7,B3,

D5 163,57347 296,119 | 459,6922 1613,72 | 99,9973% 0,2388202 | 7*140kW

C9,A7,D2,

C3,C7,B3,

D5,A2 136,24764 336,457 | 472,705 | 1600,707 | 99,9980% 0,1770506 | 8*140kW 8
Table 7-8 Simulation result with maximum outage cost model
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622,02356 0| 622,0236 0 | 99,9820% 1,5766219 0
470,83373 44,1517 | 514,9855 | 107,0381 | 99,9828% 1,505075 1
333,89686 87,9234 | 421,8202 | 200,2033 | 99,9848% 1,3330359 2
225,38468 130,937 | 356,3217 | 265,7018 | 99,9878% 1,0730575 3
151,44843 173,029 | 324,4771 | 297,5465 | 99,9912% 0,7739352 4
99,421349 214,536 | 313,9574 | 308,0662 | 99,9941% 0,5209789 5

69,56738 255,452 | 325,0195 297,004 | 99,9960% 0,3506321 6
49,072041 296,119 | 345,1907 | 276,8328 | 99,9973% 0,2388202 7
40,874291 336,457 | 377,3316 244,692 | 99,9980% 0,1770506 8

Table 7-9 Simulation result with minimum cost model

207,34119 0| 207,3412 0| 99,9820% 1,5766219 0
156,94458 44,1517 | 201,0963 | 6,244883 | 99.9828% 1,505075 1
111,29895 87,9234 | 199,2223 | 8,118855 | 99,9848% 1,3330359 2
75,128228 130,937 | 206,0653 | 1275923 | 99.9878% 1,0730575 3
50,482811 173,029 | 223,5115 | -16,17029 | 99.9912% 0,7739352 4

33,14045 214,536 | 247,6765 | -40,33532 | 99.9941% 0,5209789 5
23,189127 255452 | 2786413 | 71,3001 | 99,9960% 0,3506321 6
16,357347 296,119 | 312,4761 | -105,1349 | 99.9973% 0,2388202 7
13,624764 336,457 | 350,0821 | -142,7409 | 99,9980% 0,1770506 8

The economic cost regarding reliability are more clearly indicated in Figure 7-2
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Figure 7-2 Economic cost regar ding reliability
By changing the x-axis to the unavailability time of one year for each scenario Figure 7-3
can be obtained.
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Figure 7-3 Economic cost of scenario regarding unavailability

Table 7-11 indicates the optimum number of micro-sources depending on cost model.
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Minimal cost 2 8,118855 99,9848% 1,3330359
Average cost 5 308,0662 99,9941% 0,5209789
Maximal cost 7 1613,72 99,9973% 0,2388202

Table 7-11 Optimised DG penetration of Italy rural network considering economic benefit

1.27 Portugal urban network

Portugal urban network is listed in Figure 7-4
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Figure 7-4 Portugal urban network

Technical optimised result

Similar as the previous network optimization, the optimised position of DER units are
indicated in Figure 7-4 . The optimised result of CHP penetration is again achieved with
200% CHP penetration in the network. Compared with 200% PV and wind penetration
simulation results are listed in Table 7-12 . The detailed load and DG setting can be found in
AS.

Without DG 1,82328 | 4,642385 | 2546172 | 294,919 | 7509145 | 1126372
PV 1233311 | 3,13735 | 2,543843 | 227,9334 | 581.1775 | 871,7663
Wind 1,027599 | 2,613168 | 2,542983 | 1454853 | 370,8238 | 556,2357
CHP 0,185568 | 0475224 | 2,560911 | 11,46706 | 30,03396 | 45,05094

Table 7-12 Technical optimised result of Portugal urban network
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DG optimization taking into account economic benefit

The following scenario is simulated to detect the optimised DG penetration taking into
account the economic benefit for different cost models as listed in Table 7-13 to Table 7-15 .

Without
DG 1126,372 0] 1126372 0| 99,9470% 4,642385 0
N26 672,6312 52,21975 | 724,8509 | 401,5209 | 99,9517% 4,232491 | 1*140kW
N26,N22 329,1009 101,5006 | 430,6014 | 695,7704 | 99,9666% 2,928806 | 2*140kW
N26,N22,
N19 142,7401 146,5902 | 289,3303 | 837,0415 | 99,9829% 1,497004 | 3*140kW
N26.N22,
N19,N46 70,28396 188,6423 | 258,9263 | 867,4455 | 99,9917% 0,725051 | 4*140kW
N26,N22,
N19,N46,
N13 41,24876 | 229,5366 | 270,7854 | 855,5864 | 99,9956% 0,38419 | 5*140kW
N26,N22,
N19,N46,
N13,N61 27,83431 270,0143 | 297,8486 | 828,5232 | 99,9974% 0,230454 | 6*%140kW
N26,N22,
N19,N46,
N13,N61,
N16 21,88547 310,293 | 332,1784 | 794,1934 | 99,9982% 0,157924 | 7*140kW
Table 7-13 Simulation result with average cost model
3754,573 0 | 3754,573 0| 99,9470% 4,642385 0
2242.104 52,21975 | 2294,324 | 1460,249 | 99,9517% 4,232491 | 1*140kW
1097,003 101,5006 | 1198,503 | 2556,069 | 99,9666% 2,928806 | 2*140kW
475,8004 146,5902 | 622,3906 | 3132,182 | 99,9829% 1,497004 | 3*140kW
234,2799 188,6423 | 422,9222 3331,65 | 99,9917% 0,725051 | 4*140kW
137,4959 229,5366 | 367,0325 3387,54 | 99,9956% 0,38419 | 5*140kW
92,78103 270,0143 | 362,7954 | 3391,777 | 99,9974% 0,230454 | 6*140kW
72,95157 310,293 | 383,2445 | 3371,328 | 99,9982% 0,157924 | 7*140kW
Table 7-14 Simulation result with maximum cost model
375,4573 0| 375,4573 0| 99,9470% 4,642385 0
2242104 52,21975 | 276,4301 | 99,02713 | 99,9517% 4,232491 1
109,7003 101,5006 | 211,2008 | 164,2564 | 99,9666% 2,928806 2
47,58004 146,5902 | 194,1702 181,287 | 99,9829% 1,497004 3
23,42799 188,6423 | 212,0703 | 163,3869 | 99,9917% 0,725051 4
13,74959 2295366 | 2432862 | 132,1711 | 99,9956% 0,38419 5
9,278103 270,0143 | 279,2924 | 96,16483 | 99,9974% 0,230454 6
7,295157 310,293 | 317,5881 | 57,86914 | 99,9982% 0,157924 7
Table 7-15 Simulation result with minimum cost model
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The economic benefit can be more clearly seen from Figure 7-5
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Figure 7-5 Economic cost of Portugal urban network after DG penetration with different cost models

Again, there are different numbers of micro-sources depending on outage costs.

Minimal cost 3 181,287 99,9829% 1,497004
Average cost 4 867,4455 99,9917% 0,725051
Maximal cost 6 3391,777 99,9974% 0,230454

Table 7-16 Optimised DG penetration of Portugal urban network considering economic benefit
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1.28 Portugal rural network

Portugal rural network topology is indicated in Figure 7-6 with DG locations marked in

green.
-
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Figure 7-6 Portugal rural network topology
Technical optimised result

Table 7-17 compares the technical optimised CHP penetration with wind, PV penetration as
well as without DG unit penetration.

~ |Hua  [QuhWa [Th  |PukW/a |WukWha |Eueuroa
Without DG 5,543361 | 2762476 | 4983396 | 9414816 | 4691,775 | 7037,663
PV 3,80061 | 18,90254 | 4973556 | 7259518 | 3611219 | 5416,828
Wind 3,189996 | 15,84585 | 4967357 | 467,959 | 2321,635 | 3482452
CHP 0,615663 | 2,966719 | 4818739 | 3872589 | 175,5425 | 2633138

Table 7-17 Portugal rural network reliability indices of different DG penetration

DG optimisation taking into account economic benefit

Simulation results for average, maximum and minimum outage cost model are listed in Table
7-18- Table 7-20.

