
Applied Energy 189 (2017) 403–415
Contents lists available at ScienceDirect

Applied Energy

journal homepage: www.elsevier .com/locate /apenergy
Economic assessment of smart grid initiatives for island power systems
http://dx.doi.org/10.1016/j.apenergy.2016.12.076
0306-2619/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: lukas.sigrist@iit.comillas.edu (L. Sigrist).
L. Sigrist a,⇑, E. Lobato a, L. Rouco a, M. Gazzino b, M. Cantu b

aUniversidad Pontificia Comillas, Madrid, Spain
b Enel Ingegneria e Innovazione S.p.A., Pisa, Italy

h i g h l i g h t s

� RES, ESS, DSM and EV initiatives for island power systems are economically assessed.
� Five representative prototype island power systems have been considered.
� Islands of different sizes and features require different initiatives.
� Multi-action initiatives mainly reduce system operation costs.
� Single-action initiatives mainly achieve best IRR.
a r t i c l e i n f o

Article history:
Received 3 October 2016
Received in revised form 22 November 2016
Accepted 14 December 2016

Keywords:
Smart island
Unit commitment
Energy storage
Renewable energy sources
Demand side management
Electric vehicles
a b s t r a c t

Islands are facing considerable challenges in meeting their energy needs in a sustainable, affordable and
reliable way. The present paper develops an integrated approach to economically assess initiatives that
can transform island power systems into smart ones. Single and multi-action initiatives fostering the
deployment of renewable energy sources (RES), energy storage systems (ESS), demand-side management
(DSM), and electric vehicle (EV) are considered. An hourly unit commitment on a weekly basis is pro-
posed to assess the impact of the initiatives on the system operation costs of five prototype island power
systems, which have been identified by applying clustering techniques to a set of sixty islands power sys-
tems. The different investment costs of the initiatives are accounted for determining their corresponding
internal rate of return (IRR) through their lifetime. The economic assessment of single and multi-action
initiatives for five prototype islands representing sixty island power systems quantifies which initiatives
are most suitable for which type of island power system. The assessment shows that islands of different
sizes and features require different initiatives. Larger islands tend to DSM initiatives, whereas smaller
islands tend to RES initiatives. Multi-action initiatives achieve highest system operation cost reduction,
whereas single action initiatives yield to highest IRR.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Islands are facing considerable challenges in meeting their
energy needs in a sustainable, affordable and reliable way. This is
mainly due to the isolated nature and the small size of island
power systems [1]. The geographic isolation also causes relatively
high operation costs in comparison to large interconnected sys-
tems. Operation costs are not only higher because of expensive fuel
transportation and lower efficiencies of the power generation tech-
nologies (e.g., Diesel), but also because of technical requirements
on spinning reserves for guaranteeing frequency stability. Spinning
reserve of island power systems usually covers the loss of the lar-
gest generating unit [2–5]. Actually, island power systems are
more sensitive to frequency instability than larger interconnected
systems since they exhibit a smaller inertia and each generating
unit represents a significant fraction of the total generation in-
feed [6].

According to local resource availability, renewable energy
sources (RES) offer an interesting solution to decrease the depen-
dency on fossil fuels and increase island sustainability [7]. Since
the intermittent behavior of RES can however affect the stability
of island power systems, energy storage systems (ESS), electric
vehicles (EV) offering a vehicle-to-grid operation, and demand-
side management (DSM) have been introduced to mitigate the
impact of the intermittent behavior of RES. In order to increase
island sustainability, a combination of several actions needs there-
fore to be carried out, customized on specific islands, opportunities
and constraints [8]. These actions that increase the flexibility of the
system are allocated on the supply-side and the demand-side of
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Nomenclature

Sets
g thermal unit
ess energy storage system unit
h hour
D day
T daily EV charging/discharging time window

Parameters
Cfix
g the fixed cost of unit g [€]

Clin
g linear component of the variable cost of unit g

[€/MW]
Cqua
g quadratic component of the variable cost of unit g

[€/MW2]
Cstart-up
g start-up cost of generator g [€]

Cshut-down
g shut-down cost of unit g [€]

Crescurt cost of RES curtailment [€/MW]
Pmin
g minimum power generation of unit g [MW]

Pmax
g maximum power generation of unit g [MW]

Rup
g ramp-up of unit g [MW/h]

Rdown
g ramp-down of unit g [MW/h]

Dh total power demand in hour h [MW]
Presh wind and PV power production in hour h [MW]
Pmax
ess;char maximum charging power of unit ess [MW]

Pmax
ess;disch maximum discharging power of unit ess [MW]

Emin
ess minimum energy storage capacity of unit ess [MW h]

Emax
ess maximum energy storage capacity of unit ess [MW h]

gchar
ess charging efficiency of unit ess

gdisch
ess discharging efficiency of unit ess

Ddispmax maximum dispatchable power demand [MW]
Ddispmin minimum dispatchable power demand [MW]
Ddispdmax

D maximum dispatchable energy demand [MW h]

Ddispdmin
D minimum dispatchable energy demand [MW h]

dDdisph allocation of dispatchable demand Ddisp in hour h

Devmax maximum charging/discharging EV power [MW]

Emin
eV minimum energy storage capacity of EVs, [MW h]

