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Assessing the Impact of Incentive Regulation
for Innovation on RES Integration

Pierluigi Siano, Member, IEEE

Abstract—Investing in innovative Smart Grids (SGs) technology
can reduce overall investments in distribution systems with un-
predictable renewable energy sources (RES). Regulators should,
therefore, decide what incentives are desirable and design a flex-
ible economic regulatory framework able to encourage distribu-
tion system operators (DNOs) to decide for innovation in the SGs.
An innovative method that can support the regulators in encour-
aging RES exploitation by determining the right incentives to favor
investments in innovation in an electrical distribution network is
proposed in this paper. The method allows stakeholders like regu-
lators, distribution companies and developers evaluating the long-
term economic effects of their decisions. The effectiveness of the
proposed method, based on non-dominated sorting genetic algo-
rithm (NSGA-II) and on multi-period optimal power flow (MP-
OPF), is verified on an 84-bus network.

Index Terms—Power distribution, power system economics,
power system management, power system planning, power system
simulation, smart grids, wind energy generation.

NOMENCLATURE

Acronyms

RES Renewable energy sources.

DNO Distribution network operator.

SGs Smart Grids.

R&D Research and development.

NPV Net present value.

NSGA-II Non-dominated sorting genetic algorithms.

MP-OPF Multi-period optimal power flow.

AM Active management.

WTs Wind turbines.

DG Distributed generation.

OPEX Operational expenditures.

CAPEX Capital expenditures.

RPZ Registered power zones.

O&M Operation and management.

Manuscript received September 19, 2013; revised December 26, 2013; ac-
cepted January 27, 2014. Date of publication February 20, 2014; date of current
version August 15, 2014. Paper no. TPWRS-01210-2013.
The author is with the Department of Industrial Engineering, University of

Salerno, Salerno, Italy (e-mail: psiano@unisa.it).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TPWRS.2014.2304831

AVC Automatic voltage control.

OLTC On-load tap changer.

SCADA Supervisory control and data acquisition.

RTU Remote telemetry units.

CF Capacity factor.

Variables

Optimization variable of the NSGA-II.

Vector consisting of a set of controllable
quantities and dependent variables during each
period .

Constants

Number of candidate locations.

Number of defined WT types.

Interest rate.

Planning horizon.

I. INTRODUCTION

A. Motivation

E UROPEAN 2020 target is imposing a significant contri-
bution from renewables and, when looking forward to EU

2050, all electricity should be produced by zero carbon energy
sources while coal or gas will only be used with carbon capture
and storage. These targets will result in the large-scale integra-
tion of renewable energy sources (RES) by distribution network
operators (DNOs) that will be forced to deal with challenges re-
lated to the power grid balancing due to intermittent RES and,
therefore, to expand and improve distribution networks [1]–[4].
In this context, as investments in distribution grids are not ade-
quately encouraged by the current regulatory framework, higher
risks of outages, distribution networks congestions, inadequate
RES integration and a loss of quality of supply may result.
New investments in innovations in electrical distribution grids,
if properly incentivized, may allow improving the integration
and the exploitation of RES. Two different approaches, specif-
ically the “fit and forget” or the “smart grids” approach can be
followed by DNOs. Under either approaches, the optimal in-
tegration of RES in distribution grids is essential to guarantee
the best use of resources. In order to support large penetrations
of RES and avoid congestions [5], [6], the “fit-and-forget” ap-
proach would require extremely costly reinforcements in the
network, such as investments in additional power transformers
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and distribution lines [7], [8] and generally over-sizing the dis-
tribution grid components. This approach, however, determines
sub-optimal integration of RES and increased power losses [9].
In the “smart grid” approach, instead, the use of current assets
can be optimized avoiding network reinforcement and carrying
out investments in information and communication technolo-
gies to monitor, control and automate the Smart Grids (SGs)
[11]–[13].
Even if a fundamental shift to the “smart grid” approach is

desirable [14]–[16] in order to integrate large amount of RES
in electrical networks, over the last decades, DNOs have han-
dled limited technological innovation. This mainly focused on
reducing operating costs, including expenditure in research and
development (R&D), and creating more efficient financial struc-
tures. Significant technological innovation is, instead, needed to
implement the “smart grid” approach and a regulatory revision
of the financing model applied to DNOs by national energy reg-
ulators is also necessary in order to promote this technological
shift [17]–[20].
Regulators play, in fact, a dominant role in encouraging