Without DG 7037,663 0 7037,663 0 99,6846% | 27,62476 0
N24 4276,176 | 113,7597 | 4389,936 | 2647,727 | 99,7092% | 25,47525 | 1*140kW
N24,N20 2105,025 | 211,777 2316,802 | 4720,861 | 99,7930% | 18,1323 2*140kW

N24N20N15 | 912,4312 | 283,6995 | 1196,131 | 5841,532 | 99,8897% | 9,658576 | 3*140kW
N24,N20,N 15,

N10 411,4246 | 337,1797 | 748,6043 | 6289,059 | 99.9469% | 4,650255 | 4*140kW
N24,N20,N15,
N10,N6 212,5278 | 382,6036 | 5951314 | 6442,532 | 99.9731% | 2,352999 | 5*140kW
N24,N20,N 15,
N10,N6,N2 166,4074 | 423.9535 | 5903608 | 6447302 | 99.9795% | 1,7987 | 6*140kW
N24,N20,N15,
N10,N6,N2,N
23 105,0873 | 4657087 | 570,796 | 6466867 | 99.9880% | 1,049141 | 7*140kW
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N24,N20,N15,

N10,N6,N2,N

23,N19 64,32267 | 5069157 | 571,2384 | 6466,425 | 99,9937% | 0,555563 | 8*140kW

N24,N20,N15,

N10,N6,N2,N

23 ,N19,N14 51,20067 | 547,3857 | 598,5863 | 6439,077 | 99,9954% | 0,405802 | 9*140kW

Table 7-18 Simulation result for average outage cost model
23458,88 0 | 23458,88 0| 99,6846% 27,62476 0
14253,92 113,7597 | 14367,68 | 9091,197 | 99,7092% 25,47525 | 1*140kW
7016,748 211,777 | 7228,526 | 16230,35 | 99,7930% 18,1323 | 2*140kW
3041,437 283,6995 | 3325,137 | 20133,74 | 99,8897% 9,658576 | 3*140kW
1371,415 337,1797 | 1708,595 | 21750,28 | 99,9469% 4,650255 | 4*140kW
708,4259 382,6036 1091,03 | 22367,85 | 99,9731% 2,352999 | 5*140kW
554,6912 423,9535 | 978,6447 | 22480,23 | 99,9795% 1,7987 | 6*140kW
350,2909 465,7087 | 815,9996 | 22642,88 | 99,9880% 1,049141 | 7*140kW
214,4089 506,9157 | 721,3247 | 22737,55 | 99,9937% 0,555563 | 8*140kW
170,6689 547,3857 | 718,0546 | 22740,82 | 99,9954% 0,405802 | 9*140kW
Table 7-19 Simulation result for maximum cost model
2345,888 0| 2345,888 0| 99,6846% 27,62476 0
1425,392 113,7597 | 1539,152 806,736 | 99,7092% 25,47525 | 1*140kW
701,6748 211,777 | 913,4519 | 1432,436 | 99,7930% 18,1323 | 2*140kW
304,1437 283,6995 | 587,8433 | 1758,044 | 99,8897% 9,658576 | 3*140kW
137,1415 337,1797 | 474,3212 | 1871,566 | 99,9469% 4,650255 | 4*140kW
70,84259 382,6036 | 453,4462 | 1892,441 | 99,9731% 2,352999 | 5*%140kW
55,46912 423,9535 | 4794226 | 1866,465 | 99,9795% 1,7987 | 6%¥140kW
35,02909 465,7087 | 500,7378 1845,15 | 99,9880% 1,049141 | 7*140kW
21,44089 506,9157 | 528,3566 | 1817,531 | 99,9937% 0,555563 | 8*140kW
17,06689 547,3857 | 564,4526 | 1781,435 | 99,9954% 0,405802 | 9*140kW
Table 7-20 Simulation result for minimum cost model
The simulation result is more clearly indicated in Figure 7-7.
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Figure 7-7 Economic cost of Portugal rural network after DG penetration with different cost model

The system reliability of Portugal rural network is quite low; thus more micro-source units
are worthwhile to be located into the network with a relative high economic benefit. The
optimised DG units are listed in Table 7-21

Minimal cost 5 1892,441 99,9731% 2,352999
Average cost 7 6466,867 99,9880% 1,049141
Maximal cost 9 22740,82 99,9954% 0,405802

Table 7-21 Optimised DG penetration of Portugal rural network considering economic benefit
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1.29 The Netherlands network

TG2

Holland network topology is indicated in Figure 7-8 with DG location marked in green.

N2

NS

HE

loaele 1 =t 1 el |
L T T

Figure 7-8 Holland network topology

Technically optimised result

J
Lt

Simulation result of optimised 200 % CHP penetration compared with PV and WT is
indicated in Table 7-22.

Without DG 0,380492 0,690739 1,815383 33,75924 60,74887 91,1233
PV 0,260548 0,462805 1,776276 26,68533 48,53649 72,80473
Wind 0,219087 0,385139 1,757932 17,43767 31,18001 46,77002
CHP 0,052227 0,087163 1,668918 2,695282 4,555123 6,832684

Table 7-22 Holland network reliability indices of different DG penetration
DG penetration taking into account economic benefit

The simulation results for different cost models are listed in Table 7-23 -Table 7-25

Without
DG 91,12330388 0| 91,123304 0,00 99,53% 0,69073927 | 0
N8 28,76049094 41,783008 | 70,543499 20,58 99.71% 0,41618403 | 1*140kW
N8&,N5 10,03396019 80,739374 | 90,773334 0,35 99,91% 0,1363425 | 2*140kW
N8,N5N2 | 5,864099683 120,4712 | 126,3353 -35,21 99,96% 0,06471482 | 3*140kW
Table 7-23 Reliability indices for average cost model
303,7443463 0 | 303,74435 0,00 99,53% 0,69073927 0
95,86830315 41,783008 | 137,65131 166,09 99,71% 0,41618403 1
33,44653396 80,739374 | 114,18591 189,56 99,91% 0,1363425 2
19,54699894 120,4712 | 140,0182 163,73 99,96% 0,06471482 3
Table 7-24 Rédiability indices for maximum cost model
30,37443463 0 | 30,374435 0,00 99,53% 0,69073927 0
9,586830315 41,783008 | 51,369839 -21,00 99.71% 0,41618403 1
3,344653396 80,739374 | 84,084028 -53,71 99,91% 0,1363425 2
1,954699894 120,4712 | 1224259 -92,05 99,96% 0,06471482 3
Table 7-25 Rédliability indices for minimum cost model
WPG2-reliablity 134 /174 30.11.2009



More Microgrids TG2

Due to the relatively reliable network topology of Holland network, there is no benefit for
DG penetration based on minimum cost model. The largest benefit can be achieved by 1 DG
unit for average cost model and 2 DG units for maximum cost model.

1.30 Germany MV network

An existing German MV network as shown in Figure 7-9 (Piaq = 3.8 MW) with high DG
penetration (Pwr ~ 39 MW, Pcpp ~ 4 MW, Ppy ~ 3 MW) is evaluated in this section. Load
and DG scheme is listed in AS8. The red points in thenetwork topology indicates load while
the blue points show DER locations.

Figure 7-9 German MV networ k topology
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Two scenarios are simulated separately, a network with and one without micro-sources.

Simulation results are shown in Table 7-26.

with micro-
sources

1,321464 631,9198 7,969949 18,44611

172,7341

259,1011

without micro-
sources

2,56993 1352,341 8,77028 73,20997

543,8626

815,7938

Table 7-26 Simulation result with and without micro-sourcesin German MV networ k

It can be seen the reliability improvement by micro-sources is significant.

1.31 Comparison of simulation results on European L evel

Economic benefit

The optimised economic benefits of different networks are compared in Figure 7-10 .

The x-axis is the multiplication of the total load of the network and the unavailability of this

network in each year, which is symbolized by PQ. Y-axis is the economic benefit.

It can be seen that the optimised economic benefit of each country is almost linear related

with PQ. The reason is obvious. Interruption costs without DG increase with increasing total

demand and unavailability, leading to higher benefits of Microgrid operation.