Emax
eV maximum energy storage capacity of EVs [MW h]

Devdmax
D maximum daily EV energy level [MW h]

Devdmin
D minimum daily EV energy level [MW h]

gup
eV charging efficiency of EV
gdown
eV discharging efficiency of EV

dDevh allocation of EV charging/discharging in hour h

Binary decision variables
dg;h state of unit g in hour h
dess;disch;h state of discharging of ess in hour h
cxg;h start-up decision of unit g in hour
dxg;h shut-down decision of unit g in hour h

Continuous decision variables
pg;h is the power generation of unit g in hour h [MW]
prescurth curtailed RES generation in hour h [MW]
ressouph system operator ramp-up spinning reserves required

in hour h [MW]
ressodown

h system operator ramp-down spinning reserves re-
quired in hour h [MW]

resgenup
h ramp-up spinning reserves provided by thermal gen-

erating units in hour h [MW]
resgendown

h ramp-down spinning reserves provided by thermal
generating units in hour h [MW]

resessuph effective ramp-up spinning reserves used from the
energy storage systems in hour h [MW]

resessdown
h effective ramp-down spinning reserves used from

the energy storage systems in hour h [MW]
pcharess;h charging power of unit ess in hour h [MW]
pdischess;h discharging power of unit ess in hour h [MW]
eess;h is the actual energy storage capacity of unit ess in

hour h [MW h]
ddispuph upward variation of the dispatchable component of

the power demand in hour h
ddispdown

h downward variation of the dispatchable component
of the power demand in hour h

devup
h charging of EV in hour h

devdown
h discharging of EV in hour h

resevup
h effective ramp-up spinning reserves used from the

EVs in hour h [MW]
resevdown

h effective ramp-down spinning reserves used from
the EVs in hour h [MW]

eevh is the actual energy storage capacity of unit ess in
hour h [MW h]

404 L. Sigrist et al. / Applied Energy 189 (2017) 403–415
the energy system [9,10]. Actions can be basically separated into
three categories: (i) generation-side: use of natural gas and/or
RES for power generation and use of ESS for reserve provision,
(ii) grid-side: interconnection of island systems with other island
systems or the continental system, and (iii) demand-side: use of
ESS, implementation of DSM and promotion of EV. The use of nat-
ural gas instead of oil for power generation is however affected by
the availability of local resources and/or the existence of econo-
mies of scale in both gas pipe lines and liquefied natural gas. Sim-
ilarly, interconnection of an island system to the continent can be
prevented by presence of deep waters and the existence of econo-
mies of scale (both in case of AC and HVDC transmission). Whereas
past studies primarily focused on the optimal deployment of a sin-
gle action, Ref. [11] has studied the impact of five different actions
(DSM, use of natural gas, RES curtailment, ESS, and interconnec-
tors) by combining some of them to improve RES integration and
reduce system costs in the Western European system for 2050.
ESS and interconnector options seem to be valuable for RES
penetration above 60% of annual power generation.
The main objective of the present paper is to develop an inte-
grated global approach to economically assess the main initiatives
to be carried out over time that can transform island power sys-
tems into smart ones. This quantitative assessment is well suited
to provide guidance on which initiatives are most suitable [11].
An initiative is understood as either a single action or a set of mul-
tiple actions. Different penetration levels of each action are consid-
ered. Since the shift from oil to gas and interconnection of islands
to a continent can depend on local factors and on economies of
scale, RES (particularly wind and PV generation), ESS, DSM, and
EV actions are further investigated. Further, the multi-task capabil-
ity of ESSs needs to considered as well. ESSs provide here both
spinning reserve and load shifting services. Thus not only one type
of action with different penetration levels but also multiple simul-
taneous actions and their impact on various islands of different
features are economically assessed for the first time. The assess-
ment consists of determining firstly the impact of single-action
and multi-action initiatives on the system operation costs of an
island power system. Furthermore, the different investment costs
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of the initiatives are accounted as well for determining their corre-
sponding IRR through their lifetime. Past studies primarily focused
on system cost savings or associated RES spillage reduction [11–
16]. Since investment costs of DSM and EV are difficult to estimate,
initiatives are assessed for different investment costs of DSM and
EV actions.

As most island systems are operated under a classical central-
ized scheme, hourly unit commitment on a weekly basis is pro-
posed to assess the impact of the initiatives on the system
operation costs of an island. A set of five representative prototype
island power systems is used to take into account the difference
among island power systems. These prototype islands, which have
been identified by applying clustering techniques to a set of nearly
60 islands, are described by the economic and technical features of
real island power systems closest to the cluster. The idea of group-
ing islands into clusters in terms of their climatic, geophysical, geo-
graphic and socio-economic parameters has also been proposed by
[17] in order to identify similar islands concerning their implemen-
tation potential of RES. This paper groups islands as well but this
time in function of the energy demand, the peak demand, the
installed capacity, the highest transmission and distribution
(T&D) voltage level, the population, the average system operation
cost, and the gross domestic product (GDP) in order to find the
most appropriate initiatives in terms of system operation costs
and IRR. The economic assessment of single and multi-action ini-
tiatives for five representative prototype island power systems
allows therefore quantifying which initiatives are most suitable
for which type of island power system. In other words and as a
starting point, appropriate initiatives can be immediately listed
for a given island, associated to one of the prototype islands.