DNOs to develop the SGs. Many energy regulators do not
recognize, indeed, investments in innovation in their regula-
tory asset base and usually follow a restricted approach by
neglecting the motivation for capital expenditure related to
SGs in their cost benefit analysis [20], [21]. Even if there
are some exceptions, such as a competition-based procedure
recently launched by the Italian regulator to incentivize SGs
projects and the Low Carbon Networks Fund set up in UK
to allocate £500m over the period 2010–2015 for promoting
new DNO initiatives for smarter electricity networks, most
of regulations in the world are not flexible and focus more
strongly on short-term optimization rather than on long-term
needs [20]–[26].

B. Approach

On the basis of these remarks, new research questions arise
for regulators when facing with the innovation incentives and
their impact on RES integration. A specific goal in this context
consists in supporting the integration of RES in active networks
[13] and SGs [14]–[16] by defining the most suitable level of
additional incentives for innovation. Accordingly, innovative
tools, able to integrate incentive innovation into the regulation
design are required.
This paper proposes a method that can assist the regulators in

order to facilitate the best integration and exploitation of RES
by determining the correct incentives related to investments in
innovation in distribution networks. In particular, the implemen-
tation of activemanagement (AM) schemes is considered as dis-
tribution grid innovation in order to assess their economic im-
pact for developers and DNOs. By using the proposed method
it is also possible to assess different options related to RES in-
vestments, such as the selection of the site, type and number
of new wind turbines (WTs). By comparing the technical and
economic performances of passive distribution networks with
those achievable after implementing AM schemes it is possible
to evaluate the benefits deriving from distribution grid innova-
tion and incentive regulation for innovation.

The method allows considering the distinct preferences of
developers and DNOs with regards to RES and WTs related
investments. DNOs and WTs developers have different, con-
trasting objectives: while developers aim at maximizing the net
present value (NPV) related to their investment, DNOs aim at
maximizing the NPV derived from the incentives. These are
mainly received for innovation, RES integration and power
losses reduction. A hybrid optimization method is proposed
with the aim of assessing both objectives over a planning
horizon. The hybrid method makes use of on non-dominated
sorting genetic algorithms (NSGA-II) procedure for finding
multiple Pareto-optimal solutions in a multi-objective opti-
mization problem and of multi-period optimal power flow
(MP-OPF) [7], [8]. NSGA-II is used for selecting the op-
timal sites and number of WTs among some selected types.
MP-OPF, integrating AM schemes [11], [13] and considering
the time-varying characteristics of the load demand and wind
generation is used to evaluate wind energy generation and
energy losses. In order to evaluate the relative benefits and
costs of different investments in the SGs made by DNOs and
WTs developers, the proposed method also considers the costs
related to the AM implementation in different scenarios. The
method is also applicable to other types of RES although the
analyzed case studies concentrate on WTs.

C. Innovative Contributions

The proposed method, including incentives for innovation,
can support the regulator in defining the correct incentives to
stimulate a better RES penetration and integration in active dis-
tribution networks. Thanks to the proposed method, the regu-
lator is able to design a flexible economic regulatory framework
with the objective to stimulate the DNO in making the best in-
vestments in AM schemes. By using the proposed method, the
distribution companies can have an overall vision on the de-
velopment of the business situation in the electricity sector and
can assess their outcomes in the considered regulation scheme.
On the other end, WTs developers may also use the method in
order to assess the long-term economic effects of their invest-
ment decisions.
Even if many previous researches have already been carried

out on distributed generation (DG) and RES planning problem
[7], [8], there are, to the author’s knowledge, no studies that
recommend methods to evaluate the effectiveness of a regu-
latory framework including incentives for innovation to con-
tribute to RES exploitation through an active management ap-
proach. The proposed method establishes a contribution to ad-
justing the regulation systems in order to facilitate DNOs to in-
vest in innovation.