The optimised economic benefit regarding different cost models ranks as follows,

Maximal cost model> Average Cost Model > Minimal Cost Model

The reason for such ranking is similar as the relationship between economic benefit and PQ:

With increasing per unit energy and power interruption costs, the total network interruption

cost increases in case without DG penetration; the benefit of micro-sources increases with

higher per unit energy and power cost.

Assumed interruption costs 1
* Average cost model Portug a
© = Maximum cost model Italy tyral
© 3500 * Minimum cost model rural -
D 3000 -
— 2500 |\Germany Italy
© 2000 —urban urban
o / the -
© 1000 . Nethel‘- ‘ .
g 1"V lands
s : S

OU \260 400 600 800 1000 1200 1400 1600
Ploag -Q [kW/a]

Figure 7-10 Economic benefit comparison of Microgridson European Level
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System reliability index

A reduction of System unavailability Q, as one example for system reliability indices, by the
installation of micro-sources that enable (partial) island operation is demonstrated in Figure
7-11.

Portugal
45 Germany urban rural
4 | *
g 3,5 | the Netherlands
2
g <2 | [ltaly ey
T 2 | [urban e
g 115 //A A »
8 i)
A\ . * .
5 057+ J M . B
s o’/ ‘ ‘ ‘
o 0 2 4 6 8 10 12

Unavailability Q without micro-sources [1/a]
Figure 7-11 System unavailability comparison of different countries

System unavailability Q is improved for all countries analysed by the installation of micro-
sources compared with the compared to the case without DG.

The countries which have worse system reliability achieve higher improvements than the
countries with high system reliabilities also without DG. For instance, in Portugal rural
network the system unavailability decreases from more than 10 h/a to the value of below 1
h/a with maximal and average cost model; even with average cost model yearly
unavailability is also reduced to approximate 4h/a. However, the improvement for German
urban network and Holland network, which have already good system reliability without
micro-sources, is not obvious, although system reliability is also improved to a certain extent
for both networks.

With higher interruption cost model, system reliability can be better improved. Higher
interruption costs justify higher micro-source investment, thus achieving higher system
reliability improvements.

Microgrid operation from reliability point of view is thus most beneficial in countries with
lower power quality or in regions or for customer segments with comparably high outage

costs.
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Optimised DG penetration level
One question that most system operators are concerned with is the optimised DG penetration

level. Relationship regarding different cost models between optimised DG penetration level
and interruption frequency is indicated in Figure 7-12.

Minimum interruption costs Average interruption costs
350% - 250% -
300% ¢ .
200% Portugal rural
®250% [taly rural « Portugal rural — _ ortugat ura
ijizoow 5150/ Portugal urban
0 — %
g * Portugal urban = 3 .
£150% - * Italy urban § 100% | Italy rural
=] O
£100% | 2
« the Netherlands E + Ttaly urban
50% ‘¢ 50%
Germany urban
0% ‘ ‘ ‘ o teethe Netherlands
0 2 4 6 ° %Jermany urkz)an é

4
Frequency of supply interruption 1/a  Frequency of supply interruption 1/a

Maximum interruption costs
450% -

Portugal rural
400% e
Italy rura
350%
§20m% * Portugal urb
- ortugal urban
= 250% galu
8 200% o Jtaly urban
g 150 _*the Netherlands
(=¥
100%
50% ® Germany urban
0%

0 2 4 6
Frequency of supply interruption 1/a

Figure 7-12 Optimised penetration level regarding interruption frequency without micro-sources

Optimum micro-source penetration level is positive related with the interruption frequency
without DG penetration; especially for average interruption costs, the relationship is almost
linear. This relationship is important for system planning; as the system interruption
frequency without DG penetration is generally known, the system operator is able to roughly
determine of the optimum DG penetration level from reliability point of view
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Optimum micro-sour ce location

As already described, when only failures caused by LV network are considered, optimum

micro-source location should take into account the following criteria:

DG is distributed to different protection zone

DG is located most downstream in the network
DG is connected to the load with higher demand
DG is prioritised to connect with the sensitive load

O O OO

When MV and HV level failures are considered (as is the reason for most outages), different

micro-source locations have the same effect to the reduction of load interruption caused by

this failure; micro-sources improve system reliability independent from their location.
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A.1 General Scenario Overview

Scenarios Description
Original simple network without DER units; Failure Model: only
Independent Single Failure; Rate Power of Demand: 1.267 MVA
BaseCase T

(without LP); Unavailability Threshold: E-10; Power Allocation
Mode: pessimistic mode; L oad Profile: 2 states Testing load ADC

Scenariol =T

Simple network with DER penetration; DER Characteristics: one
DER unit, 100% penetration level, connected to node K3, 100% DER
reliability; Supplementary DER Settings; Islanded Operating Mode
allowed; DER reacting immediately after interruptions; Other
Settings: the same as Base Case T

DER Size

DER Number

DER L ocation

Pessimistic Pessimistic
Without LP With LP
Optimistic Optimistic
Based  On|Different PL schemes Different PL schemes
Scenario 1 unit connected to K3; 2 units connected to K3 and
I -T K1; 3 units connected to K1, K2 and K3; 4 units

connected to K1, K2, K3 and K4

DER unit connected to K3; K5 and K7 respectively

DER Réliability DER reliability ranging from 95% to 100%
Original simple network without DER units; L oad Profile: 2 states
Base Case H Household load ADC; Other Network Settings: the same as Base

CaseT

Scenariol —H

Simple network with DER penetration; Load Profile: 2 states
Household load ADC; Other Network Settings: the same as Scenario
| -T

Scenario |l Based  On PV option: synergy of PV and Household profiles
Scenariolll Scenario WT option: synergy of WT and Household profiles
| —H
Scenario IV CHP option: synergy of CHP and Household profiles
Scenario LM Based on|Load Profile: 3 states load ADC (the same LF as the
Base Case H Jcurve of power demand after 100% WT penetration)

Table A -1 Descriptions of Scenarios analysed in this report
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A.2 Homogeneous Markov Process

A2.1 General Description

Markov Process is a process with the Markov property. In probability theory, a stochastic
process has the Markov property if it is given the present state with conditionally
independent of the past states (the path of the process). It is generally comprised with Markov
chain (discrete-time Markov process) and Continuous-time Markov process.

Mathematically, if X (t), t>0, is a stochastic process, the Markov property states that
Pr[X(t+h) = y| X(s) = X(5),V <t]=Pr[X(t+h) = y| X(t) = x(t)},

Markov process are typically termed homogeneous if
Pr[X(t+h) = y| X(t) = x] = Pr[X(h) = y| X(0) = x] Vt,h >0,

Homogeneous Markov Process is the most important class of Markov process.

Markov chain

The most famous Markov processes are Markov chains. Markov chains are often described
by a directed graph, where the edges are labelled by the probabilities with p; of going from
one state | to the other states . And the probability p;; does not depend on which states the
chain was in before the current state. pjj is defined as transition probability while the process
could remain in the state it is in, with the probability pj;.

For the single-step transition, it is expressed as
P = Pr(X, =j[ X, =i),andp; :_Zpij >

j#1
The probability of going from state i to state j in n time state is expressed as
pij(n) ZPI‘(Xn =l Xo =i),
The n-step transition satisfies the Chapman-Kolmogorov equation, that for anyk € (0,n),

P, =>p,“p,""™, with S state space of the chain

reS
The marginal distribution Pr(X, = X)is the distribution over states at time Nn. The initial

distribution is Pr( X, = X) . The evolution of the process through one time step is described by
Pr(X, =)= z p; Pr(X,, =r)= Z prj(n) pr(X, =r), with n of integer-value only
reS reS

If the state space Sis finite, the transition probability distribution can be represented by a
matrix named transition matrix, with the element (i, j) of P equal to

p; =Pr(X,,, = JIX,=1).

P is a stochastic matrix. It is independent of the label n with homogeneous Markov chain, and
then the k-step transition probability can be computed as P.
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Continuous-time Markov process

A continuous-time Markov process is a stochastic process{X(t) t> O}, which satisfies the
Markov property and takes values from state space. It is declared that the state of the process
at any time S >t >0 is conditionally independent of the history of the process before time t,
given the state of the process at time t.

