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Abstract: This paper investigates the anticipated benefits from the introduction of a battery en-
ergy storage system (BESS) behind-the-meter (BtM) of a wind farm (WF) located in a small non-
interconnected island (NII) system. Contrary to the standard storage deployment applications for
NII, where storage is either installed in front of the meter as a system asset or integrated into a
virtual power plant with renewable energy sources, the BESS of this paper is utilized to manage the
power injection constraints imposed on the WF, aiming to minimize wind energy curtailments and
improve WF’s yield. A mixed integer linear programming generation scheduling model is used to
simulate the operation of the system and determine the permissible wind energy absorption margin.
Then, a self-dispatch algorithm is employed for the operation of the WF–BESS facility, using the
BESS to manage excess wind generation that cannot be directly delivered to the grid. Additionally,
the contribution of BESS to the capacity adequacy of the NII system is investigated using a Monte
Carlo-based probabilistic model, amended appropriately to incorporate storage. Finally, an economic
feasibility analysis is carried out, considering the possible revenue streams. By examining several
BESS configurations, it has been shown that BtM BESS reduces energy curtailments and contributes
substantially to resource adequacy as its energy capacity increases. However, the investment feasi-
bility is only ensured if the capacity value of the BtM storage is properly monetized or additional
dependability of wind production is claimed on the ground that the inherent intermittency of the
wind production is mitigated owing to storage.

Keywords: battery energy storage stations; wind energy; management principle; autonomous power
systems; non-interconnected island; renewable penetration; unit commitment; capacity adequacy;
economic assessment; mixed integer linear programming

1. Introduction
1.1. Motivation

The penetration of intermittent renewable energy sources (RES) in non-interconnected
island (NII) power systems is subject to technical and security limitations, hampering their
renewable energy hosting capacity ([1]). The main factor that bounds renewable energy
absorption levels in NII power systems is its stochastic nature, in conjunction with technical
and operational security limitations imposed by the online conventional units [1,2]. Due
to these constraints, active power curtailments are imposed on RES stations during the
real-time operation of the systems via set-point commands calculated and issued by the NII
system operator (NII-SO). The set-point value defines the maximum permissible injection
of non-dispatchable RES into the island grid at any given time interval, imposing inevitable
curtailments to the RES stations that incorporate set-point receiving functionality. This
has a twofold effect on system operation; firstly, an amount of the available RES energy is
wasted, and, thus, the power system does not reap the full benefit that RES could potentially
provide, while, at the same time, thermal units’ share in the generation mixture of NIIs
remains significantly high.
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Under such circumstances, the deployment of energy storage is a potentially effective
means to exploit the otherwise wasted renewable energy and increase the RES hosting
capacity of isolated grids, offering a bundle of services to system operation, including
frequency regulation [3,4], RES output stability [5,6], active power reserves provision [7],
energy arbitrage [8], generation cost reduction [9], etc. However, despite the undoubted ben-
efits of storage on-system operation, the viability of such investments in NIIs is still obscure.

1.2. Literature Review and Research Gap

For NIIs, two basic management designs of energy storage stations (ESS) are met in
the relevant literature and real-world applications [10]:

(a) an ESS coupled with RES within a Hybrid Power Station (HPS) and
(b) an ESS centrally managed by the NII-SO.

HPSs are aggregate stations, incorporating ESS and intermittent RES units, that op-
erate as a single entity to ensure the dispatchability of the station. HPSs’ structure and
operating principles are similar to those of Virtual Power Plants (VPPs) ([11,12]), while
their application is widely encountered in European islands [13–19]. HPSs qualify as dis-
patchable renewable plants, as they do not include thermal units, and their operation has
been sufficiently analyzed in the literature ([20–28]). HPSs are gradually finding real-world
applications [29,30], while the European Commission recently approved a State aid support
scheme to promote such investments [31].

On the other hand, under the centrally managed ESS paradigm, storage facilities
are installed as discrete entities directly connected to the system, uncorrelated with any
specific RES station, and dispatched by the NII-SO in a similar manner to the rest of the
generation assets of the system. Centrally managed storage stations receive dispatch orders
from the NII-SO for providing energy and reserve products, contributing to system cost
minimization and RES maximization objectives and ensuring the fulfillment of security
constraints during the generation scheduling processes. The centrally managed storage
facilities in island systems have been examined significantly in the relevant literature, with
the main focus being on fast-response battery storage [4,7,8,32–34].

