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ABSTRACT

Along with increasing presence of renewable energy in the distribution network, active network planning ap-
proach is of utmost interest for distribution system operators to harness the maximum benefits from the re-
sources. However, it has been a challenge for the decision maker to choose the optimal planning option con-
sidering the multiple conflicting criteria. In this paper, a systematic and automatized approach for project
selection based on Multi-Criteria Analysis is proposed for assessing a large set of planning alternatives. A case
study has been done for a typical rural distribution network, a Pareto front of planning alternatives obtained by
means of a multi-objective optimisation is analysed. Each alternative involves the optimal siting and sizing of
storage units along with traditional network upgrading solutions. An automatized pairwise comparison proce-
dure within the Analytic Hierarchy Process is proposed for rejecting subjectivity. The promising analysis illus-
trates the ‘best’ project selection considering nine criteria for storage system deployment to provide flexibility to
the distribution network. The proposed approach aims at identifying the planning alternative that best satisfies

the stakeholders’ expectation considering the multiplicity of decision makers’ points of view.

1. Introduction

Currently, the electrical power system is facing a paradigm shift led
by different political, economic, and technical drivers. The liberal-
ization of the electricity market and the penetration of the renewable
energy sources changed the behaviour of the distribution network.
Since the related capacity installed became significant in the distribu-
tion network, innovative approaches for planning and operation have
become necessary. As highlighted in Refs. [1,2], the traditional fit and
forget approach is no longer effective due to the opportunities from the
active management of distribution network. Unlike the fit and forget
approach which is based on traditional network reinforcement (e.g.,
building new lines and substations, and/or upgrading the existing
ones), the active management approach involves the non-network so-
lutions as development (e.g., generator dispatch, demand-side man-
agement, reactive power management, system reconfiguration, etc.). In
this context, the maximum exploitation of the existing infrastructure
can produce more cost-effective solutions if uncertainties are properly
managed with probabilistic optimization for risk containment [1,2].

Since the increased complexity, the modern distribution planning
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should be based on multi-objective approaches that are able to analyse,
make compromises and select solutions among different alternatives
[1,2]. In fact, distribution planning involves conflicting objectives such
as maximize hosting capacity, reduce energy losses, improve service
quality, reduce capital expenditure (CAPEX) and operational ex-
penditure (OPEX). In literature, several optimization algorithms are
used for solving the multi-objective problems; however, when multi-
objective methods minimise an unique Objective Function (OF) ob-
tained as the sum of multiple sub-objective functions they actually
convert the multi-objective problem to a single objective [3]. This ap-
proach does not allow minimising/maximising the OFs independently;
with the aim to find a number of optimal planning alternatives without
introducing any a priori subjective preferences, a “true” multi-objective
algorithm can be more effective [1]. The multi-objective a posteriori
methods based on evolutionary algorithms have been widely studied for
devising Active Distribution Network (ADN) planning alternatives
[4-7]. The main advantage of multi-objective evolutionary algorithms
used for network planning is the devising of a set of Pareto optimal
alternatives of abstruse planning problems. However, when the Pareto
front contains a large number of alternatives and/or the OFs are more
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than two, then it is difficult to accomplish a simple decision-making
process [1-3]. In this context arises the main drawback of multi-ob-
jective planning, identify the best planning option became tre-
mendously difficult for decision makers. In order to outclass this
shortcoming, a systematic and automatized analysis of the Pareto front
is necessary.

With the aim to identify the planning solution that best fits with the
decision maker’s point of view, the use of Multi-Attribute Decision
Making (MADM) technique has been introduced in Literature [8-11]. In
Ref. [8] a fuzzy Analytic Hierarchy Process (AHP) is used to rank a set
of four smart grid planning alternatives. The case study concerns the
siting and sizing of distributed generator in radial distribution feeders
(IEEE 33-bus). A hierarchical structure of evaluation criteria is used,
and criteria weights have been elicited according to the societal point of
view by consulting a pool of experts. They proved that Multi-Criteria
Analysis (MCA) is highly successful in the evaluation of alternatives in
the presence of heterogeneous criteria. The selection of the best dis-
tribution planning alternative among a set of 3 options is made by
means of the TOPSIS technique in Ref. [9]. The assessment is made
through 8 output-based evaluation criteria. Three weight schemes are
considered with the aim to assess three different point of views. In Ref.
[10] the planning project selection problem of a rural feeder is faced by
combining the AHP and the VIKOR techniques. The hierarchical
structure of the evaluation criteria encompasses 4 main areas: tech-
nical, environmental, social, and economic. Four categories of experts
have been involved in the weighting process, 13 planning alternatives
have been analysed. Moreover, AHP is used [11] to identify the ap-
propriate location of smart metering in distribution feeders considering
conflicting criteria such as network losses, voltage levels and reliability.
Six possible planning alternatives have been analysed. The criteria
weights have been elicited by experts from the utilities with the goal of
satisfying investment policies.