Mathematically, with the definition of some small increment of time t to t + h as well as the
start state X(t)=iand a transition to current state X(t+h)=j, a continuous-time

homogeneous Markov process can be expressed as
Pr(X(t+h) = j[ X(t)=i)=q;h+o(h),

Where o(h) is an infinitesimal asymptotic describing the error term while h — 0. Thus the
probability of a particular transition over a sufficient small interval of time is roughly
proportional to the duration of that interval. And g is the transition rate, which is the ij-th
element to the transition rate matrix Q.

The most intuitive continuous-time Markov process has the following two characteristic:

e Conservative— the i-th diagonal element g of Q is given by

q; =-d; :_Zqij 5

j#i
e Stable— for any given state i, all elements ¢}; (and ¢};) are finite.

A3.2 Consideration of Microsource Availability

With the consideration of DG outages, the failure combination order is maximum 2 due to
considering only one DG unit and one failure model ISF, which means only two components
can suffer interruptions at the same time. Therefore, 4-state transition diagram is sufficient to
describe the Markov process.

Figure A-1 describes a 4-state transition prototype as the fundamental to build the Markov
model in case the DG and L5 both are in failure state (state number 4). The reliability indices
of state 4 are the variables that need to be known. a, , is the repair rate, and oy ; is the failure
rate.

AOYp

A Failure of L5
E O24 O Operation of DER

2 number of state

0, o transition rate

(transition from

state 2 to state 1)

NA@P

Figure A-1 State Transition Diagram
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The relation between transition rate and reliability input data (failure rate and down time) is
expressed in the following equations. 99.9 % reliability is taken as an example.

0, =03, =L=i=584a’l
T,s 15h

(s =tpy ==t == =438a"
T,oer 20

Ay =au3 =H; 5 =9.45 x103a™?

_ _ _ 1
031 =04 =H;per =0.5a

Equation A-1
So the Markov model equation can be drawn as
0 —(a,, +a;,) a, a5 0 Pr(Sl)
0] Oy, —(a, +ay,) 0 Ohy o s
0 as 0 —(a;+a,;) 0 Pr(SS)
0 0 7% Oy3 —(ay, +a3,) Psy
P.s, isthe probability of each state
Equation A -2
With
4
Z Psiy =1
i=1
Equation A -3

The Markov matrix can be solved with 4 variables and 4 linear independence equations. The
results that we need are
Pyss)=1.86e-008,  Hzs=191e-005a™.

Alternatively, in an easy-to-understand way, the frequency of supply interruption in state 4 is
the probability of the both L5 and DG out of operation. Two possibility lead to such multiple
faults: LS fails during the unavailable time of DER; or DG is out of operation during the time
that L5 is in the failure state as well. And thus it can be calculated with the thought of the
occurrence probability of such event in the following way.

Hzsi =Hzis Xg-gzﬁ xHz per + Hz per x%x Hz s
Equation A -4
The result is 1.93e-005 a™', the error is so slight that can be neglected. However, it is only a
thought to understand clearly in this simple network, in real large network, it is too
complicate to calculate it manually. Other results of multiple faults are presented in Table
A-2.
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Event DER&K6 DER&LS DER&TI1 DER&L3 DER&KS
Hz[1/a] 9.34e-006 1.91e-005 7.83e-006 2.91e-006 9.74e-006
Qz[min/a] | 2.72e-003 9.78e-003 2.00e-003 1.40e-003 2.78e-003

Table A-2 Failure Combinations of Multiple Faults

As introduced in the first part, the reliability results of the end-customers are the enumerative
sum of all the related failure combinations. Node K3 is the most reliable node as it is directly
connected to the DG, therefore failure in busbar K5 or line L3, only coexistence with failure
in DG can affect the result (See Eq. A-5). In contrast to node K3, at other 3 nodes K1, K2
and K4, no matter the DG is on operation or not, once K5 or the line which is connected to
the end-customers fails, the supply will be interrupted (See Eq. A-6).

H uK3 = H z.0Er&kl T H zpEr&Ti T HZ,DER&LS +H Z,DER&Ks T H 7 pErgL3 EQuation A -5

H uK2 =H Z,DER&KI+HZ,DER&T1 +H z.DER&Ls T H zxks T H zZ.L2 Equation A -6

A.3 Node Result and Network Result of Simple Network

The failure combination of each network component i, which may suffer from supply
interruption, is the fundamental of the reliability indices calculation. For example, Table A-3
lists the failure combinations i of the original simple network.

Network Pz Wz
i |Element| Level Hz[1/a] | Qz[min/a] | Tz[h] | [MVA/a] [MVAh/a]
0 K6 20KV | 0,006200 2,3784 6,39 | 0,0059528 [ 0,0380598
1 T1 20KV | 0,005400 1,7544 5,41 0,0051847 | 0,0280744
2 L5 20KV [ 0,009650 8,5434 14,76 | 0,0092653 | 0,1367137
3 K5 0,4KV | 0,006500 2,4360 6,25 1 0,0062409 | 0,0389815
4 L1 0,4KV | 0,000767 0,5487 11,92 | 0,0001938 | 0,0023107
5 L2 0,4KV | 0,001145 0,8889 12,94 | 0,0002604 | 0,0033689
6 L3 0,4KV | 0,001523 1,2291 13,45 | 0,0003463 | 0,0046583
7 L4 0,4KV | 0,002090 1,7394 13,87 | 0,0005281 [ 0,0073248

Table A-3 Failure Combinationsin the Original Simple Network

To explain the formula of the reliability indices, several indices need to be considered [9]:

e H,; Frequency of supply interruption of failure combination i;
e H,, Frequency of supply interruption of end-customer K in failure combination i;
e H,, Frequency of supply interruption of end-customer k;

e H, Frequency of supply interruption of the network;

e T,  Duration from outage to the rh sequence of the restoration measurement of
end-customer K in failure combination i;

e S, .. Peakload demand of end-customer k;

e S,  Available power of end-customer K during the time Ty, ,;
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e p;; Conditional interruption probability of end-customer K in failure combination

i. If the available power is higher than the demand of end-customer k, it will
not cause that customer suffering supply interruption. It can be calculated as
ratio of the duration, when the available power is higher than demand, and the
total considered duration (1 year).

Now the formula for both node result and network result can be derived [9][19][20].

Node Result
Hu,k = ZHu,ik with Hu,ik = Pzix HZ,i
Qu,k = ZQu,ik with Qu,ik = HZ,i Z Psike 'Tikr
Ps.ik : the probability of theload demand between S,, and

Skrsn) inthe r"step of the restoration measurement,
it can bedeter mined from ADC

Tk = Qu with T, =%: 1 Z Psik * Tike

Hux wik Pz 7
Suk = zsu,ik with S; =H; ‘Sz,ik* =Hg; z P (Sq —Si)
i d

(optimistic mode) d:thestep from ADC with S > S,
p, : probability of stepdinl year from ADC
S, :load demand of end —customer kin stepd

S, i :With pessimistic mode S, ;" =Y p, - Sy
d
Wu,k = ZWu,ik \Nitth,ik = HZ,i Z Ps,ie 'Sz,ikr '[Tikr _Tik(r—l)]and
Sz,ikr = z Par '(S«j - Slkr)
d

d:thestep from ADC with S, > S,
Py, : conditional probability of stepd from ADC, under the

condition S, < Sy < Syr.)

