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a b s t r a c t

The ongoing power system transformation requires rethinking the planning and operation practices of
the different segments to accommodate the necessary changes and take advantage of the forthcoming
opportunities. This paper concerns novel approaches for appraising initiatives involving the use of
flexibility from grid-connected users. This paper proposes a Decision Theory based Multi-Criteria Cost-
Benefit Analysis (DT-MCA-CBA) methodology for smart grid initiatives that capture the complexity of
the distribution system planning activities in which flexibility competes with grid expansion. Based
on international guidelines, the proposed DT-MCA-CBA methodology systematically assesses tangible
and intangible impacts, considering multiple conflicting criteria. The DT-MCA-CBA methodology relies
on a novel approach that combines MCA and Decision Theory to identify the most valuable option
in a complex decision-making problem by modelling the stakeholder perspective with the MiniMax
regret decision rule. The proposed DT-MCA-CBA methodology is applied to a comparative case
study concerning four different approaches for distribution system planning. A web-based software
which implements the proposed decision-making framework and the DT-MCA-CBA methodology is
developed to provide a novel decision-making support tool for strategical smart distribution system
planning.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).
1. Introduction

The electrification of final uses of energy (e.g., transportation
nd heating) represents one of the main actions towards decar-
onisation if accompanied by green power generation through
enewable energy sources (RES) [1]. The transition from fossil fu-
ls to green electricity makes distribution networks pivotal since
ew loads and novel generation capacity will be directly installed
o this grid, originally designed to be passive and crossed by uni-
irectional power flows [2]. Consequently, distribution network
lanning and operation have become increasingly complex due to
low reversals, line congestions, and voltage limit violations [3].
igh electricity supply quality and reliability will require signifi-
ant investments in the distribution system (e.g., more than e 400
illion by 2030) and substantial changes in the value chain of all
arts of the distribution sector [4]. However, the required invest-
ents could be reduced using active distribution system planning
pproaches that include the operational flexibility offered by the

∗ Corresponding author.
E-mail address: matteo.troncia@iit.comillas.edu (M. Troncia).
ttps://doi.org/10.1016/j.segan.2023.101138
352-4677/© 2023 The Authors. Published by Elsevier Ltd. This is an open access artic
distributed energy resources (DER), i.e., generators, flexible loads,
static storage systems and electric vehicles [5]. The International
Energy Agency identifies DER flexibility as a need to accelerate
the power ongoing system transformation [6]. Flexibility provi-
sion represents a valuable alternative for avoiding or postponing
network reinforcement to face the expected operational issues;
to illustrate, the technical and economic impacts on distribution
network planning of DER flexibility considering a portion of the
Italian distribution system are studied in [7], the case of a real
Portuguese distribution network is investigated in [8], and the
distribution network planning with the use of demand response
in typical Chinese distribution networks is addressed in [9]. As
shown in the mentioned works, traditional network reinforce-
ment and DER flexibility provision are competitive measures to
achieve the distribution network operation goals; therefore, in
distribution system planning activities, the two approaches need
to be compared on a level playing field to ensure selecting the
best option on a case-basis [10]. From the regulatory perspective,
DER flexibility provision is considered a valuable alternative for
avoiding or postponing network reinforcement to face the ex-

pected operational issues, as stated by the Council of European
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Nomenclature

ACER European Union Agency for the Cooper-
ation of Energy Regulators

AM Active Management
BCR Benefit-Cost Ratio
CAPEX Capital Expenditure
CBA Cost-Benefit Analysis
CCSD Correlation Coefficient and the Standard

Deviation
CEDEC European Federation of Local and Re-

gional Energy Companies
CIGRÉ International Council on Large Electric

Systems
CIRED International Conference on Electricity

Distribution
CRITIC Criteria Importance Through Intercrite-

ria Correlation
DER Distributed Energy Resource
DG Distributed Generation
DM Decision Matrix
DSM Demand Side Management
DSO Distribution System Operator
DT Decision Theory
DT-MCA-CBA Decision Theory based Multi-Criteria

Cost Benefit Analyses
EC European Commission
E.DSO European Distribution System Operators

association
EV Electric Vehicle
ENTSO-E European Network of TSOs for Electric-

ity
EPRI Electric Power Research Institute
ESS Energy Storage System
EU European Union
FF Fit and Forget
FSP Flexibility Service Providers
GC Generation Curtailment
GEODE European Association of Local Energy

Companies
HV High Voltage
IP Ideal Point
ISGAN International Smart Grid Action Net-

work
ISO International Organization for Standard-

ization
JRC Joint Research Center
KPI Key Performance Indicator
LV Low Voltage
MCA Multi-Criteria Analysis
MGD Maximising the Generalized Deviation
MMR MiniMax Regret
MV Medium Voltage
NPV Net Present Value
OPEX Operational Expenditure
P Active power
PP Probabilistic Planning
PQ Active and reactive power
PV Photo Voltaic
2

Q Reactive power
RES Renewable Energy Sources
rTOTEX Reduction of Total Expenditures
SaaS Software as a Service
SD Standard Deviation
SE Shannon’s Entropy
SO System Operator
TOTEX Total Expenditures
TSO Transmission System Operator
WG Working Group

Energy Regulators [11] and acknowledged by the ACER frame-
work guideline for on demand response [12], aligned with the
Clean Energy Package [13].

The mentioned regulation emphasises the need for network
planning activities to consider on equal footing flexibility and
traditional network reinforcement measures. Therefore, decision-
making support tools that enable a fair assessment of the impacts
of various actions are highly valuable for system operator net-
work planners (at both transmission and distribution levels),
regulatory bodies, and policymakers. These tools are especially
relevant in planning activities where flexibility competes with
traditional network reinforcement measures. Nevertheless, as-
sessing the viability of using DERs to operate distribution net-
works is challenging since it requires comparing the expected
long-term costs and benefits under significant uncertainty. More-
over, the involvement of new players in power system operation
(e.g., DERs, flexibility service providers (FSPs), aggregators, EVs)
and the strategic goals (i.e., climate and energy security) pur-
sued require a new holistic approach to project appraisal. Thus,
the only appraisal of the impacts on the electricity system is
not sufficient to measure the socio-economic footprint of the
initiatives impacting the entire energy system, economy, soci-
ety, and earth [14]. However, a broader evaluation approach
needs to include the non-monetary impacts (e.g., environmen-
tal impacts, impacts on health and the quality of life, social
acceptance, technical impacts such as network capacity and con-
nectivity availability, supply security and quality) [15], which
traditional financial viability assessment tools, such as the CBA, do
not account them adequately [16]. Moreover, exploiting flexibility
from third-party resources means involving new stakeholders
in the distribution system planning and operation; hence their
viewpoint has to be considered in the decision-making process
to comply with the customer-centric goals [1].

Different approaches have been proposed to identify, quan-
tify, and account for non-monetary impacts in financial viability
assessment tools. However, the equivalent monetary value of a
non-monetary impact could be unreliable or even not obtainable
for all the impacts due to the impact nature or lack of informa-
tion [16]. In the context of the electricity sector, several interna-
tional guidelines have been proposed for project assessment, JRC
proposed general guidelines for smart grid projects [15] and spe-
cific guidelines for smart metering deployment [17]; which are
based on the EPRI’s guideline for estimating the costs and benefits
of smart grid initiatives [18]; ENTSO-E developed a guideline for
CBA to assess the projects, as established by the Regulation (EU)
No 347/2013 [19]. These guidelines support the identification of
monetary and non-monetary impacts and provide procedures to
quantify and monetise the relevant non-monetary impacts. The
guidelines recognise that not all non-monetary impacts can be
included in the monetary viability assessment. Hence, several
non-monetary impacts have to be evaluated aside using KPIs.
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owever, these guidelines lack a complete framework that sys-
ematically considers the outcome of both the monetary and
on-monetary impact assessment, although this approach is ex-
licitly recommended [20]. Moreover, the need for a project
ppraisal covering the widest perspective involving all stake-
older categories requires resorting to approaches that allow
ollecting the stakeholder preferences without introducing biases
hat distort the assessment outcomes.