As shown in Refs. [8-11], the MADM approach is suitable for sup-
porting the project selection among a small set of feasible planning
alternatives. In order to improve multi-objective planning process by
outclassing its main drawback, an automatized MADM project selection
method is proposed in this paper. The proposed project selection ap-
proach is then applied to a large set of optimal ADN planning options.
The large set is the best-known Pareto front originated by a multi-ob-
jective optimization involving the optimal siting, sizing, and scheduling
of Distributed Energy Storage (DES). The planning alternatives are
compared by using an automatized pairwise comparison procedure that
considers output-based performance indices. In order to obtain a robust
result for all possible decision makers’ point of view, the MADM eva-
luation is repeated and the outcomes combined. The proposed metho-
dology for project selection can support the decision makers in ana-
lysing large sets of planning alternatives. Moreover, the presented
formalisation aims at filling the gap in the multi-objective planning by
means of an automatic analysis of the obtained outcome.

2. Multi-Criteria Analysis for decision-making in planning

Planning is a decision-making activity which requires the assess-
ment of a set of feasible investment options for identifying the best one.
Typically, the optimal solution has to achieve a comfortable level of
performance on several conflicting criteria by minimizing the related
cost. Since those goals can be mutually conflicting, the decision maker
has to make trade-offs taking into account the stakeholder perspective.
Traditionally, the planning options are assessed by means of economic-
based tools (i.e., Cost-Benefit Analysis — CBA) which require the con-
version of all project impacts in monetary terms. These methodologies
are acknowledged tools for considering only costs and benefits that can
be directly monetised. In contrast, the appraisal of projects which show
wide range effects and/or non-negligible intangible impacts shows
some underlying shortcomings related to techniques for quantifying,
monetising, and discounting the impacts [12]. In this context, the
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project selection process is biased. In the planning processes, MCA has
been introduced in several sectors (e.g., transportation and environ-
ment) to better consider sustainability aspects and improve the effec-
tiveness of the process [13]. Similarly, smart grid planning is a complex
task, it aims at achieving more goals than the cost minimisation and the
enhanced reliability of supply. Even if services and impacts in power
system have a related cost, the monetisation procedure may distort
their actual relevance for the specific planning process. The need is for
more transparent and objective output-based project selection ap-
proaches. Therefore, shifting from a traditional economic-based as-
sessment to new assessment tools is recommended [1,14]. In Europe,
several guidelines have been released with the aim to promote the use
of a multi-criteria framework on smart grid project assessment [15-17].
Unlike CBA, MCA allows considering the impacts directly, the mon-
etising procedure that introduces an undesired latent point of view is
avoided. In addition, the uncertainties related to monetary conversion
are prevented. Moreover, since MCA involves directly the stakeholder
point of view, transparency on the project selection process is provided.
In fact, the consequences of a change of the analysis perspective are
clear, as the stakeholders’ point of view influences only the evaluation
criteria relevance and not also the impact metrics. Nevertheless, MCA
and CBA are not conflicting tools, a joint use can combine their
strengths by mutual compensating their respective weaknesses [13]. In
fact, MCA lacks on imposing that overall benefits have to exceed costs
therefore, unlike CBA, MCA may be unable to identify the most cost
effective options [18].

MCA is a systematic approach helps the decision maker in finding
the preferred solution. The scientific Literature proposed several
methodologies that belong to MCA [18]. Among them, MADM methods
are suitable for multi-criteria decision problems whose goal is to find
the best alternative among an explicitly known set. Considering a
planning process, multi-objective optimization and MADM are com-
plementary: the former can be used for devising a set of Pareto optimal
solution; while a MADM method can be used to identify the best al-
ternative of the set according to the planner expectations. Key features
of MADM methods are the Performance Matrix (PM), the hierarchy of
evaluation criteria, and the preferences of the stakeholders [18]. The
entries of the PM are the values of performance of the alternatives with
respect to the evaluation criteria. In the scoring stage, the elements of
the PM are normalized to a common numerical scale. The preferences of
the stakeholders are used to define the relative importance of the
evaluation criteria during the weighting stage, a numerical value is
assigned to each criterion as a relative weight. Basically, an MADM
method is an algorithm that assesses the given alternatives on the basis
of the PM and weights of criteria. The output of the algorithm is a
ranking of the alternatives, the alternative that dominates all the others
is the best alternative according to the decision maker point of view.