The paper is organized as follows: Section 3 reviews currently
implemented actions towards smarter islands; Section 4 proposes
the methodology to assess initiatives based on a financial analysis
of prototype islands; Section 5 presents the results and section 6
concludes the paper.

2. Review of current actions towards smarter islands

The high cost of electricity supply in island power systems may
turn viable initiatives that are not viable in large systems. In [8], six
types of actions have been identified: Oil to gas, flexible genera-
tion, interconnectors, RES, ESS, and DSM. In the technical literature,
attention has been mainly paid to RES, ESS, and DSM actions. Ref.
[18] presents a methodology to quantify the potential of wind
energy production and its location in the islands of Tenerife,
Fuerteventura and La Gomera. Viability of hybrid wind–PV systems
in Cape Verde have been studied in [19] by assessing the available
wind resource in particular in order to exploit the highest wind
potential areas. Small off-the grid systems supplying power to
nearby single consumers such as schools or kiosks are usually
based on PV systems [20]. Further and as shown in [21], cost and
fuel synergies across electricity, heating, and transport can be
exploited to increase the potential for fluctuating RES. Ref. [12]
has shown for a 100% RES system in South East Europe for 2050
that wind and PV power generation will be the dominant technol-
ogy and that biomass, mainly used in cogeneration units, is only
sustainable if there is need for some type of synthetic fuel in the
transportation sector. Dispatchable hydro and biofuel plants are
required for a low-carbon electricity supply in Australia to plug
gaps caused by occasional low-resource periods [22]. In [23,24],
tri-generation systems for the islands of Pulau Ubin and Pantelleria
have been designed with both systems being viable for certain RES
operation schemes (e.g., reducing peak loads or covering 20% of the
demand by RES) and demand conditions (e.g., domestic hot water
demand significantly improves the Pantelleria’s profitability
including geothermal energy).
However, the intermittent behavior of RES can also affect the
stability of island power systems if suitable constraints are not
imposed to system operation [25,26]. Energy storage systems
(ESS) and electric vehicles (EV) offering a vehicle-to-grid operation
can mitigate the impact of the intermittent behavior of RES
[13,27,28]. Ref. [15] discusses the simultaneous provision of spin-
ning reserve and peak shaving services by ESS for the islands of
La Gomera and Gran Canaria and it shows that ESSs are a viable
option. EVs have also shown to be effective for power balancing
services in Denmark under high wind generation, reducing power
exchange deviations remarkably [15]. ESS operating on diurnal
and seasonal scales (via flow batteries and hydrogen electrolysis)
and a shift in the capacity mix of dispatchable generation from
baseload towards more peaking power plants improve variable
RES integration [29]. Appropriate demand-side management
(DSM) can also improve RES penetration and reduce fossil fuel con-
sumption [30]. In [16], an assessment of the impact of DSM on the
economic operation of the island of Gran Canaria with high wind
generation has been presented, concluding that DSM thanks to
its flexibility is able to reduce wind spillage.

Finally, a literature review on past and on-going projects on the
aforementioned six actions, their main actors and the projects’
stage has been carried out. Oil to gas and flexible generation have
been addressed in [31–33], whereas Refs. [34–36] present projects
on interconnectors between Balearic Islands and Spain and Malta
and Sicily. RES actions have been presented in [37–41]. Storage
actions have been reported in [42–51], whereas references [48–
50,52,53] address DSM actions. Although most projects focus on
one action, there are some projects that included several actions
simultaneously [38,54–62]. Typically, RES actions have been com-
bined with ESS actions and to a lesser extent with DSM actions.

Fig. 1 shows the reported actions in terms of their type, their
main actors and their stage according to the data collected form
[31–63]. It can be deduced from Fig. 1(a) that most actions deal
with RES and/or ESS, whereas DSM, oil to gas, flexible generation
and interconnectors are less widely analyzed and implemented.
ESS actions are usually driven by generator-side actors in order
to improve compliance with security constraints. However, ESS
have shown to be viable as well for other services such as peak-
shaving. RES actions are usually driven by generator- and/or
network-side actors in order to reduce operation costs. It is worth-
while to note that most actions are actually generator-side driven
as shown in Fig. 1(b). Actions including both RES and ESS focused
on reduction of operation cost by guaranteeing security constraints
simultaneously. Finally, Fig. 1(c) shows that most actions are in a
project-stage or under operation. Some projects already show a
certain degree of maturity and provide results, whereas only a
few projects are at the stage of feasibility study.

To speed up an effective transition towards ‘‘smart islands”
implementation, an integrated global approach is needed to deter-
mine the main initiatives to be carried out over time. It is essential
that these initiatives are viable in terms of IRR.
3. Methodology to assess initiatives towards smarter and more
sustainable island power systems

The section presents the methodology to assess initiatives
towards smarter and more sustainable island power systems. First
the prototype islands are determined. Since system operation and
operation costs depend on island features, the diversity of island
power systems is taken into account by analyzing prototype
islands, identified by applying clustering techniques to set of real
island power systems. A prototype island is described by the real
island power system closest to a clusters’ centroid. Second, the
impact of the initiatives, consisting of single or a set of multiple
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actions, on the system operation cost reduction of each prototype
island is evaluated. As most island systems are operated under a
classical centralized scheme, an hourly weekly unit commitment
is used, considering four representative weeks of the year to
account for seasonal variability. Together with the investment cost,
the system operation cost reduction allows computing the IRR of
each initiative over its lifetime, which has been set to 15 years.
Fig. 2. Overview of the methodology to assess initiatives towards smarter and more
sustainable island power systems.
The IRR indicates whether a particular initiatives is viable or not.
Fig. 2 gives an overview of the methodology.