In this context, the MCA methodologies (i.e., decision-making
upport tools based on systematic assessment approaches that
llow selecting the best initiative considering multiple evaluation
riteria to appraise the alternatives of a given set) provide a
ramework to appraise impacts expressed in quantitative and
ualitative terms [21]. Therefore, MCA allows combining the as-
essment of monetary and non-monetary impacts caused by the
lectricity sector initiatives involving third-parties flexibility ser-
ice providers [22]. Moreover, stakeholders play a fundamental
ole in MCA since their perspective is considered in several pro-
edure steps [22]. MCA is also adopted as a planning support
ool in various sectors (e.g., transportation, energy, environment)
o enhance the representation of the sustainability aspects, as
ointed out in [23,24], and [25] for transportation, in [26] for
nergy policies, in [22], in [27,28] for electric power distribution
ystem and [29] for transmission system, in [29] for the gas
ector, in [30] for the maritime sector, in [31] for biosecurity, and
n [32] for water supply.

As discussed, CBA and MCA allow appraising investment ini-
iatives. Financial CBA is an acknowledged and reliable tool to
stimate the profitability of investments in the private sector [33].
owever, it lacks reliability in decision-making problems involv-
ng non-monetary impacts, externalities, and multiple stakehold-
rs [16]. MCA systematically evaluates conflicting criteria irre-
pective of their nature, allowing broadening the assessment [21];
owever, it does not respect the Kaldor–Hicks criterion1 [34,35],
nd it is not suitable for a strict monetary analysis [21]. Moreover,
CA allows multiple stakeholders’ perspectives; nevertheless, if

he stakeholder preferences’ are not adequately collected and
odelled, MCA assessment may lead to biased solutions for the
ecision-making problem [36].
CBA and MCA are not mutually exclusive; their joint use can

elieve the respective gaps [23]. In some joint MCA-CBA ap-
roaches, the CBA focuses only on tangible impacts, whereas the
CA on intangible impacts. In other cases, a sequential procedure

s used with the CBA or the MCA first filters the initial investment
ptions. The best option is selected using the companion tool as
roposed in [37] and shown in [30].
This paper proposes a decision-making framework that joins

CA and CBA to leverage the advantages of combining the two
ssessment tools. The proposed framework considers the CBA as
he economic criterion of the overarching MCA. The proposed
oint MCA-CBA decision-making framework is designed for smart
rid project assessment since it follows the relevant interna-
ional guidelines for addressing CBA, criteria selection, and per-
ormance quantification. Moreover, to outclass the criticalities of
CA in eliciting criteria relevance, the joint MCA-CBA framework

n this paper is complemented by an innovative formulation
f the decision-making problem that resorts Decision Theory
DT) to model the stakeholder behaviour. Hence, the proposed
ecision-support methodology combines the MCA, CBA, and DT
ecision-making approaches; hence, hereafter this paper refers
o the proposed decision-making methodology as DT-MCA-CBA.

1 The Kaldor–Hicks criterion [34,35] assumes that an initiative is desirable if
he generated gains can compensate and outclass the losses; it states that an
nitiative is favourable if creates a net gain.
 r

3

Based on the MiniMax regret (MMR) rule2 [38], the proposed
DT-MCA-CBA methodology looks for the alternative that deter-
mines the least regret for the most sceptical stakeholder. Hence
the identified solution represents the compromising alternative
determining the lowest regret for the considered stakeholder
audience.

The proposed joint MCA-CBA decision-making framework, ex-
ploiting the original DT-MCA-CBA methodology, aims to support
analysts and decision-makers in the appraisal process. Indeed,
in project selection problems, especially in the public sector,
identifying the most convincing alternative is key to the success
of the planning process. Thus, as recommended by the men-
tioned regulation, the proposed tool can be used by power system
stakeholders (e.g., system operators network planners, regulatory
bodies, and policy makers) to compare planning initiatives involv-
ing on a level playing field different technological solutions taking
into account not only economical aspects but also externalities
and smart grid transformation aspects. The research activity pre-
sented in this paper contributed to the International Smart Grid
Action Network (ISGAN) activities devoted to developing tools for
cost-benefit and socio-economic analyses of smart grids. A free-
to-use software is available online at https://smartgrideval.unica.
it/ to test the methodology and contribute to the design of smart
grids. As the mentioned regulation highlights, it is of interest
that network development plans ensure transparency and fair
comparison of traditional network reinforcement and flexibility
measures; making the software available online and free of cost
is essential for encouraging the adoption of a common framework
for project assessment and strategic decision-making.

The main contributions of this paper are summarised as fol-
lows:

a. The formalisation of a joint MCA-CBA decision-making
framework inspired by international guidelines on smart
grid project assessment,

b. The proposal of an innovative formulation for multicriteria
decision-making based on Decision Theory that comple-
ments the joint MCA-CBA decision-making framework: the
DT-MCA-CBA methodology,

c. The application of the proposed joint MCA-CBA decision-
making framework with DT-MCA-CBA methodology to the
planning activity of a realistic distribution network with
a level playing field comparison of traditional network
reinforcement and flexibility service provision measures,
and

d. The development of the software version of the joint MCA-
CBA decision-making framework with the DT-MCA-CBA
methodology, under the aegis of ISGAN.

he paper is organised as follows. Section 2 introduces the prob-
em of decision-making for power distribution system planning
y describing the novel planning approaches and the relevance
f decision-making tools, such as joint MCA-CBA frameworks,
or identifying the best planning alternative. Then, Section 3
escribes the DT-MCA-CBA methodology proposed in this paper.
he formalised joint MCA-CBA decision-making framework with
he DT-MCA-CBA methodology is applied to a case study con-
idering a distribution network typical of the Italian distribution
ural ambit in Section 4. Final remarks are provided in Section 5.

2 The MiniMax regret rule is a decision-making approach assuming that
ecision makers choose the alternative that minimise the maximum regret from
suboptimal decision [38]. Regret is defined as the difference between the

ayoff received if the best alternative would have been chosen and the payoff
eceived from the actual chosen alternative.

https://smartgrideval.unica.it/
https://smartgrideval.unica.it/
https://smartgrideval.unica.it/
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. Decision-making for power system planning

.1. Novel distribution system planning approaches

The traditional approach for distribution system planning,
nown as Fit and Forget (FF), aims at solving at the planning
tage all possible network’s limits violation (e.g., overvoltage
r undervoltage conditions, cable thermal limit violation) using
nly network solutions (i.e. resizing of existing conductors and
ubstation transformer and construction of new connections and
ubstations) [3]. The FF network design is usually based on the
eterministic assessment of the worst-case scenario (maximum
oad demand ormaximum generation - minimum demand scenario).
herefore, FF leads to extreme network oversizing since it reduces
he risk of network constraint violation to zero. In recent years,
he deployment of DG, mainly fed by RES, characterised by an
ntrinsic uncertainty, and the increasing presence of energy-
ntensive loads (e.g., electric vehicles and heat pumps) changed
he scenario in which the FF was formalised. Thus, the determin-
stic FF approach is not suitable due to the high costs it would
ead [3].

Generally speaking, the distribution system’s most severe sce-
arios (i.e., high generation with low peak consumption) are
nfrequent; therefore, huge network oversizing is avoided by ac-
epting a relatively low risk of constraint violation. Expert work-
ng groups of technical associations and communities (e.g., CIGRÉ,
IRED) agree on the adoption of a modern approach in which
he scenarios of generation and demand are characterised by
distribution probability that can be combined to obtain the
robability of constraint violation [3]. Additionally, a minimum
evel of violation (residual risk) is accepted [7]. Also, they promote
o abandon the idea of fixing all network issues at planning level
y integrating progressively operational solutions exploiting the
mart grid technologies improvement. Among the operational
olutions, the use of DER flexibility (i.e., the capability of a gen-
rator to increase/decrease production or the availability of a
oad to reduce or postpone its energy demand) is considered
cost-effective alternative to network reinforcement that al-

ows network investments reduction or deferral under increasing
ncertainty. The importance of the integration of flexibility in
istribution system planning is demonstrated by the noticeable
ocuments released in the last few years [6,10,39]. The topic
s analysed from different perspectives; in [39], four European
istribution system operators DSOs associations (CEDEC, E.DSO
or Smart Grids, Eurelectric, and GEODE) discuss how DSOs can
se flexibility and contribute to the transition towards a more
ustainable energy sector, also presenting a tool to operate their
rids in a cost-efficient way. In [10], flexibility employment from
he DSOs’ point of view is analysed, investigating flexibility as-
essment procedure and regulatory approaches, and presenting
ome case studies from demonstration projects. In particular,
n [10,39] possible schemes for the coordination of transmission
nd distribution system operators (TSOs, DSOs respectively) are
iscussed. In [6], particular attention is given to policies, regula-
ory frameworks and strategies to mitigate challenges to unlock
ystem flexibility.
The introduction of flexibility requires the active operation of

he distribution network; therefore, operational practices have
o include, besides the traditional actions, the active manage-
ent (AM) of the flexibility available from DG, loads, and energy
torage systems (ESS) [3]. Recently DSOs, thanks also to the
lean Energy Package, have recognised the potential of such
pproach and started cooperating with the scientific commu-
ity for developing suitable procedures and tools for innovating
heir distribution system planning approach, able to consider the
bovementioned aspects [40]. This paper presents the assess-
ent of the distribution system planning alternatives obtained
y applying one of the new planning tools proposed in [41].
4