3. Formalisation of the proposed automatized MADM approach

In this paper, the proposed MADM approach aims at finding the best
alternative among a large set of options. The methodology presented is
based on the AHP which is one of the most acknowledged MADM
techniques [18]. Moreover, the proposed automatic pairwise procedure
is inspired by the procedure in Ref. [19] which has been adapted and
generalised for addressing any PM. The scientific novelty of the pro-
posed methodology is the formalisation of an assessment procedure for
completing a multi-objective ADN planning approach for a given MV
network. Furthermore, in order to identify a robust result, the presented
approach considers all possible stakeholder scenarios modelled by dif-
ferent criteria weight schemes. Even if a Pareto front is studied in this
paper, the proposed assessment approach can be used for any appraisal
of large initial set of planning alternatives.

The MCA methodology proposed in this paper can be resumed in 3
key steps.
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Table 1
Saaty’s judgment scale [20].

Verbal judgement Saaty’s scale (w;/wy)

Indifference/equal preference

Weak preference for object w;

Strong preference for object w;
Demonstrated preference for object wj
Absolute preference for object w;

O N U1 W =

1. Automatized scoring stage.
2. Overall score evaluation for each possible weight scheme.
3. The final score evaluation for each alternative.

The alternative that achieves the highest final score is acknowl-
edged as the best of the set under analysis.

3.1. The automatized scoring stage

In authentic AHP, the subjectivity of the decision maker influences
both the scoring and weighting stage. In the scoring stage, the decision
maker has to express his preference on the alternatives by means of a
pairwise comparison process. The personal judgment of the decision
maker is quantified on a standardized judgment scale (Saaty’s scale), as
shown in Table 1.

Verbal judgement on object wy with respect to object w; are ex-
pressed by reciprocal numerical values.

In this paper, to undertake a scoring stage without introducing
subjectivity, an automatic pairwise comparison process for avoiding the
decision maker involvement is proposed. The automatic scoring pro-
cedure in Ref. [19] has been modified and generalised. The steps of the
proposed automatic pairwise comparison procedure are represented in
the flux diagram in Fig. 1.

Firstly, for each k-th criterion is evaluated a “direct ratio” pre-
ference matrix Q) whose entries are qifj.‘) =a/a", where a/*) and oV
are, respectively, the performances of the i-th and the j-th alternative on
the k-th criterion. According to the straightforward use of the Saaty’s
ratio scale, the value of g% expresses how much the i-th alternative is
preferred than the j-th one. With the aim to exploit the AHP metho-
dology for the analysis, the obtained qif;‘) values have to be converted in
terms of the Saaty’s scale. Therefore, the scaling function S in (1) is
employed (1).

(Rmax - Rmin)'[qifjl-{) - 1)

(k)

qmax

r,-E;-‘) = S(ql.j’.‘)) =round|1 +
¥ -1

(€Y

where r,-(f>
maximum value among all the qif;‘). Rinax and R, are the maximum and
the minimum value of the preferences in the destination scale; if the
destination scale is the Saaty’s ratio scale: R;;q,, = 9 and Ry, = 1. If all
performance values of the alternatives are different from zero, the value

of qr(y:‘alc is finite thus the scaling function S can be applied. Conversely, if

is the image of the element qiE]’.‘) in the new scale, ¢ is the

at least one alternative has a performance equal to zero, the value of qi(j’.‘)
is a division by zero. In this case, if qifj.‘) is evaluated as a mathematical

limit, the value of q,;’;)x tends to infinity. In addition to the model in Ref.
[19], to avoid this event without losing the generality of the scaling
process, the proposed automatic pairwise comparison algorithm finds
qﬂ‘g)h which is the highest qigf) less than infinite. Once the qy(,:‘a)x value is
obtained, the scaling function S is applied to the modified “direct ratio”
preference matrix Q®).

Finally, the preference matrix R® related to the k-th criterion is
obtained. Then, the consistency of the obtained preference matrices R is
verified. The proposed MADM approach is devised for analysing large
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Acquire the k-th column
of the PM

l

Evaluate the elements (gq;;) of the
the k-th preference matrix (Q)

Find the maximum "direct ratio"
element (qyay)

NO Find the highest value of g;

that is less than infinite (q i)

YES Qmax™ 1 O(qhigh)

For each q;; >1
riJ:S(qu)

For each q;;<1
L= l/rj_i

k-th preference matrix in
Saaty's ratio scale (R)

Fig. 1. Flowchart of the automatic pairwise comparison algorithm.

set of alternatives, hence the statistical method presented in Ref. [21] is
exploited.