3.1. Prototype islands

The identification of prototype islands can be realized by means
of several clustering techniques. Clustering refers to the partition-
ing of a data set into clusters, so that the data in each subset ideally
share some common trait and differ from the data in other subsets.
K-Means clustering algorithm is used here, although Fuzzy C-
Means or KSOM algorithm could be used as well with similar
results [6].

The K-Means algorithm [64] attempts to cluster N objects into
KN partitions. The main objective is to find KN clusters such that
the quadratic quantization error (QE) is minimal:

min ðQEÞ ð1Þ
with

QE ¼
XKN

c¼1

QEc ¼
XKN

c¼1

X
e2Learning Set
e2Cluster c

kxe � cck2 ð2Þ

In general, the Euclidean distance is used as a distance measure
between clusters and the input data vectors. The input vectors xe
belong to the learning set X and describe the features of an island
power system. Meaningful variables describing island power sys-
tems include the energy demand DEnergy, the peak demand DPeak,
the installed capacity Pgen, the highest T&D voltage level VTDmax,
the population nPop, the average system operation cost CAve, and
the GDP. The input vector of the jth island is then expressed as:

xj ¼ ½DEnergy DPeak Pgen VTDmax nPop CAve GDP �
cc is the centroid which is computed by averaging the xe associated
to the cth cluster. The real island power (the input vector xj) closest
to the centroid cc is then a prototype island. The number of clusters
KN is a priori unknown and needs to be estimated. Furthermore,
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K-Means strongly depends on the initial solution due to its inherent
gradient-based optimization algorithm to solve QE. Nevertheless, K-
Means is a fast algorithm.

3.2. Portfolio of initiatives

An initiative consists of a particular combination of wind, PV,
ESS, DSM, and EV actions of different penetration levels, which in
turn depend on the prototype island. For each action, five different
penetration levels have been defined. Penetration levels and cost
figures of wind, PV, ESS, DSM and EV actions are given Table 1.
For instance, the wind generation profile for the current installed
capacity is scaled up to an installed capacity corresponding to
25% of the average power demand. For ESS, a round-trip efficiency
of 80% has been assumed and energy capacity has been set such
that the ESS is able to operate at Pin during four hours. ESS are oper-
ated on a weekly basis, whereas EVs are operated on a daily basis,
assuming an initial state of charge of 50% (a 30 kW h EV consuming
25 kW h/100 km for an average driving distance of around 60 km
[65]). The ESS figures do not correspond to a particular ESS tech-
nology, but rather average figures of ESS for grid applications have
been assumed since different ESS technologies can be used for the
same purpose [66]. Costs not only depend on the ESS technology,
but also on its maturity, its application and location, size of the sys-
tem and other variables [67,68].

Note that penetration levels of all except EV actions are given in
percentage of the average power demand, whereas penetration
levels of EV actions are given in percentage of the estimated num-
ber of cars of an island. The installed power of EV can be expressed
as follows:

Pin;EV ¼ PEV � ncars �%EV ð3Þ
where PEV is the power demand of an EV (e.g., 3.3 kW), ncars the
number of cars and %EV the percentage of EV of ncars. The cost
parameter of EV actions corresponds to the cost of the charging
point infrastructure, excluding the cost of the EV itself. For a slow
charging point of 3.3 kW EV, the EV cost figure CEV in €/kW/car
can be computed as:

CEV ¼ CCP � nCP=EV

PEV
ð4Þ

where CCP is the cost of the charging point and nCP/EV the number of
charging points per EV. It must be mentioned that the assumed EV
investment cost discards other costs for utilities such as promotion
costs, marketing costs, etc. [69]. In case of DSM programs, these
costs might amount up to 10% of the total program costs [70].

3.3. Weekly unit commitment

As most island systems are operated under a classical central-
ized scheme, hourly unit commitment on a weekly basis is pro-
Table 1
Penetration levels and cost figures of contemplated actions.

Installed power Pin Energy capacity Investment

Wind (0–25–50–75–100)%
average power demand

– 1000 €/kW
[89]

PV (0–25–50–75–100)%
average power demand

– 2300 €/kW
[89]

ESS (0–2.5–5–7.5–10)%
average power demand

4 h � Pin 2800 €/kW
[67,68]

DSM (0–1–2–3–4)% average
power demand

(0–0.4–0.8–1.25–1.7)% of
daily average energy
demand

650 €/kW
[70,90,91]

EV (0–5–10–15–20)%
number of cars

10 h � Pin (slow charging) 2400 €

[92,93]
posed to assess the impact of the initiatives on the system
operation costs of a prototype island [14]. Demand profiles as well
as wind and PV generation profiles are input variables, whereas
start-up decisions of thermal units and hourly operation profiles
of thermal generation units, ESS, DSM and EVs are outputs.
Section ‘Nomenclature’ details the decision variables of the unit
commitment problem. RES generation is commonly prioritized
over conventional generation for generation dispatch in island
power systems (e.g., [71]). High fuel costs further fosters RES gen-
eration. DSM and EVs are considered andmodeled at an aggregated
level. The unit commitment model is implemented in GAMS and
solved with CPLEX.