2.2. Decision-making for power system planning

Investment evaluation is a pillar of strategic management;
ex-ante project appraisal aims to support the design of actions
that best allocate scarce resources (e.g. capital, labour, land, wa-
ter) [42]. The laws of economics are pivotal in determining the
profitability of project initiatives [42]. However, the assessment
of projects of social interest has to consider a range of impacts
beyond the financial profitability [42], as also pointed out in JRC
guidelines [15]. In general, the approaches for project appraisal
can be classified considering the assessment perspective and
the evaluated impacts, as shown in Fig. 1. The most restrictive
assessment is the financial analysis that considers the investors’
profitability only by contemplating monetary impacts [42], CBA
is the most acknowledged tool for financial analysis [33]. The
economic analysis broadens the scope by considering the na-
tional or societal viewpoint and assessing both direct and indirect
monetary and monetisable impacts. Generally, a tool for eco-
nomic analysis is known as Economic or Societal CBA [42]. MCA
approaches represent a useful tool for simultaneously assessing
quantitative and qualitative project impacts [15], MCA can be
used for the widest project assessment, including soft effects and
intangible non-monetisable impacts.

This paper proposes a decision-making approach combining
CBA and MCA for assessing distribution expansion projects. The
joint use of CBA and MCA aims to relieve the respective gaps by
emphasising the strengths of each tool. Economic or Societal CBA
is the assessment approach based on CBA in which non-monetary
impacts are accounted for by relying on an ad-hoc procedure for
calculating the monetary equivalent [21]. However, even if some
corrective is adopted, CBA shows fundamental flaws in appraising
initiatives with relevant externalities and societal impacts not
always possible to quantify, monetise and discount with accu-
racy [16]. In recent years, the European Commission (EC) Joint
Research Centre (JRC) developed a smart grid project appraisal
framework based on CBA and a set of dedicated KPIs [15]. The
JRC guidelines aim to support the local context analysis and the
identification and monetisation costs and benefits [15], an exam-
ple of local context analysis is provided in [43]. Furthermore, the
JRC guidelines support identifying the relevant externalities and
social impacts [15]. The JRC CBA guidelines represent a structured
set of suggestions and a checklist for appraising the impact of
smart grid initiatives [15]. At the European level, the relevance of
an approach that broadens CBA, also considering non-monetary
impacts, is recognised by the associations of TSOs of electric [19]
and gas systems [29]. The guidelines released by these associa-
tions, in line with the relevant EU Regulation, devise a project
assessment for planning initiatives concerning the transmission
system that combines CBA and MCA. Several ‘project level indi-
cators’ are defined to include non-monetary impacts (e.g., system
safety and environmental impacts).

This paper’s proposed decision-making framework relies on
the JRC guidelines, the joint MCA-CBA decision-making frame-
work proposed follows and completes the JRC recommendations
formalising a comprehensive assessment approach that includes
a mathematical model based on DT for identifying the solution to
the decision-making problem.

3. Decision-making problems addressed using decision theory
rules

3.1. Decision-making with MCA

Complex decision-making processes aim to identify the option
that best satisfies several conflicting evaluation criteria. Prob-
lem complexity increases with the number of alternatives and
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Fig. 1. Classification of project appraisal approaches.
Fig. 2. Generalised process of MCA methodologies for decision-making.

riteria. MCA represents the systematic approach to decompos-
ng decision-making problems into elementary problems that
an be easily managed. Several methodologies have been pro-
osed to support decision-makers in identifying the best option in
n explicitly known set [21]. Different decision-making philoso-
hies inspired the different MCA methodologies; hence, different
ethodologies applied to the same decision-making problem
ay provide different outcomes [21]. Fig. 2 depicts the flowchart
f a generalised process of MCA methodologies for decision-
aking. A detailed description of the fundamentals of the MCA
ethodologies is available in [21,44]; however, for completeness,

he key aspects of MCA methodologies are mentioned in this
ection. As shown in Fig. 2, the information required as input for
he decision-making process is formed by the set of alternatives
o be assessed and the stakeholders’ perspective to set up the
ecision-making goals and the related evaluation criteria. The key
5

process of a decision-making addressed with MCA methodologies
are:

1. Identification of evaluation criteria and criteria hierarchy
definition.

2. Collection of information on the options and decision ma-
trix building.

3. Definition of the criteria relevance and calculation of crite-
ria weights.

4. Calculation of the overall score of the alternatives.

The evaluation criteria identification depends on the decision-
making problem scope and the relevant aspects for evaluating
the options. The principles of discrimination, confidence, and
uniqueness must guide the criteria selection and definition. The
Criteria hierarchy is the structure that organises the criteria of
the decision-making problem. The decision matrix contains the
relevant information on the options; its entries are the attribute
values of each option concerning the evaluation criteria. The
Criteria weights are the numerical values that model the relevance
of each evaluation criterion in the context of the specific decision-
making problem. The definition of criteria weights is momentous
since the strong influence on the analysis outcome. Calculating
the overall evaluation of project alternatives requires as input
decision matrix and criteria weights calculated based on the criteria
hierarchy [21]. The result indicates the best option among the
set or a complete options rank. Several calculation techniques
have been proposed in literature classified into three families:
(i) full aggregation approaches, (ii) outranking approaches, and
(iii) goal, aspiration, or reference level approaches [44]. Typically,
most MCA methodologies provide the outcome based on a single
set of criteria weights. Several techniques have been proposed
to address criteria weighting systematically. Criteria weighting
techniques are classified into three families: subjective, objec-
tive (or synthetic), and integrated (or hybrid) [45]. Subjective
techniques define criteria weights on stakeholder preferences col-
lected explicitly (e.g., Saaty’s method [46], trade-off method [47],
swing method [47], resistance to change method [47]) or implic-
itly (e.g., ordinal ranking [36], rank sum, rank reciprocal, rank
exponent methods [48], rank order centroid method
[48–50]). The main advantage of subjective techniques is the
direct involvement of the stakeholder in the decision-making
problem. However, subjective techniques have a high cognitive
burden and introduce high subjectivity; personal biases can nega-
tively influence the decision-making problem solution. Moreover,
partial or incomplete information in verbal, sorting or numerical
form allows to deduce the criteria relevance given a share of
uncertainty [51]. To reject the subjectivity from criteria weight
elicitation, the objective of synthetic techniques (e.g., Shannon’s
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ntropy method [50,52], standard deviation method [53], statis-
ical variance method [54], CRITIC method [53]) is to determine
riteria weights from the entries of the decision matrix. How-
ver, the exclusion of stakeholders may lead to unsatisfactory
nd disappointing solutions. Integrated, or hybrid, techniques
alculate criteria weights using optimisation models that in-
egrate subjective and objective information (e.g., correlation
oefficient and the standard deviation (CCSD) method [55], Ideal
oint (IP) method [56], method of maximising the deviation
f attributes [57], maximising the generalised deviation (MGD)
ethod [58]. They relieve the shortcoming of objective tech-
iques; however, integrated techniques may lead to unsatisfac-
ory and disappointing solutions since they are not designed to
odel the stakeholder perspectives but to maximise or minimise
numerical feature of the options set (e.g., distance, standard
eviation).
To outclass the shortcomings of the traditional methodologies

iscussed in this section, this paper proposes a novel approach
or MCA that models the stakeholder audience behaviour by an
bjective function based on the MMR rule [38]. The MMR rule is
uitable for risk-averse decision-makers to avoid the worst-case
cenario, it makes the MMR rule appealing for decision-making
n power system planning activities.