Equation A -7
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Networ k Result
H, = ZHUJJ with H, ; = Max(H,,;,)
Q= ZQu,ij with Qu,ij = MkaX(Qu,ik)
T = with T, = Max(T,,,)
u H ujj — p u,ik

S,=>.8;  withS, =>S,
k

W, =D W,  withw, = Zklwu,ik

Equation A -8

A.4 Probability Distributions of Reliability Indices

A4.1 General Description
Probability distribution can be characterized with its probability density function (PDF) and

cumulative distribution function (CDF).

e PDF is denoted as f(x), which assigns a probability to each value of a random variable
X. The probability in an infinitely small interval [x,,x, +dx] is f(x,)dx, thus

leading to:
f(Xy) =P(Xy <X <X, +dx)/ dx
e CDEF is denoted as F(x), which represents the probability of variable X that is smaller
than or equal to each value, like e.g. X, with the description:
F(Xo)=P(x<X,)
The relationship between PDF and CDF can be described with the following equation:

d

b
LFOO=100 or F(b)-F(a) = f(x)dx=P(a<x<b)

The probability of occurrence for a difference between two variants of at least Ax in the
expected value of a reliability index X can be calculated as follows [20],

P(x, > X, +Ax)=1—.[f1(x)-F2(x + Ax)dx
0

X+A4X

F, (X + AX) = jfz(x)dx
0

with f, (x) PDF of reliability index x for var iant 1
F, (x) CDF of reliability index x for var iant 2
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A4.1 Poisson Distribution for Frequency of Supply Interruptions

The discrete Poisson distribution gives the probability f(x =k) for the occurrence of k
events in the time interval (0,t):

e
k!

f(x=Kk)= with the unique parameter 4 = E(X).

The frequency of supply interruptions is described by this Poisson distribution [10]. The
expected value E(X) of the frequency is provided by ZUBER, with which the unique
parameter of Poisson distribution 4 can be determined.

10
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o

©
o
©
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Failure Frequency of Node K3 (1/a) Failure Frequency of Node K4 (1/a)

Figure A-2 Poisson Distribution of Frequency of Supply Interruption

A4.2 Weibull Distribution of Other Indices

The Weibull distribution is a continuous, nonnegative distribution with the random variable
distributed over the interval [0,0], and characterized by two parameters a and b. The PDF

f(x) and CDF F(x) of Weibull distribution are given in Equation A -9:
b-1 b
00-2.(%] p[ (%) }
a \a a
X b
F(x)=1- expli— (—j }
a

With the known E(x)and o?(x) from ZUBER, the parameters of Weibull distribution a and

Equation A -9

b can be estimated.
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o?(x)=a? -[F(l+gj—1“2(l+lﬂ
b b

with the Gamma function : 7°(x) = J:O eMu*tdu

More Microgrids

TG2

Equation A -10

For estimation of the two parameters, the following approximated approach can be realized

using the programming of VBA based on Excel.

E? +0°=a’ -F(1+%)

E2=a2-1”2(1+%)

F(l+g)

=
2 1
r (1+B)

=1+(Z)? =1+0,?

Equation A -11

The distributions of Q,,P, and W, of two Base Cases with and without DG (Base Case T

and Scenario | - T) are plotted in Figure A-3 to Figure A-5.

It should be noted that the real probability distribution of the reliability indices is a discrete

distribution, as the events contribution to the reliability indices are discrete. However, in

practical large network, the discrete steps of the distribution are so small that the distribution

becomes quasi-continuous [9].
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Figure A-3 Weibull Distribution of Unavailability (min/a)
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Figure A-5Weibull Distribution of Energy Not Supplied (MVAh/a)
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A.5 Capacity Factor and Availability Factor

Capacity Factor

The Capacity Factor CF is the ratio of the actual output power and fully operated capacity of
a power plant over a considered period. It can be calculated as the quotient of actual total
energy that the power plant produces and the energy it would have produced at full capacity.

Capacity factors vary strongly dependent on the type and design of the power plant.

0 A base load power plant normally has a large capacity factor as it is designed for
maximum efficiency and operated continuously at high output, which is in most economical
operating. The general reason of not 100% capacity factor for such plants is out of service
due to equipment failures or routine maintenance.

o Peaking power plants may operate only several hours up to days per year by curtailed
output due to the uneconomical operation and hence have much lower capacity factors.
Therefore, their electricity is relatively expensive compared to the price of base load plants
produced electricity due to the relatively high equipment costs with respect to their
efficiency.

0 Load following power plants are in between these two extremes in terms of capacity
factor, efficiency and cost. They keep high efficiency during the day, when prices and
demand are highest, and shut down or reduce the output during nights.

o] DER units, focused on RES probably have very low capacity factors. Although the
plants may be capable of producing electricity (high Availability Factor), their primary
sources such as wind, sunlight or water may not be available.

Availability Factor

The Availability Factor (AF) is the ratio of the amount of the time that it is capable of
producing electricity over a certain period and the amount of the time in that period.

The availability factor varies strongly dependent on the type of fuel, the design and operating
characteristic of the plant. Generally, less maintenance of the power plant means higher
availability factor.

The availability factor of RES power plants such as solar and wind power plants is depending
on whether periods when the plant is operational, but there is no sunlight or wind, are
considered as available, unavailable or disregarded. If these times are counted as available,
the availability factor of PV is almost equal to 100% while WT is also about 98%. However,
if these times are considered as not available, the availability factor could be much lower.
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A.6 Probability Distribution of Power Balance Provided by DG

A6.1 Power Balance of Different Loads and Generation Units

The intermittent output of renewable generation units only contributes to reliability in
intervals when the generated power is higher than the load. The local time dependent power
balance is the sum of all loads and simultaneous generation:

PBaIance = z Pl (t)
i=1

with n —number of generation units
Pi(t) — power output of unit j at time t, resp. power demand (with sign)

Equation A -12

A6.2 Theory of Probability Distributions

In a first approximation, load and generation can be considered to be normally distributed as
demonstrated in Figure A-6 for different load and generation profiles.

A B P A v
SN EYS VSN T AT s
AR e I =

momnEESd power Ml malesd power

Figure A-6 Praobability Distributions of Normalized Generation and L oad
The sum of distributions of independent probability values equals the convolution of their
density functions ([21][22]):

[’e]

fz(z): fo(x)' fv(z_ X)dX

00

= fy (X)* fY(Y)

Equation A -13

with
Z=X+Y Equation A -14

This leads to the probability function:
F,(K)=W(Z <K)

K 0
I [ I[fx(x)- f,(z— x)dx dz
2=—o0|_X=—o0 Equation A -15

[T 00% 1, (y)kz

Z=—0
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For the sum of n independent probability values there is:

K
W((Z = Xl + Xz R Xn)< K): J-[fxl(xl)* fx2 (Xz)** fxn(xn)}jz Equation A -16

Z=—0

A convolution is only possible with probability functions. If there are exact values such as
fixed operation point of a non- renewable unit or a demand known as constant, these values
have to be considered as a distribution as well that equals a step-function at the expected
value Figure A-7.

0 for P<u

F”(P):W(ﬂ<P):{1 for P>u

Equation A -17

Their density is defined by a dirac impulse at the expected value.

dF, (P
f#(P):ﬁzﬂﬂ: P) Equation A -18
drP
With
0 for P<u
S(u=P)={oreo for P=p Equation A -19
0 for P>u
and
J.é'(,u= P)dP =1 Equation A -20
P=—x0
1t 1
20 8 10.8
-§0.6 Z0.6
;5‘0.4 r 50,4 F
éo 2 0.2
0 0
! b
X = X —

Figure A-7 Distribution of Step Function

In a first approximation renewable generation, heat driven CHP generation as well as load
can be assumed to be normally distributed with density function

2

p e _
f (X) = e Equation A -21
270°
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A6.3 Probability Distributions with Power Limits

Equation A -22 is defined from -oo to +oo with values >= 0. However, power output can be
only in range [Pmin; Pmax] due to known constraints. This means that the density function is
always zero outside the limits for power output with steps in the probability distribution
function for these values (Figure A-8). The probability that power is outside [Pmin; Pmax]
cumulates on these limits:

0 for P <P
K,-6(P=P,,) for P=P..
1 (P-pf
f(P)= e 20 for P, <P<P, . Equation A -22
2 10>
K, 5P =P,,) for P=P,.,
0 for P>P.ux

With the corresponding probability function
P
F(X <P)= I f(P')dP' Equation A -23
P'=—x0
Within Pmin<P<Pmax the probability function has the shape of the normal distribution. On
both limits there is a step from 0 to the value of the normal distribution respectively from this
value to 1. For the lower limit there is