D. Paper Organization

Section II provides an overview of the regulatory asset and
innovation for DNOs. Section III describes the optimization
method based on NSGA-II and MP-OPF that is described in
Section IV. Section V presents some simulation results. A dis-
cussion on the presented results and conclusions are given in
Section VI.
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II. REGULATORY ASSET AND INNOVATION FOR DNOS

The main drivers for network investments in new technolo-
gies for SGs are RES and DG integration, energy market and
demand side management issues [27], reliability and quality
of supply improvements, increase in energy demand, storage
integration, optimization of operational and investment costs,
electro mobility integration, increase of energy efficiency
[28]–[30]. Despite these drivers, however, some barriers are
slowing the spread of SGs. The main barriers are due to the
contrasting policy and little incentives, to financial disincentive
for the utilities that should develop a new business model, to the
uncertainty related to about who should bear the high capital
investment costs and receive the benefits. The utilities are,
thus, trying to find support from the government and calling on
regulators to agree on clear rules for how the costs and benefits
of investments in SGs will be shared among different actors
[28]–[30].
There is, therefore, a growing consensus according to which

the adoption of appropriate public policies and their effective
implementation can be the main drivers for a successful mod-
ernization of electrical, telecommunications, water and gas
infrastructures. The basis for these policies is the adoption of
a suitable regulation that offers incentives to system operators
to ensure that they operate efficiently, making the right invest-
ments. The regulatory regime for innovative markets in the
telecommunications sector is discussed in [31]. The authors
argue that the cost-based regulation hinder the development
of infrastructure-based competition in the highly dynamic
telecommunications industry.
In the electrical sector, regulators objective is the maximiza-

tion of social welfare that, in addition to reduction of costs, also
includes balancing between the interests of customers, distribu-
tion companies, asset owners and society. While asset owners
necessitate a reasonable return on invested capital, distribution
companies desire to guarantee a stable business environment
and gather satisfactory profit in order to operate and develop
the network. Conversely, customers essentially desire reason-
able pricing of electricity and an adequate level of the quality
of supply, while society is also concerned in developing the es-
sential infrastructure network [20]–[22].
The types of regulations defined for the DNOs are mainly

technical and economic regulations: the former establishes the
technical rules for the operation and planning of the distribu-
tion system, also guaranteeing an acceptable level of the service
quality. Economic regulation aims, instead, at safeguarding cus-
tomers from monopoly exploitation and balancing the contro-
versial requirements of different stakeholders of the electricity
distribution business: customers, society, distribution compa-
nies and owners [32]. These controversial expectations give rise
to challenges for the regulators that, in order to direct the expan-
sion of the regulated industry according to identified strategic
objectives, can also implement extensive incentive schemes. In
some cases, even if regulators attempt to direct distribution com-
panies to satisfy the interests of the public, they may involun-
tarily implement incentives that encourage companies to maxi-
mize their own profits, while carrying out non-optimal network
design. This is mainly due to the asymmetry of the information

between the company and the regulators that lack full informa-
tion about the cost reduction potentials of the company. In many
cases regulation design tends to be a continuous process and, in
order to implement versatile incentive schemes, regulators need
information on the cost attributes and other characteristics of the
regulated industry. As a consequence, the continuous process,
in some cases developed in a disorganized way, may generate
a complex regulation model and a holistic analysis may be re-
quired in order to identify some directing signals.

A. Incentives for Innovation

Regulation is fundamental in order to assist the technical
transformation of energy networks via incentives for participa-
tion in R&D and investments in new technologies [18]. In the
energy industry, like in many other utilities, the most significant
change in the regulatory regimes was the shift from rate of
return to incentive regulation [33]–[37]. Innovation incentives,
related to the reduction of grid expansion and operation costs
and the increase of service quality levels are, thus, expected to
play a major role in the future regulatory asset.
Mainly due to the below-average innovative character of the

electricity network in the past [38], there are rarely studies of the
relationship between regulation and innovation in the electricity
grid. Thus, the issue of regulatory incentives for investments in
electricity grid innovation is a quite new research area.
A full analysis of the most important results reached by the

economic literature on incentive for the operators of the net-
work industries is provided in [22]. Most of researches in this
field compare the effects of cost-based regulation and incentive-
based regulation on incentives to invest in network infrastruc-
ture. The effects of the rate-of-return regulation, the cost-plus
regulation and cap-regulation on the speed and intensity of tech-
nological progress have been firstly examined in [39].
Some researchers conclude that the incentive regulation, in