.2. The proposed joint MCA-CBA framework and DT-MCA-CBA
ethodology for decision-making

The proposed joint MCA-CBA decision-making framework fol-
ows the general approach of MCA in Fig. 2, having the goal
f facing the decision-making problem of identifying the most
aluable smart grid planning initiative considering climate goals
nd the path established for the transformation of the energy and
lectricity sectors; moreover, the proposed framework relies on
he JRC guidelines for decision-making problem formulation [15]
nd criteria selection [20]. Moreover, this paper complements the
roposed joint MCA-CBA framework with an MCA methodology
ased on a decision rule from DT to model the stakeholder audi-
nce behaviour with the aim of outclassing the shortcomings of
raditional weighting techniques in MCA methodologies. Among
he examined DT rules available in the literature [59,60], the
iniMax Regret (MMR), proposed in [38], has proven to fit with
ecision-making based on MCA [45]; thence, it is exploited for the
ptimisation model of the proposed DT-MCA-CBA methodology.
herefore, the DT-MCA-CBA methodology proposed in this paper
ims to identify the alternative that minimises the maximum
egret the stakeholder audience feels due to a suboptimal de-
ision. The MMR is an acknowledged approach widely applied
n industrial decision-making [61]. MMR identifies the option
eading to the least maximum regret for the stakeholders in
he worst possible scenario, as proposed in [62] and comple-
ented [63] and adopted in [64]. Given a scenario, a stakeholder

eels regret when the action that has been selected brings fewer
enefits than those that an alternative action in the initial set
ould have produced. The MMR approach aims at identifying
he alternative that minimises the maximum regret that could be
elt considering all possible scenarios. In this paper, to provide
he proof of concept of the proposed DT-MCA-CBA methodol-
gy, the decision-making problem formalised according to the
CA-CBA framework is studied by applying the proposed DT-
CA-CBA methodology and MCA-CBA methodologies based on

raditional MCA techniques. Fig. 3 depicts the flowchart of the
rocedures for the decision-making methodologies adopted in
his paper, Fig. 3 particularises the procedure in Fig. 2 for the case
f decision-making problems formalised according to the joint
CA-CBA framework. Fig. 3a depicts the procedure of the MCA-
BA methodology based on traditional MCA techniques based
6

on subjective, objective (or synthetic), or integrated (or hybrid)
weighting, as described in Section 3.1. Fig. 3b depicts the proce-
dure of the DT-MCA-CBA methodology proposed in this paper. As
shown in Fig. 3b, the DT-MCA-CBA methodology is characterised
by the absence of a weighting stage and the use of the MMR
optimisation algorithm instead of the overall score calculation
stage. Hence, in comparison to the MCA-CBA methodology in
Fig. 3a, the original DT-MCA-CBA methodology in Fig. 3b pro-
posed in this paper is characterised by the blocks ‘‘Boundaries
for criteria weight value’’, ‘‘MMR optimisation algorithm’’. Ad-
ditionally, the DT-MCA-CBA methodology utilises an ascending
sorting order based on the maximum regret value to rank the
alternatives and select the one with the lowest value. Therefore,
the best alternative is selected considering the one with the
lowest maximum regret value instead of considering the one with
the highest overall score. The processes concerning those blocks
are part of the MMR optimisation model and algorithm described
in Section 3.3.

Differently from traditional MCA methodologies as the ones
that can be adopted for the procedure in Fig. 3a, the proposed
DT-MCA-CBA methodology in Fig. 3b does not rely on a sin-
gle weight vector that misrepresents the stakeholders’ view-
point, but it adopts an optimisation model that reflects a com-
mon stakeholder attitude. The solution is obtained using the
MMR optimisation model which explores the weight space of the
decision-making problem defined by the stakeholder audience’s
preferences. These preferences represent information that can be
collected with a low cognitive burden, as it is boundaries for
weight values instead of exact values for each criterion weight.

The presented joint MCA-CBA decision-making framework
with the related DT-MCA-CBA methodology is a support tool for
analysts, policy makers, Regulators, and TSO and DSO planners
that need to assess by comparison different planning initiatives.
The decision support tool is designed to be applied to any initia-
tive involving power system planning; hence, it is replicable to
different contexts by identifying the relevant goal, stakeholders,
evaluation criteria, and alternatives. Moreover, it implements
an output-based assessment that ensures its scalability. In fact,
the definition of adequate criteria allows the fair assessment
of any technology. Moreover, in principle, there is no limit to
the number of evaluation criteria or alternatives that can be
identified. Additionally, the presented decision-making support
tool can be applied to planning initiatives of any scale, from local
to regional, making it a truly scalable solution.

3.3. MMR optimisation model and algorithm for the DT-MCA-CBA
methodology

In this section, the proposed correlation between MCA and
Decision Theory formulations and the DT-MCA-CBA mathematical
formulation are described using a lowercase italic type font for
variables, parameters, running numbers as scalars (i.e., xi,j or x),
lowercase bold italic type font for vectors (i.e., xi), uppercase
italic font for sets (i.e., X), and lowercase italic font for functions
without a space between the function symbol and the parenthesis
containing the argument, as defined in the ISO 80000-2:2019(en)
standard [65].

MCA and DT involve the decision matrix as an element of the
decision-making problem modelling [59]. Considering a generic
decision-making problem, characterised by a set S of scenarios, in
the DT, the decision matrix describes the finite set A of feasible
actions in terms of the corresponding elementary consequences
to the state of nature [59]. The utility of an action is the overall
effect related to the corresponding consequences in a scenario
belonging to the set S. Hence, the utility u of the ith action a
i,k i
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Fig. 3. Process of MCA methodologies for the joint MCA-CBA decision-making framework. (a) MCA-CBA methodology; (b) proposed DT-MCA-CBA methodology.
an be modelled as a real function measuring the value of the
ction’s consequences in the kth scenario, as defined in (1).

i,k = fk (ai) (1)

Given the kth scenario, given two actions ai and ah, the regret
i,h,k between them is quantified as the difference between their
espective utilities ui,k and uh,k (2) [59].

i,h,k = ui,k − uh,k (2)

he decision-making methodology presented in this paper con-
iders the set A of feasible actions coinciding with the set of
CA-CBA alternatives. The mathematical model of the proposed
ethodology is described as follows. The decision-making prob-

em comprises a set A of n alternatives and a set C of m criteria.
he generic ith action is represented by the vector ai = (a1,i,
. . , am,i) of the attributes (i.e., the consequences) concerning the
criteria of the multicriteria problem. Hence, each alternative

s described by a row vector ai which the generic entry ai,j is
the attribute of the ith alternative considering the jth criterion.
The decision matrix of the decision problem is formed by the
row vectors of all the alternatives. To ensure commensurability
of the attributes corresponding to different criteria, the decision
matrix is normalised to obtain the normalised decision-matrix in
7

which all the entries belong to the interval [0, 1], the entry zi,j is
the normalised attribute of the ith alternative concerning the jth
criterion [52]. The decision-making model defined according to
the MCA methods typically requires the explicit definition of the
evaluation criteria weights [22]; a weigh vector defines a scenario
that model a specific stakeholders’ points of view. Therefore, for
generality, the proposed decision-making methodology considers
the decision-making problem characterised by a set of S scenar-
ios, in which the vector wk = (w1,k, . . . , wm,k) of criteria weights
models the kth scenario in terms of the evaluation criteria rele-
vance, wj,k is the weight of the jth criterion in the kth scenario,
each kth weight vector has to satisfy (3).⎧⎪⎨⎪⎩

{
∀wk,j ∈ R|wk,j ≥ 0

}
m∑
i=1

wi,k = 1
(3)

A linear additive model is considered a utility function of alter-
natives, as proposed in [44]; hence, ui,k is the utility of the ith
alternative in the kth scenario as defined in (4).

ui,k =

m∑
wj,kzi,j (4)
j=1
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inally, the proposed optimisation model based on the MMR
ecision rule is defined by (5). The optimisation model in (5)
dentifies the alternative of set A that minimises the maximum
egret considering the feasible weight space.

min
i

i=1,...,n

max
k

k=1,...,s

{
ri,k

}
= min

i
i=1,...,n

max
k

k=1,...,s

⎧⎨⎩
⎡⎣ max

t
t=1,...,n

⎛⎝ m∑
j=1

wj,kzt,j

⎞⎠
−

m∑
j=1

wj,kzi,j

⎤⎦⎫⎬⎭
such that

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∀wk,j ∈ [0, 1]

m∑
j=1

wk,j = 1

∀wk,j ∈ Q

(5)

ri,k is the maximum regret of the ith alternative in the kth sce-
nario, and Q is the set of additional constraints for the values of
criteria weights. This set of constraints represents the peculiar
viewpoint of the stakeholders involved in the decision-making
problem.