Regarding the RES-BtM storage concept, most of the available literature targets ap-
plications of large, interconnected power systems rather than islands. This is because the
electricity markets of large continental grids are well-established and competitive market
procedures, giving opportunities and incentives to market entities, such as RES, to embody
storage stations to increase their revenue by actively participating in the provision of multi-
ple products (energy, balancing, etc.). In these cases, the BtM storage is exploited to mitigate
the variability of stochastic renewable generation, to reduce penalties from imbalances
due to the deviation of day-ahead forecasts and actual wind production [35,36], and to
facilitate renewables participation in electricity markets by developing profits maximiza-
tion strategies [37–41]. Other studies highlight the positive impact of integrating ESS into
RES stations on the system’s power quality and stability ([42]) by providing out-of-market
services such as voltage and frequency regulation, reactive power control, and congestion
management [43,44]. Of course, the concept of BtM storage is not unique to RES stations,
it being quite common in consumer facilities, with [45–47] or without [48–53] embedded
renewable generation. In these use cases, storage aims to minimize the overall electricity
cost of the prosumer, applying strategies for the optimal exploitation of available RES
energy, demand charge reduction through load curve shaping via peak shaving and load
leveling functionalities [46–49,52,53], as well as for the provision of flexibility services to
the system and markets [46,48].

On the contrary, the deployment of storage behind the meter of a RES station operating
on isolated power systems, being an internal asset of the plant only visible to the station
operator for enhancing its performance, has not yet been examined in depth in the relevant
literature, as islands are generally missing the business case for such applications.
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1.3. Problem Statement, Contributions, and Paper Structure

For NII systems experiencing high-RES saturation conditions, the limitation of renew-
able production in real-time operation is a means to secure system operation against severe
disturbances, leading to inevitable curtailments and the under-exploitation of the available
wind or PV regime.

More specifically, in RES-saturated power systems, the NII-SO calculates, per time
interval, the RES hosting capacity of the island and effectively distributes it to the renewable
plants of the NII via set-point commands, which determine the maximum power output
of an individual RES station during the examined time period. Each renewable station
receiving a set-point order from the NII-SO is obliged to comply with that order; otherwise,
imbalance penalties might occur. The set-point commands are computed and sent by the
NII-SO to the RES stations of the island during the real-time operation. If the available
generation of the RES plant exceeds the set-point command, a fraction of the station’s
renewable energy should be spilled. Otherwise, a part of the set-point command will
remain unexploited, meaning that the system could potentially absorb increased amounts
of RES energy, which are not available at the time examined.

In light of the above, the BtM storage can be used to improve the efficiency of a RES
station by better exploiting the wind production exceeding the set-point commands. This
can be achieved by charging the BtM storage when RES production exceeds the set-point
and discharging it later when the available wind generation cannot fully cover the set-point
orders. Apparently, this storage-RES concept does not alter the dispatchability status of
the RES unit, which is still perceived as a non-dispatchable asset by the NII-SO, thus
significantly differentiating it from the HPS and centrally managed ESS alternatives.

In this context, this paper proposes a holistic approach to approximating the operation
of the BtM storage embedded into RES stations in islands, harvesting the system-level
benefit that storage could provide, investigating the feasibility of such an investment, and,
eventually, determining the optimum sizing of the BtM installation. A wind farm (WF)
located in an existing small NII system is used as a study case, whereby the introduction of
a Li-ion BESS is contemplated by the WF owner and operator.

Methodologically, the first target of the analysis is to systematically reproduce the
set-point commands to be issued to the RES-BtM station. This is achieved by simulating
the generation scheduling problem of the island, which is formulated as a mixed integer
linear programming (MILP) unit commitment and an economic dispatch (UC-ED) model,
to reproduce the set-point orders. Given the set-point orders for every dispatch hour of
the year, a “self-dispatch” algorithm is developed to determine the optimum exploitation
of the set-points commands by the RES-BESS facility, aiming to minimize curtailments
and maximize revenues to the extent possible by the BESS energy and power capacity.
Notably, in the simplified electricity market environment of small islands, RES stations are
compensated at fixed tariffs, dispensing with complexities related to market participation.