comparison to other regulation methods, provides significant
incentives for short-term innovation and cost reduction, but
the incentives for long-term infrastructure investment are
limited [40], [41]. These investments and innovations are, in-
deed, mainly focused on a reduction of operational expenditures
(OPEX). This cost reduction results in higher profits for the grid
operator within the regulation period. Incentives for reducing
capital expenditures (CAPEX) are, instead, more challenging
to implement than for OPEX [41]. Studies focusing on the
long-term effect of incentive regulation on innovations in the
electricity sector are still rare in the literature. Moreover, there
are no results assessing the impact of incentive regulation on
product innovations CAPEX related to investments in SGs that
remains a research objective. The main reason is that CAPEX
are caused by investments with a long-term time horizon and
significantly larger payback periods than the duration of the
actual regulation period. The disincentive created by regulation
on network innovations is discussed in [18], [41], and [42].

III. METHOD DESCRIPTION

A. Structure of the Method

The method, by allowing the evaluation of the economic
impact of a considered incentive regulation that determines a
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consequent employment of AM schemes, is a useful tool for
regulators, DNOs and developers. Regulators can determine
how the incentives related to the investments in innovation in
distribution networks effect the sharing of costs and benefits of
investments in AM schemes among different stakeholders. In
this way, the right incentive can be determined in order to favor
the best integration and exploitation of wind energy. DNOs can
compare various options related to new investments in inno-
vation (i.e., the implementation of AM schemes) considering
different issues, such as the innovation incentives, the instal-
lation of new WTs, planned by developers at particular buses,
the effect of new AM schemes on its costs and benefits. DNO
can also try to guide the allocation of new WTs installations
in such a way to increase its revenues, mainly due to incentive
regulation and energy losses reduction, while also favoring the
integration and exploitation of wind energy. Developers can
evaluate the profitability of their investment in new generation
systems in active networks.
As DNO andWTs developers perceive different “optimal” lo-

cations and capacities forWTs, by comparing the two outcomes,
and through the use of trade-off techniques, it may be possible
to define a range of compromise solutions offering a potentially
better arrangement for WTs under different incentive schemes.
With regards to the regulatory time horizons, recent U.K. reg-

ulation is considered according to which DNO receives an an-
nual payment from the developers for every kW of connected
wind capacity for 15 years [43], [44]. It includes both the in-
centive rate for efficient connection of DG to the network and
the O&M allowance to cover the on-going O&M costs of the
DG connection assets. DNO also receives an incentive scheme
to reduce energy losses: the regulator sets a target losses level
for each DNO and DNOs are rewarded if losses are below this
and penalized if they are above. It is considered that DNO also
receives an annual payment from an incentive mechanism to
promote innovation for the first five years. Registered power
zones (RPZ), a mechanism addressed by Ofgem, is, indeed, as-
sumed. RPZ scheme is focused specifically on the connection of
DG to distribution systems and encourages the development of
new, cost effective, innovative technologies and connection so-
lutions. Typical projects within the RPZs focus on active voltage
control, fault level management and power flow control. It is
worth noting that according to the assumed scheme [43], [44],
the costs incurred by the DNOs to provide network access to
DG are given a partial pass-through treatment. Even if the U.K.
regulation is considered in order to carry out the presented anal-
ysis, the method can be adapted to different regulations.
The structure of the proposed hybrid optimization used to

generate the Pareto front is shown in Fig. 1. NSGA II is used
in order to select the type and number of WTs to be allocated
at each candidate bus. It randomly generates the initial popula-
tion of solutions (individuals) by defining a set of vectors. Each
vector, or called a chromosome, has a size ,
where is the number of candidate locations and is the
number of defined WT types.
As shown in Fig. 2, a chromosome consists of a vector of

integers, each of which represents the number ofWTs of a given
type to be allocated at a candidate bus. For instance, WTs of
type A is associated with the first part of the vector with the

Fig. 1. Structure of the method.

Fig. 2. NSGA chromosome.

size of , which is the number of the candidate locations. Each
element of this vector is an integer representing the number of
WTs of type A connected to the corresponding bus. As such, the
locations and types of WTs are expressed as a string of integers.
For each chromosome of NSGA, specifying the number and
locations of WTs, the maximum wind energy generation or the
minimum energy losses over a year are assessed by running a
MP-OPF algorithm including AM schemes.