The decision-making problem modelled by the decision rule
in (5) allows identifying the alternative that achieves the least
regret in the stakeholder audience considered in the decision-
making problem. Hence, it represents the compromise solution
that least displeases all involved stakeholders. In the context of
the decision-making for project assessment applied to the smart
grids, it is of the greatest interest to identify the alternative
that achieves satisfactory acceptance for all stakeholders. On the
contrary, identifying an alternative suitable only for a niche is of
little interest. To this aim, the proposed DT-MCA-CBA methodol-
ogy models the stakeholder audience behaviour using a DT rule;
the MMR rule used reflects a risk-averse behaviour that can be
adopted in strategic decision-making where overly pessimistic
and optimisation attitudes need to be mitigated.

In this paper, the proposed DT-MCA-CBA methodology based
on the MMR decision rule in (5) assumes as unknown variables
the criteria weights; therefore, the set of possible stakeholders’
scenarios is not a priori known.

The objective function (5) of the DT-MCA-CBA methodology
is not linear in the weight space due to the first term; how-
ever, it is continuous within weight value intervals in which
the alternative with the highest utility score does not change;
and the problem constraints are linear. The algorithm used to
solve the optimisation model involves three main steps: initial-
isation, maximisation, and selection. The initialisation process
identifies the starting point for the optimisation process, the
maximisation process maximises the inner term of the objec-
tive function, and the selection process selects the alternative
achieving the minimum value of maximum regret as the solu-
tion to the optimisation problem. The Interior Point method has
been used to solve the minimisation problem within the Python
environment [66]. A software implementing the joint MCA-CBA
decision-making framework and the DT-MCA-CBA methodology
has been developed using a Software as a Service (SaaS) archi-
tecture for maximum interoperability, with a modular structure
comprising the front-end, back-end, and calculation engine. The
software is available at: https://smartgrideval.unica.it/.

4. Case study

The proposed case study provides the proof of concept of
the joint MCA-CBA decision-making framework proposed in Sec-
tion 3. Moreover, the case study described in this section aims
8

to validate the application of the DT-MCA-CBA methodology by
means of a decision-making problem containing a clear superior
alternative. The presented case study uses as input the planning
approaches comparison and results in [41]. In the following,
the main hypothesis and the result are briefly proposed for the
reader’s convenience.

4.1. The network under analysis

In [41], a Medium Voltage (MV) distribution network repre-
sentative of the rural Italian context, connected to the transmis-
sion system through a 25 MVA HV/MV transformer is analysed.
As represented in Fig. 4, the MV grid is formed by 7 feeders and
102 busses to feed 16 MV loads and 175 LV networks through
MV/LV secondary substations. The MV network is characterised
by medium-length overhead power lines with modest cross-
sections, especially in the lateral branches. More details on the
network characteristics are provided in Appendix. A planning
horizon of 10 years is assumed for calculations. As described
in [41], the expected future scenario, based on the Italian National
Energy and Climate Plan, estimates a 150% growth in genera-
tion (only PV are considered) and an average of 2% per year in
consumption.

The high presence of PV generators, in combination with a low
load density, leads to daytime overvoltage and power congestion
(peak of PV production). On the contrary, at the peak of demand
in the evening, frequent voltage drops are frequent due to the
combination of electrification and weak overhead lines. In case
of faults, when back-end supply is used, lines can be as long as
40 km exacerbating the voltage regulation issues.

4.2. Devised planning options

The case study compares four realistic planning options (de-
fined in [41]) considering different distribution system plan-
ning methodologies, starting from the more traditional approach
(based on worst-case scenario analysis and considering only
network reinforcement solutions) to the modern one (considering
the exploitation of DERs flexibility and the evaluation of risk)
according to CIGRÉ WG C6.19 [3]. More in detail, the planning
options considered in [41] are:

A1) Traditional Fit and Forget philosophy (FF case):
Only traditional network reinforcement measures are con-
sidered with a deterministic approach (worst-case analysis).

A2) Probabilistic approach with passive network management:
Only traditional network reinforcement measures are con-
sidered but the probabilistic network calculation and the
assessment of technical constraints violation risk is per-
formed.

A3) Active management of ESS (500 kW, 4000 kWh) without
control of any DG:
Traditional network reinforcement measures and EES op-
eration are included according to a probabilistic network
calculation approach, as in A2 option.

A4) Active management of DERs (both active and reactive
power):
Traditional network reinforcement measures and active
management of DG and demand (i.e., generation curtail-
ment and load shedding) are included using a probabilistic
network calculation approach, as in A2 option.

Table 1 summarises the main characteristics of the planning
methodologies considered in this paper as defined in [41].

This paper focuses on the assessment of a set of already
formalised planning alternatives according to the proposed joint
MCA-CBA decision-making framework and the DT-MCA-CBA

https://smartgrideval.unica.it/
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Fig. 4. The rural distribution network of the case study [41].
Table 1
Summary of the characteristics of the planning approaches adopted.
Planning option ID A1 A2 A3 A4

Description FF PP A2 + ESS A2 + PQ
control and
DSM

Management of uncertainties Deterministic Probabilistic Probabilistic Probabilistic

Risk of network constraint violation accepted No Yes Yes Yes

Planning actions

Network reinforcement Yes Yes Yes Yes

DSO’s ESS No No Yes No

Generators
(i.e., generation
curtailment and reactive
power support)

No No No Yes

Flexible demand
(i.e., load shedding)

No No No Yes
methodology. Hence, a detailed description of the planning
methodologies used to design this set of alternatives and the
characteristics of the resources involved is out of this paper’s
scope; further details are available in [41]. However, it is worth
mentioning that all the planning options devised in [41] are ob-
tained considering an objective function involving the
minimisation of network investment costs, discounted at the
beginning of the planning period. Network losses are calculated
afterwards on the obtained final network. Moreover, the planning
alternatives, devised in [41] and used in this paper as input
for the joint MCA-CBA decision-making framework and the DT-
MCA-CBA methodology, do not include awards and penalties
related to service quality. Also, the considered investments do
not include those related to the ageing of components, but only
those attributable to technical constraints violation due to load
growth and/or the emergence of generation in the study period.
In calculating discounted values, for simplicity, economic rates
are assumed constant throughout the study period.

For simplicity, the planning activity in [41] focus only on
he distribution system; hence the planning alternatives with
lexible loads and generators only consider their contribution to
9

solve the distribution network constraint violations; therefore,
no value-staking (e.g., due to the additional provision of other
services, as the balancing service) is considered. Since the set of
alternatives is a piece of input information for the joint MCA-CBA
decision-making framework and the DT-MCA-CBA methodology
presented in this paper, value-staking impacts are not included
in the alternatives’ assessment. However, the decision-making
support tool presented in this paper can consider value-staking
impacts by defining appropriate criteria in all the cases in which
the planning alternative includes this aspect.

The reference case A1 (the traditional FF approach) lead to the
most expensive solution since new lines are needed to connect
some nodes directly to the primary substation, allowing a better
distribution of power flows in the grid and limiting currents and
voltage regulation issues.

With the probabilistic approach (alternative A2), accepting the
risk of a constraint violation, a 70% CAPEX reduction is allowed
(compared to A1). There is a relatively low residual risk, equiva-
lent to the possibility of overvoltage events for a maximum of 4.5
h/year, that does not jeopardise the performance of the electricity
system since the most extreme operating conditions have a low

probability.
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Table 2
Expected capital and operating costs of the planning options.
CAPEX, OPEX and Benefits Only traditional network