Besides the benefits associated with RES energy exploitation, introducing BtM storage
in a stochastic RES station will enhance its contribution to the capacity adequacy of the
island power system, which also needs to be quantified and evaluated economically. To
this end, a sequential Monte Carlo simulation (SMCS) probabilistic model is developed,
incorporating the operation of the BtM storage. The model is used to evaluate the gains in
system reliability and the resulting capacity value of storage, using standard metrics such
as the loss of load expectation (LOLE) and the expected energy not supplied (EENS). Given
the presence of storage behind the meter of the WF, the enhancement of WF’s production
dependability is also investigated, assuming that storage can potentially enhance the
predictability and controllability of the intermittent RES production without, however,
altering the non-dispatchable nature of the plant.

Finally, the financial viability of the BtM storage investment is also carried out, con-
sidering a multitude of possible revenue streams and aiming at identifying the storage
configuration yielding the higher BESS internal rate of return. In the absence of a specific
regulatory framework for BtM BESS in NII, the revenue streams of such investment cannot
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be well defined on a market-oriented basis. Thus, in this analysis, all the project’s quantifi-
able revenue streams are identified and combined, where suitable, to assess the financial
viability of the BtM storage.

The rest of this paper is organized as follows. Section 2 presents the mathematical
formulation of the UC-ED model and the self-dispatch algorithm of the WF with BtM
storage. In Section 3, the methodology for assessing the contribution of BtM storage to
capacity adequacy is developed. The description of the case study follows in Section 4.
Section 5 presents the results of the analysis, with the main findings discussed in Section 6.
Finally, the main conclusions are summarized in Section 7.

2. Methodology
2.1. UC-ED Mathematical Formulation

A unit commitment and economic dispatch (UC-ED) model is developed to reproduce
the management of the NII generation system and to determine the set-point commands
issued to the WF. A cost-optimal approach is adopted for the UC-ED model, which is
mathematically structured as a MILP problem with hourly time steps and a 24 h look-ahead
optimization horizon. The model simulates the generation scheduling process for the
NII system and accounts for the techno-economic characteristics of the oil-fired units, the
system security criteria by means of active power reserve requirements, as well as the
specific restrictions bounding the production of intermittent renewables in real-time, [1].

2.1.1. Objective Function

The objective function to be minimized stands for the total cost of the optimization
problem within the examined time horizon and consists of various cost terms (1).

objuc−ed= min{C Thermal
var +CThermal

su +CThermal
sd +CThermal

O&M +Cslacks
}

(1)

In more detail, (1) comprises the generation cost of conventional units, which includes
their startup cost (CThermal

su ), the shutdown cost (CThermal
sd ), their variable generation cost

(CThermal
var ), and their operation and maintenance costs (CThermal

O&M ). The variable cost is
determined from the specific fuel consumption curve and the cost of fuel and CO2 emission
rights, as detailed in [1]. In addition, the objective function includes a cost term assigned
to the potential violation of problem constraints (Cslacks), realized through slack variables
representing the level of deviation from the full satisfaction of a particular constraint of
the optimization problem. Such deviations are appropriately penalized to guarantee that
constraints are not satisfied only when necessary in order to avoid infeasibilities in the
solving process.

2.1.2. Active Power Equilibrium

The energy balance constraint (2) ensures that the total power output of the online
thermal (∑

u
Pu,t) and RES units, wind (Pw,t), and PV (Ppv,t) meets the system demand

(PL,t). In (2), Pens,t represents potential demand curtailments, which might occur during
power inadequacy intervals. In (3), the amount of wind production dispatched during
a time interval (Pw,t) is identified, differing from available wind production (Pa

w,t) by the
curtailments imposed (xw,t).

∑
u

Pu,t+Pw,t+Ppv,t+Pens,t = PL,t (2)

Pw,t+xw,t= Pa
w,t (3)

2.1.3. Constraints of Thermal Generation Units

The logical commitment status (stu,t) of each thermal unit, involving the transitions
from the startup (suu,t) to shutdown (sdu,t) state and vice versa, is imposed by the binary
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variables and presented in restrictions (4) and (5). Specifically, (4) excludes the simultaneous
startup and shutdown events for a given unit, while (5) defines a startup event as the
transition of the commitment status from the offline mode to the operation mode and a
shutdown event as the opposite. Constraints (6) and (7) account for the ramp-up (ruu) and
ramp-down (rdu) rates of thermal units. Constraints (8) and (9) define the envelope within
which each unit is allowed to operate when dispatched, considering the maximum (Pmax

u,t )
and minimum (Pmin

u,t ) power output of each unit.