Eq. (5) formulates the objective function of the unit commit-
ment model, which aims at minimizing the total system operation
cost Ctot, including the thermal generation costs, ESS and RES oper-
ation costs, DSM and EV transaction costs [16], and the penaliza-
tion of a possible curtailment of wind and PV generation for
system security reasons. For simplicity, wind and PV generation
are represented by a single variable with attribute res, although
they are both handled separately during the simulation.

minðCtotÞ ð5Þ
where

Ctot ¼
X
g;h

Cfix
g � dg;h þ Clin

g � pg;h þ Cqua
g � p2

g;h þ Cstart�up
g � cxg;h

�h

þ Cshut�down
g � dxg;h

�i
þ
X
ess;h

ðCess � pcharess;hÞ

þ
X
h

ðCres � Presh þ Crescurt � prescurthÞ

þ
X
h

ðCTrDSR � ddispup
h þ CTrEV � devup

h Þ ð6Þ

Penalization of wind and PV curtailment is such that security
criteria for reserve are always met, i.e., it is preferable to curtail
generation instead of violating reserve criteria. The weekly eco-
nomic dispatch is constrained by the demand balance, by technical
operation constraints of generators, ESS, DSM, and EVs, and by con-
straints with regard to the available amount of upward and down-
ward reserve provided by generators and ESS.

Eq. (7) formulates the demand balance.

Dh ¼ ddispdown
h � ddispup

h þ devdown
h � devup

h þ
X
g

pg;h þ Presh

� prescurth þ
X
ess

ðpdischess;h � pcharess;hÞ ð7Þ

Eqs. (8) and (9) describe the generation limits and the ramp con-
straints of thermal generators.

Pmin
g � dg;h 6 pg;h 6 Pmax

g � dg;h ð8Þ

�Rdown
g 6 pg;hþ1 � pg 6 Rup

g ð9Þ
Eqs. (10) and (11) compute the required upward and downward

spinning reserves by summing reserves provided by generators,
ESS, EV and wind and PV generation (only for downward reserve).
Although spinning reserve is separated into primary and secondary
reserves, primary frequency control uses part of the secondary
reserve during generation-load imbalances. According to common
operation procedures of island power systems, Eqs. (12) and (13)
force the up reserve to be larger than the largest connected gener-
ator and larger than the expected losses of wind or PV generation.
Note that the latter does not only include forecast errors but also
probable losses of RES generation due to faults (e.g., short-
circuits causing low voltage disconnection of wind farms or substa-
tion failures). In island power systems, where RES generation is
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locally concentrated, the probable loss of RES generation is signif-
icant. Eq. (14) specifies that total down reserve must be larger than
a certain fraction kup2down of the up reserve (typically 50%). Eqs.
(15), (17) and (19) and Eqs. (16), (18) and (20) compute upward
and downward reserves provided by thermal units, ESS and EVs,
respectively.

ressouph ¼ resgenup
h þ

X
ess

resessupess;h þ resevup
h ð10Þ

ressodown
h ¼ resgendown

h þ Presh � prescurth þ
X
ess

resessdown
ess;h

þ resevdown
h ð11Þ

ressouph P pg;h; 8g ð12Þ

ressouph P kess2reserveðPresh � prescurthÞ ð13Þ

ressodown
h P kup2downresso

up
h ð14Þ

resgenup
h ¼

X
g

ðPmax
g � dg;h � pg;hÞ ð15Þ

resgendown
h ¼

X
g

ðpg;h � Pmin
g � dg;hÞ ð16Þ

resessupess;h ¼ Pmax
ess;disch � pdischess;h þ pcharess;h ð17Þ

resessdown
ess;h ¼ pdischess;h þ Pmax

ess;char � pcharess;h ð18Þ

resevup
h ¼ Devmax � devdown

h þ devup
h ð19Þ

resevdown
h ¼ devdown

h þ Devmax � devup
h ð20Þ

Eqs. (21)–(24) impose the limits of discharging and charging
power of ESSs as well as the associated energy dynamics and the
energy capacity limits. Round-trip efficiency of ESS has been taken
into account by means of a constant, although efficiency might
vary according to the ESS operation.

0 6 pdischess;h 6 dess;disch;h � Pmax
ess;disch ð21Þ

0 6 pcharess;h 6 ð1� dess;disch;hÞPmax
ess;char ð22Þ

eess;h ¼ eess;h�1 þ pcharess;h � gchar
ess � pdischess;h � gdisch

ess ð23Þ

Emin
ess 6 eess;h 6 Emax

ess ð24Þ
DSM is modeled on an aggregated level. Eqs. (25) and (26) limit

the hourly dispatchable DSM demands between minimum and
maximum limits. These limits are set as a fraction of the energy
demand. Further, the parameter dDdisph allows restricting DSM
to certain hours, i.e., it defines availability slots. DSM variations
must be balanced during one day and during their availability slots
as shown in Eq. (27). Finally, the amount dispatchable demand is
limited for a particular day (Eq. (28)).