In the last step, the priorities (or normalised scores) of each pre-
ference matrix are evaluated. Priorities from preference matrices are
evaluated according to authentic AHP: priorities are equal to the nor-
malized eigenvector of the maximum eigenvalue of the preference
matrix.

3.2. The overall score evaluation

Once that the normalised score of the alternatives is evaluated on all
criteria, the overall score of each alternative is obtained by means of

(2).

ne
OS; = 2 DY
j=1

(2)

where OS; is the overall score of the i-th alternative; p;; is the normal-
ised partial score of the i-th alternative with respect to the j-th criterion;
v; is the global priority of the j-th criterion; n. is the number of the
terminal criteria of the hierarchy. The alternative that achieves the
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highest overall score OS is the one that the AHP indicates as the best
alternative of the analysed set. The overall scores obtained by means of
(2) are related to a single decision maker’s point of view which is ac-
counted as evaluation criteria relevance modelled by the assigned re-
lative weights. Thereby, a different decision maker’s point of view is
modelled by different weights, hence the obtained ranking of alter-
natives may change. In order to find a robust result, in this paper an
approach for accounting all possible points of view of the decision
makers is proposed. The aim is to identify the alternative which is
identified as the best considering all possible criteria weights values. To
assess all perspectives of the decision maker, the proposed approach
repeats (2) for each pattern of weight that respects (3).

{ZZ;I Vi = 1

0<w <1 3)

where vy is the weight of the k-th criterion.

3.3. The final score evaluation

From each evaluation of (2), the higher overall score and the label
of the related alternative being collected. This final score is calculated
as the sum of the overall score obtained by the best alternative on each
AHP run, as shown in (4).

Hbest,i

FS,‘ = Z OS,‘J
j=1 @

where FS; is the final score of the i-th alternative, OS;; is the overall
score of the i-th alternative obtained in the j-th AHP evaluation, npes; is
the number of the AHP evaluations in which the i-th alternatives ob-
tained the highest overall score. Namely, for each alternative, its final
score is related to the sum of the overall scores obtained only when it
results as the best of the set for a particular criteria weight scheme. This
approach allows to emphasise the option that is labelled as best more
times and collects the highest overall scores. The planning option which
achieves the highest final score is identified as the best of the set under
analysis.

4. Case study

The decision-making problem addressed in this paper is formalised
by means of a flat structure. The hierarchy consists of three layers: the
main goal, the evaluation criteria, and the design options under ana-
lysis. The alternatives under analysis belong to a Pareto front provided
as output from a multi-objective planning optimisation. In order to
undertake an output-based analysis, the evaluation criteria chosen for
the MADM assessment match with the objectives of the multi-objective
planning; therefore, the performance indicators of the alternatives are
evaluated as the objective function values. As a consequence, these
values are the entries of the PM.

4.1. The grid under analysis

The ADN planning alternatives regard a typical scenario of a real
distribution network located in a rural area (Fig. 2). The studied net-
work is weakly meshed with emergency tie connections, and radially
operated [22]. Two primary substations feed 22 MV nodes (9 trunk
nodes and 13 lateral nodes) that deliver power to MV and LV customers.
The urban area (zone A1) consists of two underground feeders (95 mm?
MV underground cables are used). The zone B1 is rural area fed by an
overhead feeder and characterized by the presence of a photovoltaic
generators and a passive lateral branch (zone C1). The second rural area
(zone B2) shows a high density of distributed generation. In the rural
areas, trunk feeders and lateral branches are made by overhead lines
with sections of 35 mm? and 16 mm? respectively.
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HV/MV substation
MV/LV trunk node
MV/LV lateral node
DG (WT = wind farm)
(PV = photovoltaic)
Trunk branch
Emergency connection
Lateral branch

N
-
o]

Fig. 2. Distribution network of the case study [22].

4.2. The multi-objective optimisation planning framework

Since the scope of this paper is to introduce an MCA based approach
for distribution network planning project selection, the procedure used
for obtaining the set of planning alternatives is not discussed in detail.
The multi-objective optimization planning that devised the Pareto front
under analysis has been made according to the procedure described in
Ref. [23]. For the sake of consistency, only general aspects of the
planning framework are described in this paper.