reinforcement
Traditional network
reinforcement and flexibility

Deterministic Probabilistic with the accepted risk of
constraints violation

A1 (Reference) A2 A3 A4

CAPEXMV CAPEX for MV reinforcements [ke] 32 062.1 9579.8 7930.5 3169
CAPEX LV CAPEX for LV reinforcements [ke] 323.9 136 166 69.6
CAPEXESS CAPEX for ESS [ke] 0 0 20403.2 0
CAPEX CAPEX for network investments [ke] 32 386 9715.8 28499.7 3238.6
OPEXMV OPEX for flexibility in MV [ke] 0 0 0 980.1
OPEX LV OPEX for flexibility in LV [ke] 0 0 0 963
TOTEX Total expenditures (CAPEX + OPEXMV + OPEX LV ) [ke] 32 386 9715.8 28499.7 5181.7
rCAPEX Reduction of CAPEX with respect to Reference [ke] 0 22670.2 3886.3 29147.4
rTOTEX Reduction of TOTEX with respect to Reference [ke] 0 22670.2 3886.3 27204.3
OPEX L Cost of Losses [ke] 1151.1 1556.1 1598.8 1725.9
COST Total planning costs (TOTEX + OPEX L) (Monetary Costs) [ke] 33 537.1 11271.9 30098.5 6907.6
rOPEX L Reduction of OPEX L with respect to Reference [ke] 0 −405 −447.6 −574.8
rCOST Reduction of COST with respect to Reference (Monetary Benefits) [ke] 0 22265.2 3438.6 26629.5
BCR Benefit-Cost Ratio (rCOST /COST ) 0.00 1.98 0.11 3.86
NPV Net Present Value [ke] −33537.1 11803.3 −5361.3 22814.6
However, the network issues fixed with a high investment
ith A1 and A2 approaches can be addressed by exploiting the
ER flexibility [41], as shown by A3 and A4. The A3 option is
haracterised by 12 ESS positioned in the trunk nodes (Fig. 4).
n the design of A3, [41] considers all ESS owned by the DSO,
ence there are not payments related to the procurement of
lexibility from ESS. Also, the OPEX related to the energy exchange
nd the corresponding losses, since considered of relatively small
ntity, are neglected. The active management of ESS reduces
he contingencies (mainly overvoltage) by absorbing the energy
roduced by the local PV generation in the central hours of the
ay and injecting reactive power. Consequently, despite the ESS’s
igh investment cost, the network planning CAPEX decreases, the
mount of the avoided network investments is larger than the
SS CAPEX, due to the design assumption in [41], the cost of
rocurement flexibility from ESS is expected negligible since con-
idered as a fully integrated network component (as prescribed
n [13]); hence, such cost would be equivalent to the energy
osses incurred due to the charging and discharging of the ESS
nd the possible residual net value of the energy exchanged by
he ESS. The A4 planning option admits using DERs flexibility (still
dopting a probabilistic network calculation approach). Control of
he DG active (i.e., generation curtailment) and reactive power ex-
hange allows for eliminating some voltage regulation problems
nd power congestion that occur at times of maximum irradia-
ion, particularly when back-end reconfigurations are used due to
aults. The need for flexibility is limited to infrequent operational
ituations (i.e., particular grid emergency configurations due to
ower lines’ maintenance during the central hours of the day).

.3. CBA results

The monetary impacts of the four planning alternatives are
ssessed through a financial CBA that complies with the Italian
egulator’s guidelines for distribution system planning, as de-
cribed in [41]. According to the assumptions adopted in [41] to
esign the planning alternatives, this paper considers only the
xpenditures caused by network constraint violations, neglecting
hose related to the ageing of components and awards and penal-
ies related to service quality. Table 2 presents the financial CBA
f the planning alternative devised in [41] considering 10 years
or the planning horizon, 40 years of asset service life, and a 4%
iscounting rate.
10
4.4. DT-MCA-CBA results and discussion

In this section, the results of the extension of the CBA us-
ing the joint MCA-CBA decision-making framework presented
in Section 3 are discussed. The monetary impacts in Table 2
assessed through the financial CBA consider only the DSO point of
view [41]. The proposed joint MCA-CBA decision-making frame-
work extends the financial CBA appraisal, including tangible and
intangible impacts relevant to the societal perspective. The CBA
extension is addressed using different MCA methodologies: the
proposed DT-MCA-CBA methodology (described in Section 3.2) is
compared to MCA methodologies based on subjective, objectives,
and integrated weighting techniques. The relevant evaluation
criteria selected for applying the joint MCA-CBA decision-making
framework to the case study of this paper are economic, smart
grid transformation, and externalities. The criteria for evaluating
the impacts of the smart grid transformation and externalities
have been defined according to JRC guidelines [15]. Concerning
externalities, the preliminary set of possible criteria applicable
to the decision problem was analysed considering the informa-
tion on the impacts of each planning alternative to select the
most representative set of externalities criteria to be included
in the analysis. The criteria selected for this paper’s case study
and their formulas are reported in Table 4, all quantities in the
formulas are real numbers, and definitions are reported below
Table 4. Moreover, Table 4 provides information on the crite-
rion direction considered in this study: ‘‘Maximizing’’ means that
the option that achieves the highest value better performs for
the corresponding KPIs, contrariwise, ‘‘Minimizing’’ means that
the option that achieves the lowest value better performs for
the corresponding KPIs. Table 4 is the decision matrix of the
decision-making problem; while Fig. 5 depicts the its structure.
The hierarchical structure in Fig. 5 is obtained by selecting the
criteria proposed by the JRC guidelines relevant to the case study
as proposed in [15] and updated in [20]. Different colours are used
to distinguish the three branches (light blue for the economic
branch, light orange for the smart grid branch and light grey for
the externalities) and the nine KPIs considered.

In Table 3, rTOTEX is the reduction of the TOTEX related to
network investments and acquisition of flexibility as defined in
Table 2. ny is the number of years in the planning period, nDG is
the number of controllable distributed generators, nh is the num-
ber of time intervals of 1-h length in the planning period, nL is the
number of controllable loads, n number of controllable ESS, n
ESS c
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Table 3
Description and formulation of the KPIs of the decision-making problem.
KPI Description Evaluation metric Criterion direction Formula

rTOTEX Reduction of TOTEX Reduction of TOTEX [ke] Maximising rTOTEX i = TOTEXREF − TOTEX i

KPIA1 Energy not withdrawn from
DERs

Total energy curtailed from DERs during
the planning horizon [GWh/y]

Minimising KPIA1 =
1
ny

nDG∑
i=1

nh∑
h=1

e(h)
i

KPIA2 CosPhi Average power factor (cosφ) at the
HV/MV interface [–]

Maximising KPIA2 =
1
nh

nh∑
h=1

cosφI

KPIB1 Operational flexibility Power capacity of controllable DG, loads,
and ESS [kW]

Maximising KPIB1 =

nDG∑
i=1

pi +
nL∑
j=1

pj +
nESS∑
k=1

pk

KPIC1 System stability risk Residual risk of network constraints
violation [h/year]

Minimising KPIC1 =
1
ny

nc∑
i=1

nh∑
h=1

c(h)
i

KPIC2 Voltage quality Average voltage value in the network [pu] Maximising KPIC2 =
1

nb + nh

nb∑
i=1

nh∑
h=1

v
(h)
i

KPID1 Network losses Energy losses [MWh] Minimising KPID1 =

ne∑
j=1

nh∑
k=1

eLj,k

KPID2 Demand side participation Users involved in DSM [%] Maximising KPID2 =
nL + nDG

nU
100

KPIE1 Market Dynamism Possibility of aggregation services (yes,
no) [–]

Maximising

{
if yes

−→
K PIF1 = 1

if no
−→
K PIF2 = 0
Fig. 5. Decision tree of the decision-making problem. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
total number of constraints violation events, nb is the number of
usses in the network, ne is the number of elements considered
or the assessment of energy losses (HV/MV transformers, lines),
U total number of users, cosφI is the power factor at the HV/MV
nterface, pi is the power capacity of the ith resource, v

(h)
i is the

voltage magnitude value in the ith bus at the hth interval; c(h)
i is

the occurrence of the ith constraint violation in the hth interval
(binary variable); eLj,k is the energy loss of the jth element in the
kth time interval.

Table 4 shows, for each considered criterion, the related eval-
uation type (i.e., quantitative/qualitative) and the values of the
performances corresponding to the four planning alternatives
(i.e., the decision matrix for the problem under analysis).
11
The proposed case study’s approach is compared to the sev-
eral acknowledged approaches (i.e., subjective weighting method,
Shannon’s Entropy, Standard Deviation, Ideal Point objective
weighting methods) to demonstrate the capability of the pro-
posed joint MCA-CBA decision-making framework with the DT-
MCA-CBA methodology to find the compromise solution that
satisfies all the stakeholders’ points of view.