Pl in

. 1 _(P-un)
F(X S Pmin): J‘ 2 2 -e 207 dP'
N 2L7TO
Pmm

- fik, sP=r,, )P

P'=—x

Equation A -24

P'=—w
As
Prin
I5(P = P )dP'= 1 Equation A -25
P'=—x0
And
f(P)=0 for P <P, Equation A -26

K; and K, are calculated as

2

Pmin 1 _(P 7:”)2
K, = e 2 dP Equation A -27
l vac \ 270

202

o 1 (P—p)
K, = ‘e dpP'
2 P'—IP.W V2ro®

Equation A -28

m; 1 _(P_‘u)z
=1- e 2 dP
oo | V27o?
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The probability density of the truncated normal distribution is therefore:

_(P-p)
e 202
f(P):\/2—2'H(P_Pmin)'H(Pmax_P)
o
_(P-p)?
min e 20—2
+ j ~—— drPs(P=P, .
ol 12 762 ( m‘“) Equation A -29
_(P—u)
o0 e 20_2
' —
+ I —2 dP §(P - I:Tnax)
P':Pmax 27[0_
With
0 for x<O .. ) .
H(x)= {1 . 0 (Heaviside-function, step function)  Equation A -30
or X>
03 ‘
1
4025 1 |
038 Ve A
2 02 = a /
g // N\ . % /
S 206 /
£0.15 \ £ /
2 /‘/ § ///
=9 /
0.05 / o2 ) S
| 0 F’/// |
lower limit p  upper limit lower limit n upper limit
power —> power —

Figure A-8 Probability Density and Probability Function with Given Power Limits

There are three possibilities to handle these truncated distributions:

e calculate with normal distribution nevertheless
e calculate with adapted normal distribution
e calculate with adapted distribution

A6.4 Calculation with Normal Distribution

If the expected values are far from the limits of the units/demand (>2c) the truncated part of
the normal distribution can be neglected. Everything can be calculated as if the units would
have no limits.
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The convolution of two independent normal distributions is a new normal distribution with

_ [ 2 2
Hz = Hx + Hy and @z =VOx T 0¥ (124]). Average power that is available on each node is:
Pe(t)=2_R(1)
i=1
. Equation A -31
O-ges(t) = ZGIZ(t)
i=1
The probability W that the power balance is positive (no missing power to supply the loads)
is:

0 (P' B Pges (t ))2

1  20%.4(0)

WPres ()>0) =1 | | e

- P’ Equation A -32
P | /270 ges (t)

There is a non acceptable error in this method if the expected value of the power is close to
any limit,

In case there is a correlation between the normal distributions expected value and standard
deviation have to be calculated as a bivariate normal distribution (x1: load; x2: DER):

P(X,,X,)= 1 exp{ z }
1:X2) = -
276,6,+/1 - p? 2(1-p?)
where ZE(Xl_’;ll)z _2,0(X1_/11)(X2 _ﬂ2)+(xz—élz)2
01 01,03 o,
With

o? :z(nxf_f):az-(n—l)zzu—i)z =Zx2—n->?2
Sx

and x ==— X =a-X,—b-X, (x, : load demand; x, : DER output)
n

o?-(n-1)=>(a-x-b-x,)* —n-(a-¥ —b-X,)?
=a?- ) %’ +b% Y %, —2ab- > (X -X,)-n-(a-X —b-X, )
=a’-[o°-(n-1)+n-x°]1+b%[0,°-(n-1)+n-X,°] -n-a%-x°

—n-b?-X,* —2ab [ D (X - X,) =N - X, ]
2 2 2 2 2
c“=a"-0"+b°-0,” -2ab-o,0,p
p . corelation coefficient between two random var iate x, and X,

with D= E((Xl _il)..o(-XZ — )?2 ))
1 2

Equation A -33
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A 6.5 Calculation with Adapted Normal Distribution

Cutting of a part of a normal distribution leads to a new distribution. In a first approximation
this new function can again be considered to be normally distributed with a new expected
value and a new standard deviation. These new parameters are calculated corresponding to
the laws to determine the moments of distribution functions according to Equation A -34 to
Equation A -40.

=[x 10k Equation A -34
And :

o' J Tl - 100 Equation A -35
For discrete density functions there is

u'= i[x f (x))Ax Equation A -36
and _

o'= \/ i[()(— ,U')z - f (X)]AX Equation A -37

As the density function is 0 outside the limits of each unit the summation can be limited to
the domain within the limits with

Upper power limit

M= D.[P-f(P)P Equation A -38

P=Lower power limit

and
upper poweg limit
o :\/ Z (P-u) .f(P)]AP ) Equation A -39
P=lower power limit

The parameter of the distribution function of the power balance now can be determined as

Poelt)=2 1 1)
70ult)= 203 )

Equation A -40

Although there may be quite a deviation of this adapted normal distribution from the original
distribution (Figure A-9) trials have shown a good approximation to the distribution that
resulted from the convolution (Figure A-12).
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Figure A-9 Comparison of Truncated and Adapted Normal Distribution

A6.6 Calculation the Power Balance by Convolution of Probability Functions

There will always be a small error if a truncated normal distribution is approximated by
another normal distribution.

In case it is necessary to calculate with the real functions it is not further possible to simply
add expected values as in Equation A -20 for normal distribution. Calculating the real
convolution means

(R-m)
207
:W. H (R - Pminl ) H(F)max1 - H)
(R-m)
e drs(P =P, )
+Pl 'I_w /—2”0_12 1 1 = Tmin,
(R-w)
% 267
A e R
f(z)= j - . _tdP, Equation A -41
T Ry
e

W- H((z-P)- Pmin2)~ H(Pmaxz ~(z-R))

(Pz'*,“z )2

Pminz 2(;22

[ e
B 270

(Pz'*ﬂz )2
20'22

T le
s
P "=Prux, 270,
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It is not possible to solve this analytically as is shown in the following. A replacement of all
terms independent from z by constants simplifies the equation to

(Pl - )2
20’12

eQ’ﬁ' H (P'I_Pmin] ) H (I:)maxl - Plv)
1

—i_Kmin1 : 5(3': F)minI )

Ko slp= )

max,

f(Z) B P ‘_"OC T (zR)-m) _ 1(9R Equation A -42
b 20’22
& ——H(z-R)-Ry, ) H., - (-R)
\ 270,
+Kmin2 ’ 5((2_ H') = Pmin2 )
+Kmax2 : 5((2_ H') = PmaxZ)
being multiplied
(G )2 ((Z*Pl')*ﬂz )2
e 2(712 20‘22
2700,
f (Z) = J‘ ‘H (Pl '— I:)minl ) H (F)max1 - Pl ') dpl' Equation A -43

e ) H ((Z_ Pl')_ pmin2 ) H (F)max2 - (Z_ Pl'))
+ terms with dirac impulses

Solving this equation requires the calculation to the integral
y= Ieaxz gy Equation A -44

what is not possible analytically. Other solutions have to be found such as transformations of

power series expansions that are not easily applicable.

The only solution is the perform the convolution numerically with the integral

@)= [[f(): f, (2- )b Bquation A 43

X=—00
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being approximated by the sum

£,(2)= D[ (%)- f, (- x)x Equation A -46

X=—00

The range can be limited according the requirements on accuracy. Empirical investigations
have shown that the error is lower than 1 % for

max (uy +30y 1y +30y )

f,(z)= Z[fx (x)-fy (z=x)]

x=min(ux ~3ox ,uy—30y )
' |max(yx +30y, 1ty +30y )-min(uy — 30y 1y —30y ]

Equation A -47
1000

for  min(uy iy )<z <max(ux, sy )

A6.7 Comparison of the Variants

A comparison has to consider calculation time and accuracy. The calculation time raises
some decades (depending on accuracy) applying the convolution. Judging the accuracy is not
generally possible. As all methods are approximations the accuracy depends on the error due
to simplification. Tests with a simple system with truncated WT and PV generation, one load
and diesel engine and battery with fixed operating point have shown preferences for the
adapted normal distribution as shown in an example in Figure A-10 to Figure A-12.

x 10

A

— Dhzzzl
— Holar
— Wind
— Battery
— Load

|

»
I

Laa

-
T

probability density 7717

; . F1100 P W N

-200 -100 0
power P[EW]  —
Figure A-10 Example for Limited Power Distribution
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5 10
£, R
= Y .
= —— result convolution
i —— normal distribution
s —— Normal distr. p,c'
= —— only expected value
) power B [EW] — )
Figure A-11 Comparison of Probability Density Functions
I
lf-—===--==---- ;
-, I
|
| L _
. ' —— result convolution
v | —— normal distribution
206 1T T N —— Normal distr. p,c'
= 1 R
- ! — only expected value
o I
= 04 !
g l
02 e R T e

=1

[}
=1
2 k==
(=]
=)

pu:u'xer_; [EW] —

Figure A-12 Comparison of Probability Functions

Although there are some deviations between the methods, the adapted normal distribution
gives nearly equal results as the convolution concerning an equal power balance.