suu,t+sdu,t ≤ 1 (4)

suu,t − sdu,t= stu,t − stu,t−1 (5)

Pu,t − Pu,t−1 ≤ ruu·Td·stu,t (6)

Pu,t−1 − Pu,t ≤ rdu·Td·stu,t+Pmax
u,t ·sdu,t (7)

Pu,t+rspin
u,t ≤ Pmax

u,t ·stu,t (8)

Pu,t ≥ Pmin
u,t ·stu,t (9)

2.1.4. Absorption Constraints of Wind Generation

In NII systems, wind production can be subject to real-time limitations, leading to wind
curtailments and the under-exploitation of the available regime. These restrictions, also
known as set-point orders, are calculated by the NII-SO and distributed to the individual
WFs of the island according to the nominal capacity of each. The acceptable wind power
injection to the system at any given interval is determined, taking into account the following
two limitations.

• The limitation of the minimum load of committed units (10): the available room for
the system to accommodate wind power per time interval is restricted by the system
demand requirements and the cumulative technical minimum loading of committed
units. In other words, wind generation must not force the thermal units to operate
below their technical minimum.

• The dynamic limitation (11): wind power injection must not threaten system dynamics
and stability. To determine the acceptable quantity of wind power, the empirical coef-
ficient CD is used, [54,55], while the parameter lw,t stands for the “non-guaranteed”
proportion of the available wind production, i.e., the amount of available wind pro-
duction that may be suddenly lost.

The wind penetration limit eventually applied is the minimum of these two limitations,
which is also limited by the total maximum power output of the operating wind capacity,
Ptot

W (12). In the study case island of this paper, there exists only one WF consisting of a
single wind turbine, which receives the entire set-point of the island system (13).

Pml
W,max,t= PL,t − Ppv,t −∑

u
(Pmin

u ·stu,t) (10)

Pd
W,max,t =

CD·∑u Pmax
u ·stu,t

lw,t
(11)

Psp
W,t= min

{
Pml

W,max,t, Pd
W,max,t , Ptot

W

}
(12)

Pw,t= min{P sp
W,t, Pa

w,t

}
(13)

2.1.5. Reserve Requirements

Equation (14) determines the spinning reserve requirements of the NII system (rrspin).
Constraint (15) ensures that the reserves provided by all thermal units suffice to meet the
respective requirements. The slr,t denotes the slack variable of this constraint. The allocated
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active power reserves should suffice to cover any sudden reduction in RES production and
load variations within the hour. Parameter lpv,t stands for the “non-guaranteed” proportion
of available PV production, while the load variations are taken into account through the
empirical coefficient “a”, ranging from 10% to 25% for different NII system sizes.

rrspin= lw,t·PW,t+lpv,t·Ppv,t+a·(P L,t − Ppv,t

)
(14)

∑
u

rspin
u,t +slr,t ≥ rrspin (15)

2.2. Self-Dispatch Algorithm of WF and BtM BESS

The combined operation of the WF and behind-the-meter BESS, illustrated in Figure 1,
is governed by a “self-dispatch” algorithm which aims to make best use of the available
absorption capability of the island system, i.e., the set-point orders issued to the wind farm,
thus maximizing its energy yield. In principle, the BESS will store any WF energy surplus
that cannot be directly absorbed by the system for future injection when system conditions
permit. Thus, a self-dispatch algorithm can be formulated, whereby BESS is charging when
the available wind production exceeds the system set-point order, while it is discharging
when the available wind production is lower than the set-point.
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Figure 1. Schematic of WF with embedded BESS.

The self-dispatch algorithm receives, as inputs, the available wind production, the set-
point orders on an hourly basis as they are produced by the UC-ED model, and the technical
characteristics of the BESS, such as its rated capacity (Pmax

BESS), roundtrip efficiency (nBESS),
and state-of-charge (SOC) range limitations (SoCmin, SoCmax). The algorithm consists
of a sequence of logical conditions regarding the relation between the available wind
production (Pa

w,t) and set-point (Psp
W,t) to determine BESS charging (Pch,t) and discharging

(Pdisch,t) power. The pseudocode in Table 1 further clarifies the self-dispatch algorithm.

Table 1. Self-dispatch algorithm for the combined operation of WF and BtM BESS.