The duration of planning study is 10 years long that is a medium to
long term planning that involve new primary and secondary substa-
tions. The topology of the MV network is fixed for the whole planning
period. For each MV/LV node, a constant load growth rate of 3% per
year has been assumed. Each load and generator have been modelled
with typical daily profiles that take into account the uncertainties by a
normal probabilistic distribution function. Network calculations are
based on a probabilistic load flow which evaluates for each hour of
typical days the steady state and the emergency network configura-
tions. The resulting probability distribution of nodal voltages and
branch currents are used for checking the technical constraints viola-
tion risk. If the risk is considered not acceptable, several development
plans based on a combination of network and non-network solutions
are assessed. The devised planning options involve lines and substations
upgrading (as traditional network solutions) and DES siting, sizing, and
management (as no-network solution). Amongst the non-network
planning solutions, DESs optimally allocated can provide to the
Distribution System Operator (DSO) numerous technical and economic
benefits such as voltage support, losses reductions, enhanced reliability
and quality of service, improved hosting capacity, deferral of network
investments, and OPEX reduction [24]. Those benefits are not mutually
exclusive because a single storage device can be used to offer different
services [24]. Therefore, to understand the multiplicity of benefits, it is
obvious to analyse DESs planning alternatives trough a multi-criteria
methodology. In this case study, Li-ion batteries have been employed as
DES technology, with a lifespan of 10 years, a nominal power range of
100 kW =+ 3 MW, and a nominal duration from 1 to 10 h. The unitary
costs of related to this technology are 200 €/kW and 400 €/kWh. All
nodes have been considered as eligible for hosting a DES device, each
planning option can host from 0 to 2 devices. The present study con-
sidered the same scenario as in Ref. [23], i.e., the DSO has the own-
ership of DESs which is used for network operation, energy price ar-
bitrage is not allowed. An active control of loads and generators has not
been involved as planning solution. The baseline scenario considered
for planning does not employ DES devices, therefore it only considers
traditional network solutions for facing network issues.
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When the whole network configuration satisfies the technical
compliance in the planning horizon, the solution is memorised in the
iterative planning process.

4.3. The impact metrics, the objective functions

All nine objectives used in the multi-objective optimisation are
considered as criteria for the MADM assessments with the aim to em-
phasise the differences among the planning alternatives. To provide an
overview on the impact metrics, the formulas of the objective function
are described in this section. The aim of decision-making problem is to
identify the best planning option; to this end, the black start support
criterion is considered fulfilled by the alternatives which have a higher
value of the related index, while the remaining eight criteria are ful-
filled by the alternatives which exhibit lower values in the related ob-
jective functions.

4.3.1. Network investment

The network investment objective evaluates the economic value of
the traditional network investment. This cost, Ci,,, encompasses only
the investment in new/upgraded lines and substations, is evaluated by
(5).

Nbranches
Co = (Boj + Myj — Ryp)

Nbranches

Cim = Z

J=1

)

where Npranches is the number of network branches, Cy; is the present
cost of the jth branch, and By, My;, and Rg; are respectively it is
building, management and residual costs actualised at the beginning of
the planning period by considering a prefixed discount rate.

Jj=1

4.3.2. Energy losses
The Joule energy loss for the jth branch in the kth sub-period
through is evaluated according to (6).

Eij = 8760'3'R1'Nk'(12ﬁk + Izojk + I/jk’IOjk) 6)

where Iy and I are the branch current at the beginning and at the end
of the sub-period respectively, Ny is the sub-period duration in years,
and R; is the branch resistance. 8760 is the number of hours per year, 3
is the number of conductors. The total energy losses, E;, are then ob-
tained by summing the contributions of all branches in each sub-period.

4.3.3. Reactive power exchange with the Transmission System Operator

The interface inverter of DES devices can be used to separate the
exchange of active and reactive power. This aspect can be used to
manage the flows of reactive power in the high voltage side of the
primary substations and to limit the costs that the distributors have to
pay. In this paper, that cost is calculated according to Italian regulation
framework (resolution 654/2015/R/EEL).

4.3.4. Black start support
DES devices can be used to run the black start of a share of the
whole grid. The metric Pps of the black start support of each DES device
consists in the sum of all the available power in each time slot. A greater
Pgs value implies a higher black start capability, it is evaluated as in (7).
N

Pas = Z min(SoCy-7,,, Br)
h=1

)

where SoCy, is the state of charge in the h-th time slot, N}, is the number
of the time slots, P, is the nominal power rate of the storage device,
whereas 7., is the discharging efficiency.