A6.8 Application for Calculation of Fully Supplied Hours

Figure A-13 and Figure A-14 show a comparison of the real shape of generation and
different load segments with their normal distribution.
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Distribution

obability

Pr

i) i)

Hormalised Power

Figure A-13 Comparison of Probability Functions of Generation
A comparison of the distribution of actual shapes with the calculated ones showed similar
values for both methods only for CHP generation as well as household, industrial and

agricultural load segments.

Probability Distribution
,

Hormalised Power

Figure A-14 Comparison of Probability Functions of L oad
High deviations occur for commercial load as well as the PV and WT generation. Generation
units can only have negative values, while loads demand only positive power what is not
considered in the normal distribution with expected values close to limits.
However, the approximated normal distributions are within limits for CHP generation,

household, agriculture and industrial load.

WPG2-reliablity

Limits House Commercial | Industry | Agriculture WT PV CHP
Min. | 0.001991 0 0.400024 0.139035 0 1.23E-06 | 0.249709
Max. 0.999641 0.996818 0.999612 0.997455 0.998475 | 0.992946 | 0.999981

Table A-4 Power Limitsof Load and DER Generation Profiles
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For the truncated distributions of commercial load, WT and PV generation adapted normal
distributions have to be taken as presented in Figure A-15, Figure A-16 and Figure A-17
respectively.

Frobability O stribution

Probakility Distribution

Memalised Power ’ " Mormalised Power

Figure A-15 Truncated and Adapted Normal Distribution for Commercial L oad
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Figure A-16 Truncated and Adapted Normal Distribution for WT Generation
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Figure A-17 Truncated and Adapted Normal Distribution for PV Generation
The method works in general, although commercial load is not normally distributed at all.
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Synergy of Household L oad and Generation (100% PL)

Considering Equation A -12, the actual distributions of power balance can be determined by
calculating the difference between instantaneous demand and generation. The approximated
normal distribution and adapted normal distribution are realized from the aforementioned

theory and then compared with the actual distributions.

TG2

Calculated from Normal

Calculated from Adapted

Calculated from Actual

Distr. Normal Distr. Difference
WT &
Household Hy = Hy + Hy Hz = Hx + Hy Uzo =E(PL—Pg)
0, =+0% +Oo oy =0 +oy 020 =0(PL —Pg)
0,315136 0,291964 0,315136
c 0,32853 0,30168 0,331393
Table A-5 Distribution Parameter s from Different Methods (WT Option)
Calculated from Normal Calculated from Adapted | Calculated from Actual
Distr. Normal Distr. Difference
PV &
Household Hz = Hy + Hy Hz = Hx + Hy Uzo =E(PL—Pg)
o, =+ oy +0oy oy =0 + 0y 020 =0(PL ~ Pg)
v 0,400241 0,367497 0,400241
c 0,305272 0,276168 0,247298

WPG2-reliablity

Table A-6 Distribution Parameters from Different Methods (PV Option)

Calculated from Normal Calculated from Actual
Distr. Difference
CHP &
Household Hz = Hx T+ Hy Hz0 =E(PL—Ps)
0, =+0x +0Oy 020 =0(PL —Pg)
v 0,034526 0,034526
o 0,271211 0,271729

Table A-7 Distribution Parameters from Different Methods (CHP Option)
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Figure A-18 Distributions of Power Balance between PV/WT and Household

Probability that pL<pG

7| ——calculated fom normal [
dis tribution

(FRF W WD

CHP Power Balance (pL-pG)

Figure A-19 Distributions of Power Balance between CHP and Household

The probability of fully supplied hours is indicated in figures,
IDfully sup plied hours — f( P —Pg = 0)

which proves that the manually calculated results are correct.

PV generation exceeds load with a probability of 9.49% (9.16% for adapted distribution),
while only 5.28 % probability which is determined from real distribution. From these values
also the full load hours can be calculated. Values for WT vary from all methods between
16.59 % and 17.02 %, and for CHP it is 44.83 %.

Interestingly there is almost no difference between the real shape of the difference and a
normal distribution while the PL of DER is 100%.
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A.7 Gram-Charlier expansion

This explanation is based on [54].

Definition of moment

Assume a positive integer n and the function X" is integrable with respect to F(X) over

(-o0,0), the integral

My = E(Xn ): TX”dF(X) Equation A -48

is called the nth moment about 0.
Definition of cumulant

The cumulants ¢, is defined by the cumulant-generating function which is the g(t).

n 2

=t t
g(t) =log(E€™) =D c, GG e Equation A -49
n=1 o

Relationship between cumulant and moment

The relationship between cumulant and moment are expressed by

Ci=H,C =4, —,ulz,C3 =My =3, +2,u13~
C, =gty —4u s =30, +12u,° 1, — 641, Equation A -50

It can be seen from this relationship and moment definition,
¢, =mc,=o0" Equation A -51
Where m is the mean value of variable X, o is the standard deviation of variable X.

Cumulant has a very good property. For two independent variables X, Y
Ox.v (1) =log(E(e™)) = log(E(e™) * E(e")) = log(E(e™)) + log(E(™)) = g, (1) + gy (1)

Equation A -52

That means the summation of two independent variables can be done by the summation of
their cumulants, which avoid the time consuming convolution process. This dramatically
reduces the computation time.

Gram-Charlier expansion
Assume that a random variable Y has the density function f and the cumulants C, (k>1), all

of which are finite and known, then, f is expanded as follows:
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f(x) = Z \/— \/C_::l )9( X\/_C—jl ) Equation A -53

) is the standard normal distribution, C, is the standard deviation of Y,

Where ¢(X_Cl
Je.
H,( \/_C') is the Chebyshev-hermite polynomial. The first 7 orders Chebyshev-hermite
C2

polynomial are

HO(X) = la HI(X) =X HZ(X) = X2 _15H3(X) = X3 —-3X

H,(X)=x"—6x>+3 , H (X) = X’ =10’ +15X,
6 . s ; s 3 Equation A -54
Ho(X) = X" =15x" +45x" =15,H,(X) = X" =21x* +105X” —105x

g, is expressed by the given cumulants as

c c
=19, =0, =0,0, =————,0, =—
do q, =0, q; 3!023/2 Ay 4!C22
Equation A -55
.G ¢, +10c; ¢, +35¢c,c, quation
qs_szcj/z’q"_ olc; 7 7ic)”?

After expansion f (X) can be expressed by

f(x)=¢ J_l)(”f(

q4(

7

x> —3X) + (X =10X’ +15X)........... )

@

Equation A -56
Back to the beginning simple case of one DG and one load working in island, to calculate the
variable P, = P, — P, it can be done by the following step.