The appraisal of the planning options according to the subjec-
tive weighting method relies on the decision matrix normalisa-
tion addressed with the automated procedure proposed in [22].
The global priorities (or normalised scores) of the options are
calculated using Saaty’s method [46]. Three different subjective
weight schemes are used: WS1 assigns the same relevance to
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Table 4
Decision matrix of the decision-making problem.
KPI Description Evaluation type Alternative

A1 A2 A3 A4

rTOTEX Reduction of TOTEX Quantitative 0 22670.2 3886.3 27204.3
KPIA1 Energy not withdrawn from DERs Quantitative 0 0 0 2
KPIA2 CosPhi Quantitative 0.844 0.875 0.875 0.881
KPIB1 Operational flexibility Quantitative 0 0 1500 11090
KPIC1 System stability risk Quantitative 0 4.5 12.8 19.1
KPIC2 Voltage quality Quantitative 0.9972 0.9995 0.9995 0.9983
KPID1 Network losses Quantitative 2.88 3.89 4 4.32
KPID2 Demand side participation Quantitative 0 0 0 15
KPIE1 Market Dynamism Qualitative 0 0 0 Yes
Fig. 6. Weight schemes for subjective weights’ evaluation (KPIs global priorities values). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
the three branches, WS2 is characterised by the economic branch
that accounts for half, and WS3 assigns to all the KPIs the same
relevance (and thus a bigger relevance to the smart grid branch).
Fig. 6, following the same colour classification as Fig. 5, clearly
shows the weights assigned to the three branches and the nine
KPIs in the three weight schemes: the bigger the area the bigger
the weight assigned to the branch or the corresponding KPIs. The
inner circle represents the branch weights, while the external one
the weights assigned to the KPIs.

Fig. 7 reports the overall scores achieved by the alternatives
onsidering the three weight schemes. The overall score of the
lternatives is calculated using the hierarchical composition prin-
iple as applied in [27]. Whatever the weighting scheme, A4 (dark
lue bars in Fig. 7) achieves the highest overall score; hence, it
s the most valuable alternative according to the appraisal using
ubjective criteria weights.
Objective methods for weighting Shannon’s Entropy (SE) and

he Standard Deviation (SD) method require normalising the de-
ision matrix (Table 4) in terms of the relative frequency of the
ntries [55]. The Ideal Point (IP) method requires normalising the
ecision matrix to the interval [0, 1] [52].
Fig. 8 reports the criteria weights calculated using SE, SD, and

P methods. The weights in Fig. 8 are obtained by applying the
espective methodologies (introduced in Section 3.1) to the DM in
able 4. SE and SD methods produce similar weights for the KPIs
ince they are based on a similar principle. The KPIs achieving
he highest weight are those for which the alternatives show the
reatest diversity in attribute values. Therefore KPID1, KPID2, and

KPIE1 (dark red, dark blue and dark grey areas) are the criteria
that better discriminate the alternatives. Whereas the IP weights
for KPID1, KPID2, and KPIE1 have less relevance, conversely, the
highest importance is gained by KPIA1 and KPIA2 (orange and a
light grey area, respectively).
12
Fig. 9 shows the overall score of the planning alternatives con-
sidering the weight schemes in Fig. 8 calculated according to the
normalisation procedures and the application of the hierarchical
composition principle, as in [27]. According to SE and the SD
Methods, option A4 achieves the highest overall score, almost
twice the second-best option’s score. The IP method generates an
overall ranking in which the alternatives obtain a similar score;
nevertheless, the A4 option achieves the highest overall score.

As introduced in Section 3.2, the DT-MCA-CBA methodology
does not rely on a single weight scheme. Still, it models the stake-
holders’ perspectives in terms of an optimisation problem based
on the MMR rule which requires defining bounds for the weight
value. In this case study, the MMR compares the results obtained
using explicit weight schemes related to the subjective and syn-
thetic weights. For each KPI, the minimum and maximum weight
value is selected to define the lower and upper bound of the opti-
misation problem. This way, all possible viewpoints expressed by
the different subjective and objective weights within the interval
are considered part of the resulting research weight space region.
The result of this elaboration is depicted in Fig. 10 which shows
the region in the weight space considered for applying the MMR.
Fig. 10a and b represent, respectively, the areas in the weight
space that corresponds to the subjective (defined in Fig. 6) and
objective (defined in Fig. 8) weights. Moreover, as shown in
Fig. 10c and d, two additional regions are considered to extend
the stakeholder audience of the decision-making problem. The
audience of ‘‘mild’’ stakeholders (that is stakeholders with a mod-
erate attitude on all the criteria considered) having for all KPIs
values in the interval [0.001; 0.333]; and audience of ‘‘extreme’’
stakeholders (stakeholders that adopted a clear, extreme, position
on the criteria) having KPIs values interval [0.001; 0.499]. Extend-
ing the weights ranges allows to analyse how the best solution
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Fig. 7. Evaluation results for the subjective weighting approach. (For interpretation of the references to colour in this figure legend, the reader is referred to the
eb version of this article.)
Fig. 8. Weight scheme for KPIs obtained according to the objective weight schemes. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
Fig. 9. Overall score of the alternatives according to the objective weight schemes.
dentified by the DT-MCA-CBA methodology changes with differ-
nt stakeholder preferences. In fact, the first extended weights
ange (Fig. 10c) models a ‘‘mild’’ stakeholder audience where
single criterion can have a maximum relevance of 1/3, while

he further extended weights range (Fig. 10d) models ‘‘extreme’’
takeholders where a single criterion can have a maximum rele-
ance of about 1/2. Hence, for the ‘‘mild’’ stakeholder audience,
13
the performances of an alternative on a single criterion cannot
impact more than one third of its overall performance, while for
the ‘‘extreme’’ stakeholder audience, this impact can represent
almost half of the overall performance.

As a consequence, the comparison of the two stakeholders’
models shows that in the weights range of Fig. 10d more than
in the one in Fig. 10c the alternatives that perform well on a
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Fig. 10. Weight space regions considered.
ingle criterion are highly favoured, while the ones that perform
oorly on a criterion are highly unwanted. It is important to note
hat in the ‘‘mild’’ and the ‘‘extreme’’ range, the smallest value is
reater than zero to avoid the exclusion of the criterion from the
ecision-making process (non-exclusion condition). Moreover, in
he ‘‘extreme’’ range, the maximum weight that a criterion can
each is lower than 0.5 to avoid its dominance (non-dominance
ondition); hence, a single criterion always weighs less than the
um of the weights of the other criteria.
The decision-making problem is solved for the four weight re-

ions depicted in Fig. 10. The results in terms of maximum regret
aused by the four alternatives are shown in Fig. 11. As described
n Sections 3.2 and 3.3, the results of the optimisation problem
re the maximum regrets determined by the alternatives in their
orst-case scenario. The alternative proposed as a solution for
he decision-making problem is the alternative that presents the
inimum value of maximum regret.
Considering the weight regions defined on the subjective and

bjective weights (Fig. 10a, b), the best alternative is A4. In both
ases, the maximum regret related to A4 is zero, meaning that A4
s always the best option in the entire weight space region. Hence,
14
no stakeholders prefer adopting another alternative: A4 does not
bring any regret.

Considering the ‘‘mild’’ stakeholder audience defined by
Fig. 10c, A3 is the option that brings the least maximum regret
(Fig. 11, third bar diagram). Differently from the subjective and
objective weights ranges, the ‘‘mild’’ stakeholder audience in-
cludes a point of view for which the maximum regret determined
by A4 is higher than the maximum regret of A3. While, in the
case of the ‘‘extreme’’ stakeholder audience, as in Fig. 10d, the
best option becomes A4 which achieves the minimum value of
maximum regret among the set of the alternative (Fig. 11, last
bar diagram). Hence, in this extended weight space region, the
maximum regret felt by the stakeholder due to A3 is higher, and
the maximum regret related to A3 is higher than the value related
to A4, which becomes the alternative proposed solution to the
decision-making problem. In Fig. 10d, the A4 minimum value of
maximum regret is not zero since A4 is not considered the best
option for all the viewpoints that form the weight space region.