4.3.5. Cost of the Energy Storage System

The cost of the DESs is evaluated by their CAPEX related to voltage
installation in the planning period. The CAPEX is evaluated as by means
of (8).
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DES  _
Ccarex = kpesCp By + ce'Brrdy

(3

where ki is the oversizing factor of the power conversion system, P, is
the nominal power rating of the device, d, is the nominal duration. c,
and c. are the specific costs, their value is respectively 200 €/kW and
400 €/kWh. The residual value is assessed by considering a lifetime of
10 years. The maintenance cost and the OPEX related to the charge/
discharge losses has been disregarded.

4.3.6. Quality of service — duration of interruptions
The quality of service guaranteed by each planning alternative de-
pends on the duration of the interruptions that each end-user observes.
This impact is measured by the System Average Interruption Duration
Index (SAIDI), which is calculated as in (9).
U-NC;

2.
i=1

n
NCG;

i=1

SAIDI =
9

where NC; is the number of customers in the i-th bus, U; is the annual
outage for customers in the i-th bus, whereas n is the overall number of
busses of the network. The aim of this objective is to evaluate the im-
provement of the reliability offered by the DES system. In fact, thanks to
islanding operation it is possible to avoid the outage effects to the set of
costumers involved.

4.3.7. Quality of service — frequency of interruptions
The quality of service also is measured by the System Average
Interruption Frequency Index (SAIFI), which is calculated as in (10).

(10)

where }; is the failure rate, NC; is the number of customers in the i-th
bus, whereas n is the overall number of busses of the network.

4.3.8. Voltage regulation

DES devices can contribute to voltage regulation with suitable in-
jections of reactive and active power. The metric for the voltage reg-
ulation objective measures the difference between the maximum and
the minimum bus voltage in the last year of the planning period. It is
evaluated as in (11).

Nnodes  Nf
regVindex = Z Z Vr’rllax.i - Vr;rllin.il
i=1  h=1 an

Vi .iand V], . are the maximum and minimum voltage of the i-th bus
in the h-th time interval. N,,q.s is the overall number of buses whereas
N¢is the sub-period duration used for the evaluation of the daily profile
of loads and generators. To avoid double counting, this objective
measures the contribution of DES to the quality of voltage; the con-
tribution on avoiding voltage constraints violation is already accounted
as deferral of network upgrading investment.

4.3.9. Quality of services — voltage dips

DES can improve the quality of service by decreasing voltage dips
occurrence and transient interruptions caused by short-circuits. The
metric of the voltage dips objective measures the annual cumulative
frequency of the voltage dips considering all the busses of the MV grid.

4.4. The Pareto front, the set of planning alternatives

Each element of the obtained Pareto front is a different active
planning non-dominated solution that involves the use of DESs. Each
alternative is different by another for the number, the position in the
grid, the power rating, and the daily energy scheduling of the DES
devices, as well as for the traditional network upgrading solutions de-
ployed. Since the obtained Pareto front consists of 1200 different
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Power rating [kW]
2.6% 5.9%

Duration rating [h]

1.6% 3.7%
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Zone occurrency

5.4% 14.8%

19.3%
6.6%
3.3%
8.5%
57.5% 52.4%
18.3%
9.4%
29.5%
13.3%
= 100-500 = 600-1000 = 1100-1500 13.9% 0
1600-2000 = 2100-2500 = 2600-3000 ml m2 m3 w4 m5 m6m7 m8 m9 m10 mzone Al mzone Bl wmzoneCl zone B2
Fig. 3. Occurrence of DES devices characteristics among the planning options.
planning alternatives, only a general description of the set is given in Table 2
this paper. Each planning alternative in the Pareto front involves 2 DES Minimum and maximum values of performances in the PM.
devices at most. 1042 alternatives are characterised by 2 DES devices, Index Minimum Maximum Baseline
157 involves one only device, the baseline alternative has no DES in- value value scenario
stalled. In Fig. 3 the occurrence of DES devices in terms of power rating,
duration, and on the installed busses considering all the alternatives of Network costs  [k€] 2174.2 3208.2 2205.0
the Pareto front is provided Energy losses [MWh] 9664.2 32732.6 11216.1
R P ) X . L. Reactive power  [k€] 0 43282.0 973.9
Since the Pareto front contains the alternatives under analysis, it exchange
defines the PM which is the input of the MADM method. The PM has N, Black start [MW] 144.00 0 0
rows and N. columns; where N, is the number of the planning alter- DES cost (k€] 0 115200.0 0
natives, while N, is the number of the criteria. In the present case study, SﬁFDII h/year] 1.630 2.026 2.026
the chosen evaluation criteria are the 9 objectives of the multi-objective S loceurrences/year] - 0.735 0-837 0-837
. . Voltage [p-u.] 5.258 11.636 11.483
planning; therefore, the Pareto front feature values are the entries of the regulation
PM; hence: N, = 1200 and N, = 9. Due to the large number of alter- index
natives, the full PM is not reported in this paper. However, the per- Voltage dips [Vdips/year] 83.22 100.43 100.43
index