B. Objective Functions of NSGA

When considering WTs developers preferences, in order to
analyze the profitability of the WTs investment, the NSGA ob-
jective function is the NPV, defined as the difference between
the discounted cash flows and the investment cost:

(1)
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where is the optimization variable of the NSGA, is the in-
terest rate, is the planning horizon (i.e., 15 years), is
the initial investment cost related to theWTs installation,
is the initial investment cost related to the AM implementation
paid by developers. It is worth noting that there is no cost as-
sociated with network reinforcement as the analysis constrains
WT capacity within the network limits. is the total an-
nual revenue obtained by developers selling energy at year ,
defined as

(2)

where (MWh) is the wind energy dispatched byWTs at hour
and year ; ( /MWh) is the developer’s net revenue per

MWh of sold energy at hour and year (set at 43.13 /MWh).
When considering DNOs preferences, the objective function

is the NPV defined as the difference between the discounted
cash flows coming from the rewarded incentives and the invest-
ment cost related to the AM implementation paid by the DNO:

(3)

where is the total annual revenue obtained by the DNO
at year , defined, according to the recent U.K. regulation [20],
[37]–[39], as

where is the annual payment that DNO receives from the
developers for every kW of connected wind capacity
for 15 years (2 /kW/year). It includes both the incentive rate
for efficient connection of DG to the network and the O&M al-
lowance to cover the on-going O&Mcosts of the DG connection
assets. is the annual payment that DNO receives from
the RPZ incentive mechanism to promote innovation for the
first five years. For all designated RPZs the incentive element
of the DG incentive is increased for the first five years of opera-
tion by 3 /kW. represents the losses incentive that rewards
or penalizes each DNO according to how they perform against
a losses target. The incentive is set at 60 /MWh. and
are, respectively, the actual and target energy losses (MWh)

during year .
In addition to the load variation over each year, also a load

growth of 1% every year has been assumed. Moreover, the ca-
pacity factor (CF) of WTs is evaluated according to the wind
generation data and the WTs’ capability curves. In order to take
in account long term CF, it is assumed that the CF of WTs de-
clines up to 1% per year during the planning horizon [4]. The
reason could be either wind variations or reduced performance
of WTs because of wear and tear.

C. NSGA-II

Different mathematical and evolutionary algorithms for
finding non-dominated solutions of a multi-objective optimiza-
tion problem exist [47], [48]. Even if most of them, based on
a single-objective weighted-sum or another single-objective
approach can also find multiple Pareto optimal solutions, some

drawbacks exist. They are mainly due to their incapacity to
generate different optimal solutions and to attain a uniformly
distributed set of Pareto-optimal solutions with a uniform
setting of weight vectors.
GA, in general, can effectively handle nonlinear, non-convex,

and mixed integer optimization problems [49], [50] and with
some modifications can be used to capture and preserve mul-
tiple Pareto-optimal solutions. The genetic-based NSGA II [49],
[50] is used in the proposed method to solve the multi-objective
optimization and generate non-dominated solutions. It demon-
strated to be among the most efficient algorithms for multi-ob-
jective optimization on a number of benchmark problems. It of-
fers the advantage that, due to simultaneous search of multiple
solutions, multiple Pareto-optimal solutions can be found all to-
gether in one single simulation run. Moreover, NSGA II is com-
putationally faster than other algorithms and ideal for finding a
well-distributed set of Pareto-optimal solutions thanks to a par-
allel and an efficient search. In NSGA II a solution population
is organized into a number of non-dominated fronts: all individ-
uals not dominated by any other individuals are assigned front
number one. Front number two is assigned, then, to all individ-
uals only dominated by individuals in front number one, and so
on. A fitness, based on its level of non-dominancy, is assigned
to each solution. In order to preserve the diversity of solutions,
assigned fitness are degraded based on the number of neigh-
boring solutions and according to their Euclidian distances. At
each iteration, new individuals are generated and the reproduc-
tion of population is attained through classical crossover and
mutation process. NSGA-II algorithm and its detailed imple-
mentation procedure can be found in [49], [50].