A4 is the most valuable solution considering most of the
evaluation criteria selected for addressing the decision-making
problem. The worst-case scenario for A4 is described by the
weighting scheme in which KPI (energy not withdrawn from
A1



M. Troncia, S. Ruggeri, G.G. Soma et al. Sustainable Energy, Grids and Networks 35 (2023) 101138

R
t
l
c
p
o

d
m
o
t
e
o

o
M
d
o
c
C
t
t

Fig. 11. Maximum regrets for the alternatives in the studied scenarios (the lower, the better).
Fig. 12. Solution points for the studied scenarios (the perspective of the stakeholder feeling the highest regret).
ES), KPIC1 (system stability), and KPID1 (energy losses) have
he highest relevance; these are the KPIs on which A4 is the
ess valuable alternative of the set. Finally, Fig. 12 shows the
riteria weight value related to the solution points; hence, the
erspective of the stakeholder feeling the highest regret in each
f the four studied scenarios.
The application to the case study of the joint MCA-CBA

ecision-making framework with the proposed DT-MCA-CBA
ethodology produces a compromise solution based on the needs
f stakeholders, it allows decision-makers to identify the solution
hat represents a balanced and practical compromise that consid-
rs multiple criteria and avoids decision-making to be driven by
verly sceptical and optimistic stakeholders.
The presented case study highlights that the MMR rule turns

ut to be a valid approach to be exploited within the joint
CA-CBA decision-making framework to outclass the highlighted
rawbacks of MCA techniques that rely on subjective, objective,
r integrated weighting, as described in Section 3. The presented
ase study illustrates the application of the proposed DT-MCA-
BA methodology to a decision-making problem for realistic dis-
ribution system planning. In this paper, the case study provides
he proof of concept for the original DT-MCA-CBA methodology
15
presented in this paper. Without loss of generality, the decision-
making problem addressed in the case study contains an alterna-
tive with a clear superiority to allow us to validate the application
of the proposed DT-MCA-CBA methodology. Nevertheless, in all
cases where no clear superior option is part of the decision set,
applying subjective, objective, or integrated methodologies and
using different weight vectors does not lead to the unambiguous
identification of the best option. In these cases, the advantage of
using the proposed DT-MCA-CBA methodology based on the MMR
decision rule becomes substantial since a single best solution is
found considering a range for weight vectors which extension
tailored to the decision-making problem to solve.

5. Conclusions

This paper proposes an innovative decision-making support
tool based on Multi-Criteria Analysis (MCA), Cost-Benefit Analysis
(CBA), and Decision Theory (DT) to assess smart grid planning
initiatives. The paper presents a joint MCA-CBA decision-making
framework to formalise the decision-making problem of smart
grid planning and proposes an original DT-MCA-CBA methodol-
ogy to solve the formalised problem and assists decision-makers
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n identifying the best solution among the set of analysed options.
he key policy implication of this paper is that it provides system
perators and regulatory bodies with a decision-making support
ool for strategic planning purposes. In line with the relevant reg-
lation, the decision-making support tool presented in this paper
llows for comprehensively identifying the most valuable option
y fairly comparing initiatives based on different technologies.
he output-based framework presented in this paper evaluates
onetary and non-monetary impacts, thus broadening the scope
f the assessment beyond traditional financial analysis to con-
ider the wider societal viewpoint. The proposed joint MCA-CBA
ecision-making framework enables the inclusion of externalities
nd soft-effects that may be disregarded or misrepresented by
raditional project appraisal methods. Nevertheless, the proposed
upport tool is of general purpose and can be extended to be
mployed in decision-making activities in any sector.
The proposed joint MCA-CBA decision-making framework and

T-MCA-CBA assessment methodology enhance the objectivity of
he assessment by rejecting personal biases and outclasses the
hortcoming related to the monetisation of all the impacts, as
BA requires. Moreover, the role of stakeholders in the decision-
aking problem is preserved. Unlike the traditional MCA ap-
roaches, the proposed DT-MCA-CBA methodology models the
takeholders’ behaviour exploiting the MiniMax Regret (MMR)
ule to represent a realistic attitude in strategic decision mak-
ng, it allows identifying the best compromising solution avoid-
ng biases due to overly sceptical and optimistic stakeholders.
oreover, the stakeholders’ view is part of the decision-making
roblem since they define the boundaries of the weight space
or the optimisation problem. The described case study applies
he proposed joint MCA-CBA decision-making framework, com-
aring the proposed DT-MCA-CBA methodology with traditional
CA methodologies in the smart distribution system planning
ontext. The case study highlights the shortcomings related to
he definition of the evaluation criteria relevance required by the
raditional MCA methodologies.

The proposed joint MCA-CBA decision-making framework for
mart grid project appraisal formalises the Joint Research Centre
JRC) guidelines considering the project impacts in three relevant
reas of interest: economic, smart grid realisation and exter-
alities. The presented case study proves the capability of the
roposed approach in solving complex decision-making problems
haracterised by mutually conflicting criteria in which the plan-
ing options concern the competition between the traditional
etwork reinforcement with flexibility measures. The case study
oncerns the distribution system planning to assess alternatives
ased on network and no-network measures; however, the pre-
ented decision-support tool can be applied to any planning
nitiative for the electricity sector involving any criteria and al-
ernatives. However, the analysts have to identify and define the
oal, criteria, and alternatives on a case basis.
The proposed DT-MCA-CBA methodology adopted to solve

he decision-making problem formalised by the MCA-CBA frame-
ork allows a systematic analysis that can be scaled to han-
le thousands of Pareto optimal planning options produced by
ulti-objective optimisation planning methodologies. The pro-
osed joint MCA-CBA decision-making framework can be inte-
rated into a unique two-stage planning procedure: (i) design
tage for devising the planning options, (ii) appraisal stage using
he joint MCA-CBA framework and the DT-MCA-CBA methodol-
gy for evaluating them.
The presented case study illustrates the proof-of-concept of

he proposed decision-making support tool; in addition, the MCA-
BA framework presented in this paper is tailored for plan-
ing initiatives in the electric sector. To outclass those limita-

ions, further work will concern the application of the proposed

16
framework to a larger and more complex decision-making prob-
lem and the extension of the decision-making support tool to
deal with initiatives regarding technologies characterising multi-
energy systems.

The research activity described in this paper contributed to
the International Smart Grid Action Network (ISGAN) activities.
The presented joint MCA-CBA decision-making framework and
the DT-MCA-CBA methodology presented are included in the
software available at: https://smartgrideval.unica.it/.
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Appendix

This Appendix provides the main parameters of the test net-
work shown in Fig. 4. The network is characterised by 100 lines
(buried and overhead) for a total length of 157.46 km. Table T.1
reports the conductor parameters (cross-section, resistance, reac-
tance, capacitance, rated current). The whole electric demand – a
mix of agricultural, residential and small industrial customers –
is about 16 MVA at the peak. Considering the European targets
for renewables growth and efficiency improvement at the year
2030, and the following Italian integrated national energy and
climate plan, it has been supposed to have a peak load of about
17 MW in 2030. In Table T.2 e in Table T.3, respectively, the data
about loads and generators are listed. Table T.4 reports the main
parameters of the planning problem. For simplicity, the interest
and inflation rates have been assumed constant during the whole

planning period.

https://smartgrideval.unica.it/
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Table T.1
Main parameters of the conductors of the studied network.
Line type R [Ohm/km] L [mH/km] Rated current [A] Cross section

[mm2]
Material Presence in

the network

Buried cable 1 0.2540 0.3996 260.0 120 Al 1%
Buried cable 2 0.2034 0.4316 280.0 150 Al 3%
Buried cable 3 0.1655 0.3512 330.0 185 Al 3%
Buried cable 7 0.4000 0.3638 165.0 50 Cu 7%
Buried cable 9 0.1917 0.3448 245.0 95 Cu 4%
Overhead line 1 11.200 13.157 105.0 16 Cu 15%
Overhead line 2 0.7214 12.960 140.0 25 Cu 11%
Overhead line 3 0.5179 12.330 190.0 35 Cu 43%
Overhead line 4 0.3529 12.233 235.0 50 Cu 13%
Overhead cable 5 0.5600 0.4456 156.0 35 Al 1%
Table T.2
Loads main characteristics at the beginning of the planning period.
Load type Number of loads Power [MW]

RLV 66 5.066
AGR 108 8.768
RMV_CUST1 1 1.03
RMV_CUST2 6 0.573
RMV_CUST3 9 0.895
Total 190 16.332
Table T.3
Generators main characteristics at the beginning of the planning period.
Load type Number of generators Power [kW]

PV 5 35
Table T.4
Main parameters used for the planning calculations.
Planning parameters Values

Planning period 10 years

Financial rates Interest 8.0%
Inflation 1.0%

Operating limits
Voltage deviations Ordinary operating condition ±5%

Emergency operating condition ±10%

Overload Ordinary operating condition 0%
Emergency operating condition +10%

Acceptable risks of
operating limits violations

Voltage deviations Any operating condition 5%

Overload Ordinary operating condition None (deterministic)
Emergency operating condition 10%
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