formances of the alternatives on the 9 criteria are depicted in Fig. 4 in
relative terms with respect to the baseline scenario. For each objective
function, the difference between the performance value of each alter-
native and the baseline scenario has been calculated. Then, the ob-
tained figures have been scaled according to the maximum absolute
difference value. For the sake of clarity, the minimum and the max-
imum values of performance on each criterion are resumed in Table 2,
along with the objective function values of the baseline scenario.

4.5. The automatic MADM assessment

Once the PM is built, the automatic MADM assessment follows the
procedure described in Section 3. The automatic scoring algorithm
produces N. = 9 squared preference matrices whose dimension is

N, = 1200. The obtained preference matrices are consistent, the re-
lated Consistency Ratio is less than 0.03. The priorities of the alter-
natives are evaluated from each preference matrix. The calculation (2)
for obtaining the overall scores has been repeated for each weight
scheme defined by (3). A step size of Avy = 0.05 is considered among
each evaluation point. The final score of the alternative is evaluated as
defined by (4).

5. Results and discussion

Tables 3-5 present the results of the MADM evaluations. Only the
top 5 alternatives are described. In Table 3 the overall scores obtained
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Fig. 4. Relative performances of the alternatives with respect to the baseline scenario.
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Table 3 Table 5
Final scores. DES data of the first five alternatives ranked by AHP.
Alternative A1069 A4 Al110 Al113 A477 Individual DES bus DES power size [kW] DES energy size [kWh]
Final score 460.8 282.1 158.8 22.8 14.1 A1069 10 12 3000 2900 30,000 20,300
Hits 1,321,101 815,250 610,899 96,334 56,003 A4 No DES No DES - - - -
A110 3 12 2000 2400 18,000 14,400
Al113 10 16 1600 2900 14,400 26,100
A477 3 12 1500 1700 300 15,300

after all the evaluations are shown (normalised in thousandths). In
addition, the row “Hits” represents how many times the corresponding
alternative has been pointed out as the best considering all pattern of
weights. Table 4 shows the PM of the top 5 alternatives. The left pie
chart in Fig. 5 represents the distribution in relative terms of final score
values among the alternatives; similarly, the right pie chart in Fig. 5
resumes the distribution of “hits” obtained by the alternative on each
AHP assessment. Table 5 presents the DES topological information of
each top 5 alternatives. As highlighted in Table 3 and Fig. 5, the al-
ternative A1069 achieves the highest final score and is labelled as best
most of times, therefore is the best alternative identified by the method.
Fig. 5 shows that the first three alternatives obtain a final score higher
than the sum of the final score of the remaining alternatives. This result
is obtained also by considering the first position distribution depicted in
the right pie chart. Accordingly, the alternatives A1069, A4, and A110
outclass all remaining alternatives belonging to the Pareto front.

As shown in Fig. 5, the overall performance achieved by A1069 is
significantly higher than the remaining four top alternatives, hence the
result obtained is considered robust. Among all 1200 analysed alter-
natives, 857 alternatives obtained a final score greater than zero; while
343 alternatives have not been identified as best alternative for any of
the considered weight scheme. Considering the whole Pareto front,
A1069 shows the highest performances on criteria such as voltage dips,
reactive power exchange, and black start support. In addition, on SAIDI,
SAIFI, and voltage regulation index A1069 exhibits great performances.
The performance of A1069 for network investment and energy loss lies
between the best and worst alternatives on these criteria. Even though
the DES cost related to A1069 is the highest among all top 5 alter-
natives, it is still less than the half of the highest value observed in the
Pareto front (115.2 M€). Therefore, A1069 can be considered as the
best compromise design option. Along with an average expenditure of
DES, it has achieved an overall superiority among all the criteria. The
second-best alternative proposed by the evaluation is the baseline sce-
nario (A4). As it can be seen in Table 4, A4 has the worst performances
in five criteria, while it performs extremely well on the other four cri-
terions. Due to criteria relevance in some AHP evaluation, the best al-
ternative has been A4 when weights of these 4 criteria were higher.
Namely, the output provided highlights the compensative peculiarity of
AHP.