IV. MULTI-PERIOD OPF WITH
ACTIVE MANAGEMENT SCHEMES

A. Modeling of Time-Varying Load and Wind Power
Generation

The MP-OPF, including AM schemes has been already pre-
sented in [7]. It includes the time-varying characteristics of the
load demand and wind power generation. For the modeling of
time-varying load and wind power generation, real data from a
local distribution network have been used and processed. Based
on their joint probability of occurrence, defining the number
of coincident hours over the year, wind availability and de-
mand have been aggregated into a number of wind/demand sce-
narios [7], [13]. The set of scenarios obtained by combining
wind availability and load demand real data for one year have
been considered. Each scenario represents the combination be-
tween wind speed and load demand values, indicated in per-
centage terms, and is characterized by a defined number of hours
over the year. Such a number represents the time (number of
hours) during which each combination wind/demand occurs in
the course of the year [13]. Each type of day consists of 24 hours,
each of which can have 400 different combinations
of load-generation, as two different wind speed distributions at
buses have been assumed. In order to create the multi-period
interdependency, at each iteration of the MP-OPF there are a
unique set of WTs capacity variables with 400 sets of power
flow variables.
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B. Active Management Schemes

In the proposed method, the area-based control strategy of
on-load tap changers (OLTCs), based on measurements from
various locations of the network, is used. In this way, the voltage
regulation of OLTCs can be based on the voltage information of
the bus that has the most severe over voltage problem. Energy
curtailment is implemented at each period by introducing a neg-
ative generation variable to represent the curtailed energy from
each WT. For a given period, the maximum energy that can be
curtailed from a given WT is set to a fraction of the potential
energy that the WT could have produced without energy cur-
tailment. Power factors of WTs can be controlled so that wind
energy penetration level in the network is maximized or power
losses are minimized [13].

C. Objective Functions of the MP-OPF

When considering the WTs developers preferences, the
MP-OPF objective function to maximize is

(4)

where is the wind energy generated during the time
period by the WT with rated capacity , is the total
number of periods in a year corresponding to different combi-
nations of load demand and wind power generation; is the
number of WTs (indexed by ). The vector consists of a set
of controllable quantities and dependent variables during each
period . The optimization variables include for each period :
the secondary voltage of the OLTC, the power factor angle and
the curtailed energy of each WT, and the import/export power
at the interconnection to the external network.
When considering the DNOs preferences the MP-OPF objec-

tive function to minimize is

(5)

where are the active energy losses during period .
Both objectives are subject to a number of technical con-

straints: , imposed by regulations in-
cluding bus voltage limits, line/transformer thermal limits, and
system short-circuit levels [13]. By fulfilling these constraints,
the network reinforcement due to the connection of WTs may
be avoided. The equality constraints represent the static
load flow equations such as Kirchhoff current law and Kirch-
hoff voltage law. The inequality constraints are listed in
the following.
— Capacity constraints for the interconnection to external
network (slack bus),

— Capacity constraints for the WTs: maximum capacity that
may be installed at each,

— Voltage level at buses,
— Flow constraints for lines and transformers,
— Short-circuit level constraint.

Fig. 3. 84-bus network indicating potential locations for WTs.

The additional constraints derived from the active management
schemes are:
— Curtailed energy constraint,
— Coordinated on-load tap-changer voltage constraint,
— Coordinated generator reactive power constraints.

V. CASE STUDY

An 84-bus 11.4-kV radial distribution system [7] is used
to demonstrate the effectiveness of the proposed approach.
The network is a three phase balanced network. The eleven
feeders are supplied by two 20-MVA, 33/11.4-kV transformers
as shown in Fig. 3. Eleven candidate buses have been assumed,
as shown in Fig. 3, in particular buses 5, 12, 21, 28, and 35
are characterized by a mean wind speed of about 6 m/s, while
buses 41, 50, 62, 69, 75, and 81 are characterized by a mean
wind speed of about 10 m/s.

A. Network Constraints

Voltage limits are taken to be 6% of nominal and feeder
thermal limits are 5.1 MVA (270 A/phase). Load demand vari-
ations during the first and last year of the planning horizon are
shown in Table I. The substation power exports to the upstream
grid are limited to the capacity of the transformers (40 MVA).
Power factor is assumed to vary between 0.9 leading and 0.9
lagging when the coordinated generators reactive power control
option is considered. The short-circuit limit constraint of 200
MVA has been assumed accordingly to the designed short-cir-
cuit capacity for the network and the short-circuit calculations
method described in [13] are used.