Ddispmin � dDdisph 6 ddispup
h 6 Ddispmax � dDdisph ð25Þ

Ddispmin � dDdisph 6 ddispdown
h 6 Ddispmax � dDdisph ð26Þ

X
h2D

ddispdown
h ¼

X
h2D

ddispup
h ð27Þ

Ddispdmin
D 6

X
h2D

ddispup
h 6 Ddispdmax

D ð28Þ
EVs are modeled as dispatchable demands on an aggregated
level allocated in selected hours T of every day D. Eqs. (29)
and (30) limit the hourly dispatchable EV demands between
minimum and maximum limits. These limits depend on the
number of available EV cars. Energy dynamics and energy capac-
ity limits are formulated in Eqs. (31) and (32). Note that EV
energy dynamics during driving are not modeled, but an average
state of charge is assumed. Finally, Eq. (33) limits the energy
available for EVs after the charging/discharging time window T
of a day D.

0 6 devup
h 6 Devmax � dDevh ð29Þ

0 6 devdown
h 6 Devmax � dDevh ð30Þ

eevh ¼ eevh�1 þ devup
h � gup

eV � devdown
h � gdown

eV ; 8h 2 T ð31Þ

Emin
eV 6 eevh 6 Emax

eV ð32Þ

Devdmin
D 6 eevh

h2T
6 Devdmax

D ð33Þ

Typically, unit commitment of an island power system is run
for some representative weeks of a year to deduce the yearly
system operation cost. For each representative demand scenario,
all possible combinations of actions (i.e., Wind, PV, ESS, DSM and
EV) are simulated. Each combination of actions constitutes an
initiative, which needs to be economically assessed. Fig. 3 shows
the action tree of a prototype island for a particular demand
scenario.

3.4. Economic assessment of initiatives

Finally, each initiative is assessed in terms of both reduction of
system operation costs and the internal rate of return. IRR depends
on the investment parameters of each initiative and the cashflow,
depending on the system operation cost reduction with respect to
the current system operation cost. Since ESS or DSM actions shift
load and reduce thus peak loads, they could defer capacity invest-
ments. However, capacity deferral has not been taken into account
and IRR only contemplates system operation cost reduction as
cashflow.
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population size, and (b) energy demand, peak demand, and highest T&D voltage
level.
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Eq. (34) defines the Net Present Value (NPV) [72,73]:

NPV ¼
Xnyears

t¼0

Ct

ð1þ rÞt ð34Þ

where nyears is the expected lifetime, Ct the cashflow of year t and r
the rate of return. An initiative is considered to be financially feasi-
ble only if the corresponding NPV is positive. The cashflow for t > 0
is given by the difference of the yearly system operation cost of the
ith initiative Ctot,ini i with respect to the current yearly system oper-
ation cost without initiatives Ctot,current:

Ct ¼ Ctot;ini i � Ctot;current ð35Þ
The IRR is the rate of return for a zero NPV, i.e., IRR provides a

lower feasibility bound. Eq. (34) can be rewritten in polynomial
form as show in Eq. (36).

0 ¼
Xnyears

t¼0

Ct

ð1þ IRRÞt ¼ Co þ C1a1 þ . . .þ Cnyears anyears ð36Þ

The problem of finding the IRR is thus transformed into one of
finding a real root p of that polynomial. Once the root has been
found, the internal rate of return becomes:

IRR ¼ 1
p
� 1 ð37Þ

An initiative is viable if the IRR is higher than a predefined
acceptance limit, which is equal to or higher than the nominal
annual discount rate [74].

4. Results

This section presents the results of applying the proposed
methodology. For the purpose of identifying prototype islands,
nearly 60 island power systems around the world have been iden-
tified. Wind, PV, ESS, DSM, and EV actions are evaluated for each
prototype island. The weekly unit commitment is simulated for
four representative weeks of the year, one per season.

4.1. Prototype islands

Fig. 4(a) shows the relation between the energy demand, the
GDP and the population of the nearly 60 island power systems.
Non-EU island system data have been taken from [75,76]. EU island
system demand data have been taken from [8,77–88]. It can be
seen that these features are quite correlated although some degree
of dispersion exists. The larger the population, the larger is the GDP
and the larger is the energy demand. Similarly, Fig. 4(b) shows the
relation between energy demand, highest T&D voltage level and
peak demand. The highest voltage level is determined by the dis-
tances between generation and load centres and the amount of
power transmitted. Again, the three features seem to be correlated.
This makes sense since the larger the peak demand, the more
power needs to be transmitted, favouring higher transmission volt-
age levels.

Fig. 5 shows the results of applying the K-Means clustering
algorithm. According to Fig. 5(a), which plots the QE in function
of the number of clusters, five clusters (prototype islands) seem
to be sufficient to describe the nearly 60 island power systems.
Fig. 5(b) compares the five prototype and the nearly 60 island
power systems by means of prinicpal component analysis (PCA).
PCA is mathematically defined as an orthogonal linear transforma-
tion that transforms the data to a new coordinate system such that
the greatest variance by any projection of the data comes to lie on
the first coordinate (called the first principal component), the sec-
ond greatest variance on the second coordinate, and so on [64]. It
results that the five prototype islands satisfactorily represent the
diversity of all island power systems.