Pl and Fe according to Equation A -48

P and Fe according to Equation A -49

e Compute the moment of

e Compute the cumulants of

e Compute the cumulants of net power P, (Equation A -52)

e Compute the coefficient (Equation A -55)
e The probability density function can be calculated by Equation A -56

Especially when only the 1* order is considered, that means both of load and DG are
regarded normal distribution, the net power of load and DG is still the normal distribution:

P =P —Ps =Normal (1 —ug.0." +05") Equation A -57
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A.8 Load settings for European network simulation
A8.1 Load setting of German urban LV network
Busbar Name Total Load Num Load Name | Load Type Load Priority Rated Power /kW

N194 1 L194 House Normal 26,44014
N215 1 L215 House normal 29,05251
N232 1 1L.232 House normal 23,83789
N256 1 1256 House normal 8,431158
N174 1 L174 House normal 6,928421
N196 1 L196 House normal 3,442021
N216 1 L216 House normal 1,390316
N233 1 1L.233 House normal 15,53684
N257 1 1257 House normal 15,43242
N175 1 L175 House normal 16,03536
N197 1 L197 House normal 11,41642
N217 1 L217 House normal 17,50189
N234 1 1L.234 House normal 32,7992
N259 1 1259 House normal 28,42695
N176 1 L176 House normal 22,10526
N198 1 1198 House normal 18,29305
N218 1 1218 House normal 33,76242
N235 1 L.235 House normal 39,39727
N260 1 L.260 House normal 93,35368
N177 1 L177 House normal 21,97558
N200 1 1200 House normal 7,45789
N219 1 L219 House normal 12,27663
N237 1 1L.237 House normal 23,15789
N261 1 L1261 House normal 7,614737
N178 1 L178 House normal 9,139
N201 1 L201 House normal 9,744
N221 1 L.221 House normal 6,598
N238 1 1238 House normal 4918
N295 1 1295 House normal 8,80298
N179 1 L179 House normal 11,93853
N202 1 1202 House normal 49,61432
N222 1 1L.222 House normal 14,35158
N241 1 1241 House normal 17,3795
N301 1 L1301 House normal 9,13305
N180 1 L180 House normal 8,413
N203 1 L1303 House normal 6,552
N223 1 1L.223 House normal 3,947
N242 1 1.242 House normal 6,116
N182 1 L182 House normal 28,495
N204 1 1204 House normal 22,105
N224 1 1224 House normal 17,379
N243 1 1.243 House normal 13,025
N183 1 L183 House normal 18,8129
N205 1 1205 House normal 19,499221
N225 1 1225 House normal 6,008842
N246 1 1L.246 House normal 23,15789
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N184 1 1184 House normal 11,5785
N206 1 L1206 House normal 7,615579
N226 1 1226 House normal 4,552105
N247 1 1247 House normal 8,355769
N185 1 L185 House normal 2,301
N208 1 1208 House normal 22,38
N227 1 1227 House normal 140
N248 1 1.248 House normal 9,2539
N188 1 L188 House normal 5,1053
N210 1 L210 House normal 12,19342
N228 1 1228 House normal 11,31598
N249 1 1249 House normal 9,473684
N189 1 L189 House normal 15,26316
N211 1 L211 House normal 30,52632
N229 1 1229 House normal 18,8905
N253 1 1253 House normal 19,39747
N190 1 L190 House normal 20,75453
N212 1 L212 House normal 50
N230 1 1230 House normal 10
N254 1 1254 House normal 21,95179
N193 1 L193 House normal 16,88295
N214 1 L214 House normal 6,316789
N231 1 L1231 House normal 11,39832
N255 1 L255 House normal 6,008842

A8.2 Load setting of Italian urban LV network

A4 House normal 30 0
B3 House normal 15 1 | CHP 32 3%
C9 House normal 30 1 | CHP 75 3%
A6 House normal 15 0
B5 House normal 30 0
D2 House normal 33 1 | CHP 22 3%
A7 House normal 15 1 | CHP 42 3%
B6 House normal 30 1 | CHP 75 3%
D4 House normal 30 0
D5 House normal 30 1 | CHP 32 3%
D6 House normal 15 0
C10 House normal 30 0
C2 House normal 15 0
C3 House normal 15 1 | CHP 12 3%
Al House normal 15 0
C6 House normal 15 0
A2 House normal 15 1 | CHP 12 3%
C7 House normal 45 1 | CHP 32 3%
B2 House normal 30 0
C8 House normal 45 0
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A8.3 Settings of Italian rural network

Bus13 House | normal 15 1 | CHP, 32 kW 3%
Bus3 House | normal 15 0
Bus6 House | normal 15 0
Busl2 | House | Normal 15 1 | CHP, 32 kW 3%
Busl1 House | Normal 15 1 | CHP, 32 kW 3%
Bus9 House | Normal 15 0
Bus8 House | Normal 15 1 | CHP, 32 kW 3%

A8.4 Setting of Portuguese rural network

N18 House normal 15 0

N60 House normal 15 0

N19 House normal 15 1 CHP 96
N6l House normal 15 1 CHP 64
N20 House normal 15 0

N21 House normal 15 0

N22 House normal 15 1 CHP 96
N23 House normal 15 0

N24 House normal 15 0

N25 House normal 15 0

N26 House normal 15 1 CHP 128
N27 House normal 15 0

N45 House normal 15 0

N13 House normal 15 1 CHP 64
N46 House normal 15 1 CHP 64
N14 House normal 15 0

N15 House normal 15 0

N54 House normal 15 0

N16 House normal 15 1 CHP 64
N55 House normal 15 0 64

A8.4 Settings of the Netherlands rural network

N8 House normal 15 CHP 128 3%
N1 House normal 15
N2 House normal 30 CHP 96 3%
N3 House normal 15
N4 House normal 30
N5 House normal 15 CHP 128 3%
N6 House normal 30
N7 House normal 15
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N1 House normal 214
N2 House normal 6
N3 House normal 33 1 PV 465 0%
N4 House normal 24
N5 House normal 35
N6 House normal 6
N7 House normal 36
N8 House normal 17 1 PV 203 0%
N9 House normal 21
N10 House normal 35 1 PV 150
N11 House normal 10 1 CHP 347 0%
N12 House normal 68 1 Mix 209 0%
N13 House normal 6
N14 House normal 6
NI15 House normal 4
N16 House normal 13
N17 House normal 6
N18 House normal 47 1 CHP 15 0%
N19 House normal 46
N20 House normal 19
N21 House normal 24
N22 House normal 40
N23 House normal 14 1 PV 44 0%
N24 House normal 6
N25 House normal 15
N26 House normal 24
N27 House normal 8 1 WT 23 0%
N28 House normal 13
N29 House normal 3
N30 House normal 7
N31 House normal 8
N32 House normal 21 1 Mix 454 0%
N33 House normal 7
N34 House normal 7
N35 House normal 67
N36 House normal 10
N37 House normal 6 1 WT 150 0%
N38 House normal 32
N39 House normal 33 1 PV 158 0%
N40 House normal 54
N41 House normal 14 1 CHP 300 0%
N42 House normal 14 1 CHP 500 0%
N43 House normal 48
N44 House normal 63 1 PV 84 0%
N45 House normal 85
N46 House normal 26 1 PV 234 0%
N47 House normal 6 1 WT 600 0%
N48 House normal 24

WPG2-reliablity
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N49 House normal 46
N50 House normal 82
N51 House normal 35 1 PV 69 0%
N52 House normal 46 1 PV 124 0%
N53 House normal 4
N54 House normal 33
N55 House normal 3
N56 House normal 24 1 PV 24 0%
N57 House normal 10
N58 House normal 6
N59 House normal 17
N60 House normal 24
No61 House normal 33 1 CHP 250 0%
N62 House normal 4
N63 House normal 14
N64 House normal 31 1 PV 131 0%
N65 House normal 7 1 Mix 826 0%
N66 House normal 26 1 Mix 76 0%
N67 House normal 4
N68 House normal 24
N69 House normal 7 1 CHP 200 0%
N70 House normal 1 1 CHP 526 0%
N71 House normal 8
N72 House normal 21
N73 House normal 46
N74 House normal 26 1 Mix 166 0%
N75 House normal 7 1 WT 2250 0%
N76 House normal 0,001
N77 House normal 26
N78 House normal 8
N79 House normal 24 1 CHP 24 0%
N80 House normal 29
N81 House normal 4
N8&2 House normal 4
N&3 House normal 1
N&4 House normal 7 1 WT 4080 0%
N85 House normal 28
N86 House normal 6
N87 House normal 3
N&8 House normal 17 1 PV 16 0%
N&9 House normal 7 1 WT 225 0%
N90 House normal 7 1 WT 4080 0%
NI1 House normal 17
N92 House normal 15
N93 House normal 28 1 PV 75 0%
N94 House normal 21
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