B. Investment Costs

It is assumed thatWTs of three different capacities are chosen
by the WT developers. The sizes of the WTs have been selected
according to the load demand for the considered distribution
system. These capacities are 225 kW, 660 kW, and 900 kW.
Table II lists the capital costs associated to the three

candidate WTs. Maximum four WTs can be allocated at a given
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TABLE I
LOAD DEMAND DURING THE FIRST AND LAST

YEAR OF THE PLANNING HORIZON

TABLE II
CAPITAL COSTS ASSOCIATED TO THE THREE CANDIDATE WTS

location. This requirement may be set by the available land for
building WTs.
The considered AM schemes are:
1) Coordinated area-based control with OLTCs for the con-
trol and measurement system at the substation and for the
voltage measurement system at each feeder

2) Reactive power control for a single WT (power factor con-
trol)

3) Active power control for a single WT (generation curtail-
ment)

The devices required for the implementation of coordinated
area-based control are:
• two OLTC relays,
• an automatic voltage control (AVC) relay receiving in-
structions from the supervisory control and data acquisi-
tion (SCADA) in order to control the OLTC relays,

• a voltage transformer connected at the lower voltage side
of the substation, suitable for measurement and control
purposes,

• a voltage transformer, a transducer and a remote telemetry
units (RTU) installed at each feeder in order to measure the
voltage at every feeder connected to the substation,

• a SCADA and RTUs.
The devices required for the implementation of reactive

power control and generation curtailment for a single WT are:
• a voltage transformer and a transducer for measurement
and control purposes,

• a SCADA system which processes the voltage measure-
ments and the instructions it receives from the network op-
erator and controls the operation of the compensator,

• an RTU used as interface between the control and measure-
ment system at the reactive compensator and the commu-
nication system with the DNO.

The use of power line communication is assumed, so no ad-
ditional cost for the communication is incurred by the network
operator. In order to evaluate the cost incurred for the implemen-
tation of AM schemes, data derived as a result of a survey that
was carried with three DNOs in the U.K. [16] are considered.
The cost of coordinated area-based control with OLTCs is esti-
mated at 12.94 k while the cost of reactive power control and
generation curtailment options is estimated at 3.45 k . Even if

different sharing of costs can be determined by the regulator, in
the presented case study, it is assumed that the DNO bears the
cost for coordinated area-based control, while the costs of reac-
tive power control and generation curtailment are paid by WT
developers [16].

C. NSGA Parameters

The time-resolution of the MP-OPF assessment is one year,
so for every chromosome of the NSGA, the MP-OPF should be
carried out 15 times.
The basic parameters of the NSGA-II are summarized as

follows. The total control variables are , corre-
sponding to the number of three types of WTs at the eleven
candidate locations. The population size of each generation is
30. The initial population is generated at random between zero
and three.
The GA stops if any of the following conditions is reached:
1) the maximum generation number exceeds 300,
2) there is no improvement in the Pareto front for 50 consec-
utive generations.

Sensitivity analyses have been carried out to consider dif-
ferent values for the NSGA-II parameters such as stop criteria,
population size and genetic operators. From these analyses, it
was shown that the used values guarantee the convergence of
the algorithm to a satisfactory solution.

D. Simulation Results

The proposed method is applied to the abovementioned
distribution network. The method has been implemented in
MATLAB incorporating some features of MATPOWER suite
[51], [52] and MATLAB toolbox for NSGA-II [49], [50].
Different simulations have been carried out in order to assess

the influence of AM schemes and RPZ incentives on the set of
available solutions that can be selected by the stakeholders.
As known, renewable energy targets can be stated as a per-

centage of overall capacity allocations or as a single target.
In both cases, these commitments should be clearly delineated
and well-defined in plans and strategies including precise time-
frames. On these bases and, in order to illustrate the results of
some selected non-dominated solutions, some scenarios have
been assumed in which the regulator targets a cumulative in-
stalled wind capacity also according to the load demand.
Case A: Fig. 4 shows the Pareto fronts obtained in the cases

without and with AM schemes and RPZ incentive. The objec-
tive function related to WTs developers varies between around
6.91 and 12.84 M in the case without AM schemes, while the
implementation of AM schemes and RPZ incentive allows an
increase of wind energy generation, with an NPV varying be-
tween around 7.99 and 14.58 M . The best solution for devel-
opers is characterized by an NPV of around 14.58 M , an in-
stalled wind capacity of about 23.48 MW with an installation
cost for WTs of about 21 M . The higher NPV is mainly due
to the combined operation of AM schemes that consent to alle-
viate voltage constraints.
When looking at the objective function related to the DNO,

it is worth noting that, depending on the energy losses and on
the installed wind capacity, the application of AM schemes and
RPZ incentive translates into an higher incentive. Without AM
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Fig. 4. Final population of NSGA-II (Case A).