Finally, Table 2 summarizes some of the features of the five pro-
totype islands (i.e., real island power systems closest to the clus-
ters’ centroids) in terms of annual energy demand, installed
generation capacity, highest T&D voltage level, average generation
cost, and the population.

4.2. Economic assessment of initiatives

The impact of all possible single and multi-actions initiatives
(totally 3125 initiatives) on the system operation cost of each of
the five prototype islands has been simulated for the four repre-
sentative seasonal demand scenarios.

Figs. 6 and 7 show the annual system operation cost reduction
with respect to the current system operation cost in case of proto-
type island 2 (a larger island power system) and in case of proto-
type island 4 (a smaller island power system) for all considered
single and multi-action initiatives. Zooms in Figs. 6 and 7 allow dis-
secting the impact of different actions. Arrows illustrate the direc-
tion of increasing sizes of actions. It can be inferred that the larger
reductions of system operation costs are obtained when actions are
implemented at higher penetration levels. This conclusion is also
valid for prototype islands 1, 3 and 5 and it makes sense since
the considered actions usually exhibit low variable costs in com-
parison to conventional power generation. Nonetheless, larger
and smaller island as shown in Figs. 6 and 7 exhibit certain differ-
ences. Whereas the increase of wind and PV penetration levels
always leads to an increase in annual cost reduction in case of a
smaller island, wind and PV penetration levels of a larger system
clearly show a maximum cost reduction. The penetration level of
PV generation with maximum cost reduction increases with
decreasing wind penetration level. Further, the influence of EVs
is quite different. Whereas the cost reductions of prototype island
4 decrease with increasing EV penetration level (EVs are not an
advisable option), the cost reductions of prototype island 2 show
a different behavior: for lower EV penetration levels, annual costs
go down, whereas for higher penetration levels, annual cost reduc-
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Table 2
Features of the five prototype island power systems.

Prototype 1 2 3 4 5

DEnergy (GW h) 10,627 1446.7 309.8 90.5 16.6
Pgen (MW) 2802.7 457.4 99.2 26.7 6.2
VTDmax (kV) 220 66 66 32 32
npop (in thousands) 2550 244 88 33 5.5
Cave (€/MW h) 81 118 101 146 140

Fig. 6. Annual system cost reduction of prototype island 2 – aggregated impact of actions.
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tions decrease. This can be clearly seen in the upper right graphic
of Fig. 6, where positive cost reductions are found.

The impact of particular action also varies according to the pro-
totype island. In case of a larger island system (see Fig. 6), wind and
ESS actions have a higher influence on annual cost reduction
(around €10 to €15 million) than PV, DSM, and EV actions (around
€2 to €5 million). Both wind and PV actions have however a higher
influence on annual cost reduction of a smaller island system
(around €1.5 to €3 million) than ESS, DSM and EV actions. Particu-
larly, ESS yield to less cost reduction for a smaller system than for a
larger one.

The previous analysis of the impact of initiatives on annual sys-
tem operation costs pinpoints that multi-actions initiatives are
most effective. However, this analysis does not consider the invest-
ment cost required to implement the initiatives. Congruently, IRR
of all possible single and multi-action initiatives is computed on
the basis of the investment costs shown in Table 1.

Figs. 8 and 9 compare the five best initiatives in terms of annual
cost reduction with the five best initiatives in terms of IRR for pro-
totype island 2 and prototype island 4, respectively. In contrast to
the results in terms of annual cost reduction, single actions or a few
multiple actions implemented at their lower penetration levels
succeed in terms of IRR since investment costs of the considered
actions are usually high and higher than the investment costs of
conventional generation. The IRR over 15 years pinpoints to the
use of smaller DSM and/or EV actions for prototype island 2,



Fig. 7. Annual system operation cost reduction of prototype island 4 – aggregated impact of actions.

Fig. 8. Five best initiatives of prototype island 2: (a) in terms of annual cost reduction and (b) in terms of IRR.

Fig. 9. Five best initiatives of prototype island 4: (a) in terms of annual cost reduction and (b) in terms of IRR.
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whereas mostly wind together with DSM actions dominate in case
of prototype island 4. It can be further seen that the largest cost
reduction is not necessarily achieved when actions are at their
highest penetration level. In case of prototype island 2, Fig. 8(a)
indicates that PV actions reach PV capacities of up to 50% of the
average demand, whereas EV actions only use EV capacities of up
to 5% of the total number of cars. Note also that EV actions do
not contribute to annual cost reductions in case of prototype island
4 (see Figs. 7 and 9(a)), since the reduction of both start up costs
and reserve costs do not compensate the costs of increasing the
demand. Fig. 10 compares generation and up-reserve provided by
conventional generators for two different EV penetration levels
for prototype island 2. The higher the EV penetration level, the
lower the required up reserve, but the higher conventional gener-
ation. Whereas reserve reduction outweighs the increase in gener-
ation for a 21 MW EV penetration level, yielding to a system cost
reduction of 1.6%, this is not true for a 81 MW EV penetration level,
yielding to an increase in system costs. It can be concluded that the
same single-action and multi-action initiatives in terms of relative
Fig. 10. Impact of EV penetration levels on generation and up-rese
size with regard to the prototype island have different impacts. In
other words, different island power systems benefit from different
initiatives.