Except for A4 (no DES), all the alternatives ranked in the top 5
positions encompass siting of DESs in the network zone B2. It confirms
that storage is more effective in reducing interruptions and enhancing
voltage quality if placed in the rural areas with high distributed gen-
eration density. Besides these positive aspects, an increased level of
losses and network investment is expected in the distribution network.
Table 4 shows that A1069 involves a share of network investments and
energy losses of 21.3% and 73.1% respectively, greater than the

Table 4
Performance matrix of the first five alternatives ranked by AHP.

baseline scenario. The alternatives A110, A113, and A447 have an
amount of DES CAPEX that is about 50-80% less than A1069. A lower
level of DES CAPEX implies devices with less power and/or energy size.
Consequently, the overall benefit achieved with these design options is
lower. A1069 can be suitable for DSOs in a scenario where the reg-
ulatory framework allows them to focus more on quality of service than
on costs (i.e., investments are fully refunded to DSO). On the contrary,
an increased level of energy losses and of network investment can be
undesirable for the decision maker. Prior to the MADM assessment, a
subset of the Pareto front can be identified on the basis of the decision
maker’s threshold levels (i.e., a budget cap, maximum and minimum
levels on some criteria). For the sake of completeness, the alternatives
A1069 and A110 are compared with the alternative A1 which final
score is zero. The comparison is represented in Fig. 6 and it is made in
relative terms with respect to the baseline scenario as in Fig. 4. Al
involves the busses 15 and 21 by installing two DES devices of
2.6 MW = 3h and 2.7 MW =+ 2 h, respectively. Although A1069 in-
troduces more network cost, energy loss, and DES cost than Al, the
latter has a slight negative impact in terms of reactive power exchange;
no impact in terms of SAIDI, SAIFIL, and voltage dips; a lower positive
impact on black start support and voltage regulation indexes. There-
fore, only on three criteria Al has a better performance than the A1069.
A110 performs better than A1069 on DES cost, SAIDI, SAIFI, and vol-
tage regulation; it has an equal performance in terms of voltage dips;
conversely, on the remaining 4 criteria A110 is outclassed by A1069.

6. Conclusions

In this paper, a systematic and structured approach for project se-
lection of smart grid development has been presented. A full deploy-
ment of the proposed methodology allows for an optimal planning of
distribution networks helping the decision maker in finding the design
option that best fits with the stakeholders’ expectation. By assessing all
possible points of view the most supported planning option is found.
The case study concerns the analysis a Pareto front of ADN design op-
tions devised by an a posteriori multi-objective algorithm. Among the
optimal set, the best alternative is identified by the proposed automatic
MADM evaluation. The non-network planning options have been de-
vised concerning siting, sizing, and scheduling of DES devices. Even if
the MADM technique upon which the proposed approach is based is
well available in Literature, the proposed automatized version improves
the state of the art of MADM and makes it more suitable to distribution
planning in the era of smart grids: (i) it allows planners to easily ex-
amine large sets of planning options; (ii) it enhances the objectivity of

Alternative label =~ Network costs  Energy losses  Reactive power exchange  Black start  DES cost ~ SAIDI  SAIFI Voltage regulation index  Voltage dips index

(k€] [MWh] (k€] [MW] (k€] [ h ] [ oce. ] [pu] [Vdips]
year year year
A1069 2676 19,415 0 141.6 48,965 1.814  0.751 6.022 83.22
A4 2205 11,216 974 0 0 2.026  0.837 11.483 100.43
Al10 2821 19,357 1084 104 23,740 1.63 0.735  5.738 83.22
Al113 2193 12,647 1054 106.3 25,020 1.863  0.751 10.934 83.22
A477 2508 13,917 976 68.9 9610 1.636  0.79 8.748 83.22
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Fig. 6. Comparison of the performances of A1069, A110, and Al in relative terms with respect to the baseline scenario.

the assessment; (iii) it is less biased than the CBA. Eventually, a robust
planning option that considers the point of view of several stakeholders
can be identified increasing the worth of multi-objective-attribute op-
timal planning. As inferable from the discussion of the results, com-
paring the alternatives is a laborious task, which complexity increases
as the number of the alternatives and/or of the evaluation criteria in-
creases. Therefore, an automatized tool which provides concise in-
formation about the best alternative in the set is fundamental for the
decision-making processes.
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