TABLE III
RESULTS FOR CASE B WITHOUT AM SCHEMES

TABLE IV
RESULTS FOR CASE B WITH AM SCHEMES

schemes the DNO objective function varies between around
0.47 and 0.62 M , while the adopted AM schemes determine
an increase with a value varying between around 0.74 and 1.02
M . It can be evidenced that the non-dominated solutions in
the case of AM schemes and RPZ incentive generally allow
DNO improving its profits if compared to the solutions ob-
tained without AM schemes. The combined operation of AM
schemes, while alleviating voltage constraints, allows reducing
power losses with a consequent increase of the incentives re-
ceived by the DNO.
Case B: Further analysis of the results can be obtained by

making some assumptions on the regulatory constraints related
to the required capacity of RES and on the NPV desired by all
the involved stakeholders. By assuming that DNO is obliged to
accept a minimum installed wind capacity of 25 MW in order to
satisfy mandatory targets set by the directive on the promotion
of the use of energy from RES and that WTs developers aim at
obtaining a minimum NPV of 12 M , the available solutions
are shown in Tables III and IV and in Fig. 5.
In this case, the best solution for DNO is characterized by an

NPV of around 0.95 M , while it is worth noting that without

Fig. 5. Final population of NSGA-II with constraints (Case B).

TABLE V
INSTALLED CAPACITY AT BUSES IN CASE B WITH AM
SCHEMES CONSIDERING THE BEST SOLUTION FOR DNO

AM schemes the same solution would reduce the NPV of DNO
to only 0.51 M . The WTs developer objective function of
around 12 M corresponds to an installed capacity of 27.48
MW with an installation cost for WTs of about 24.72 M . The
installed capacities at candidate buses, as shown in Table V,
vary between 1.77 MW at bus 41 and 3.36 MW at bus 50 and
is generally equally allocated among candidate buses character-
ized by the same mean wind speed. In particular higher capaci-
ties are sited at buses with a mean wind speed of 10 m/s (i.e., at
bus 81 four WTs are installed of which two of 660 kW and two
of 900 kW).
Case C: In this case, the same assumptions of case B are con-

sidered, but with an increase of 50% of the cost of AM schemes
implementation. The set of available solutions are shown in
Table VI in the case that the expenses for AM schemes are
shared between WTs developers and DNO as in the previous
cases.
The set of available solutions when considering that all

the costs of AM schemes are paid by the DNO are shown in
Table VII. It is worth noting that also in this case, the DNO is
advantaged by AM schemes implementation with an objective
function varying between around 0.74 and 0.89 M .

VI. CONCLUSIONS AND DISCUSSION

The integration of decentralized RES requires the assessment
of investments in innovation and smart solutions that are greatly
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TABLE VI
RESULTS FOR CASE C WITH AM COSTS SHARED

BETWEEN DNO AND WTS DEVELOPERS

TABLE VII
RESULTS FOR CASE C WITH AM COSTS PAID BY DNO

influenced by the regulatory environment. An important req-
uisite to take into account in the regulatory asset for DNOs is
that of carrying out innovative SGs implementations. Regula-
tors should, therefore, decide what investment incentives are
desirable and design a flexible economic regulatory framework
that allows DNOs deciding the right investments. Accordingly,
the effects of AM schemes and innovation incentive regula-
tion on the decision of stakeholders concerned with WTs in-
vestments have been assessed in this paper. In contrast to the
present literature, that is mainly theoretical, an innovative, re-
peatable method that can be applied to different electricity reg-
ulation systems has been proposed. The method, considering in-
vestments in innovation in a distribution network, allows the in-
volved stakeholders (regulators, DNOs, developers) evaluating
the benefits of AM schemes related to the integration of RES. It
also establishes a contribution to amending regulation systems
to both current and future requirements with the aim of avoiding
that standard incentive regulation design causes disincentives
for investments in smart solutions. The method can, thus, sup-
port regulators in evaluating the possible benefits of AM invest-
ments and determining the right innovation incentives based on
the assessment of the costs and benefits related to different in-
vestments and to whom they apply [31].
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