Table 3 shows the best and the fifth best initiatives in terms of
IRR for the five prototype islands. It can be inferred that single-
action initiatives are in three of five islands the solutions with
highest IRR. Multiple-actions with highest IRR are usually based
on lower penetration levels of wind generation and DSM. Again,
it can be concluded that successful initiatives are those that imple-
ment actions at very low penetration levels. From Table 3 it can be
further inferred that larger islands (prototypes 1 and 2) benefit
most from DSM and/or EV actions, whereas medium-sized to smal-
ler islands (prototypes 3 to 5) mostly benefit from wind power and
solar PV power actions. In case of smaller islands, wind power and
solar PV power actions are accompanied by DSM actions, exhibit-
ing however a slightly lower IRR than without the DSM actions.
Finally, it is interesting to see that ESS actions are not present.
The main reasons are the relative low penetration levels of wind
and PV actions, where conventional generation still is able to
rve provided by conventional generators of prototype island 2.



Table 3
Best and fifth best initiatives in terms of IRR for the considered prototype islands.

Prototype island Initiative Wind (MW) PV (MW) ESS (MW) EV (MW) DSM (MW) IRR (%)

1 Best 0 0 0 0 12.1 46.7
1 5th best 303.3 0 0 0 12.1 21.4
2 Best 0 0 0 0 1.6 53.0
2 5th best 0 0 0 20.1 4.8 42.3
3 Best 8.8 8.8 0 0 0 67.3
3 5th best 8.8 8.8 0 0 1.4 65.4
4 Best 2.6 0 0 0 0 38.9
4 5th best 5.2 0 0 0 0.1 37.1
5 Best 0.5 0 0 0 0 34.2
5 5th best 0.5 0 0 0. 0.08 33.9

Table 4
Best and fifth best Initiatives in terms of IRR for the considered prototype islands with increased EV and DSM investment costs.

Prototype island Initiative Wind (MW) PV (MW) ESS (MW) EV (MW) DSM (MW) IRR (%)

1 Best 0 0 0 0 12.1 22.3
1 5th best 303.3 0 0 0 12.1 19.3
2 Best 79.9 0 0 0 1.6 29.4
2 5th best 79.9 0 0 6 6.4 29.2
3 Best 8.8 8.8 0 0 0 67.3
3 5th best 8.8 8.8 0 0 1.4 63.5
4 Best 2.6 0 0 0 0 38.9
4 5th best 5.2 0 0 0 0.2 36
5 Best 0.5 0 0 0 0 34.2
5 5th best 0.95 0 0 0 0.02 31.6

L. Sigrist et al. / Applied Energy 189 (2017) 403–415 413
provide sufficient reserve, and the investment costs. Note that pre-
viously reported research on ESS providing reserve and peak-
shaving services yielded to an IRR around 8% [14].

Although investment costs of wind generation are rather well
established, investment costs of PV, ESS and particularly EV and
DSM cost might vary significantly. A further analysis of the IRR
has been carried out by considering an investment cost of EV and
DSM twice as high as assumed in Table 1. Table 4 shows again
the best and the fifth best initiatives in terms of IRR for the five
prototype islands. By comparing Table 4 with Table 3, a major
change can be detected for island prototype 2, where the best
and fifth best initiatives include now also wind actions. It can be
also seen that IRR is readily lower (except for the best initiatives
of prototype islands 3 and 5 consisting only of wind and PV actions,
which are not affected by DSM and EV costs).

ESS would become part of competitive initiatives (among the
five best) only if DSM and EV actions would be dramatically higher
(4 to 5 times the assumed value) or when ESS cost would fall sig-
nificantly. Actually, if a reduction of ESS investment cost by 50% is
applied, the results of Table 3 remain the same except for proto-
type island 1, where the fifth best initiative now involves a
30.3 MW – 4 h ESS action and 48.5 MW DSM action. This confirms
and adds to the statement in [11] on DSM as least cost and ESS as
high cost options for island power systems.
5. Conclusion

The present paper has assessed single and multi-action initia-
tives that can transform island power systems into smart ones. Ini-
tiatives fostering the deployment of wind and PV generation,
energy storage systems (ESS), demand-side management (DSM),
and electric vehicle (EV) are considered. An hourly unit commit-
ment on a weekly basis has been used to assess the impact of
the initiatives on the system operation costs of five prototype
island power systems. The economic assessment of the initiatives
has been made in terms of their internal rate of return. The assess-
ment of single and multi-action initiatives for five prototype
islands representing nearly 60 island power systems quantifies
which initiatives are most suitable for which type of island power
system. It has been shown that islands of different sizes and fea-
tures require different initiatives. Usually, single-action initiatives
are most successful. Larger islands tend DSM dominated initiatives,
whereas smaller islands tend to RES (wind and PV) initiatives. ESS
actions also show a positive IRR, but far below the other actions.
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