Self-Dispatch Algorithm

1: if (Pa
W,t ≤ Psp

W,t) then
2: PW,t ← Pa

W,t
3: Pch,t ← 0
4: Pdisch,t ← min

{
Pmax

BESS , (SoCt−1 − SoCmin)·
√

nBESS ,
(

Psp
W,t − Pa

W,t

) }
5: else
6: PW,t ← Psp

W,t
7: Pch,t ← min

{
Pmax

BESS , SoCmax−SoCt−1√
nBESS

,
(

Pa
W,t−Psp

W,t

)}
8: Pdisch,t ← 0
9: end
10: SoCt ← SoCt−1 +

√
nBESS· Pch,t −

Pdisch,t√
nBESS
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3. Assessment of the Contribution of the BtM BESS to Capacity Adequacy

A Monte Carlo stochastic simulation model, appropriately modified to incorporate the
operation of BtM storage, is used to assess the resource adequacy of the NII system. Both the
reduction in standard system reliability metrics, LOLE and EENS, due to the introduction
of BtM storage, and its capacity value are evaluated to highlight the contribution of BtM
storage to adequacy.

3.1. Adequacy Assessment Model

The adequacy assessment model developed in this paper is based on the SMCS
technique [56]. Multiple states of the system are sampled by generating random failures of
thermal/conventional generation units. A two-state model is developed to reproduce the
annual availability realizations of these assets by generating random values of the Time-To-
Failure (TTF) and the Time-To-Repair (TTR) variables, following exponential distributions
with mean values of 1/MTTF and 1/MTTR, respectively, where MTTF represents the mean
TTF and MTTR represents the mean TTR. MTTR and MTTF values are used to identify the
Forced Outage Rate (FOR) of a generation unit, which in turn expresses the probability
of it being out of service. System adequacy is reassessed in every sample s of the SMCS
process by measuring the available thermal capacity in hour t (ATCt,s) against the system
residual load (Rt,s) and calculating the reliability metric of LOLE and EENS via (16) and
(17), respectively. The ATCt,s is calculated via (18) for every hour and SMCS sample as the
sum of the available capacity of all conventional units; binary parameters au,t,s stand for
the availability of thermal units, determined by the random variables TTF and TTR, and
NGCu,t represents the net generation capacity. The residual load (Rt,s) is computed by (19)
as the load demand (PL,t) of the system minus the available PV generation (Ppv,t) and the
output of the combined WF–BESS facility (PWF&BESS

t,s ). Ppv,t expresses the aggregate power
output of the PV stations of the NII system, while PWF&BESS

t,s represents the power output of
the WF that comes from the wind turbine’s direct power injection and/or BESS discharging.
The calculation of PWF&BESS

t,s is carried out internally to the SMCS process, taking into
account the real-time system capacity needs, and is further described in Section 3.2.

As the number of sample years (NMCS) increases, the EENS converges towards its real
value; the SMCS is terminated when the rate of change of EENS between successive steps
reaches below 1%.

LOLENMCS =
∑NMCS

s=1 ∑8760
t=1 (R t,s > ATCt,s)

NMCS
(16)

EENSNMCS =
∑NMCS

s=1 ∑8760
t=1 max (0, R t,s −ATCt,s)

NMCS
(17)

ATCt,s = ∑u∈U(a u,t,s·NGCu,t

)
(18)

Rt,s= PL,t − Ppv,t − PWF&BESS
t,s (19)

3.2. Incorporating WF–BESS in the Adequacy Assessment Model

In the context of the adequacy assessment study, the BtM BESS is assumed to oper-
ate by pursuing a loss of load minimization objective in order to capture its maximum
contribution to system adequacy. Specifically, the BESS absorbs energy whenever there is
excess wind production and injects it back into the system when inadequacies appear. This
adequacy-oriented storage management, intended to mitigate the loss of load events to the
maximum extent, is known as greedy management [57], and it is customary in adequacy
assessment studies.

Under this principle, a realistic BESS operation profile is built up according to system
capacity needs in real time. The operation of the storage facility is determined within the
SMCS process, taking into account the available thermal capacity (ATCt,s), the residual load
(PL,t − Ppv,t) to be served, and the available wind production (Pa

W,t) while respecting the
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BESS technical constraints and the maximum power output of the WF (Pcap
W ). The algorithm

in Table 2 provides the mathematical formulation of the WF and BESS operating algorithm
under this concept. Specifically, the following principles apply to the WF–BESS operation
in the adequacy assessment methodology:

• If the available thermal capacity (ATCt,s) and photovoltaic production (Ppv,t) suffice to
meet the system load (PL,t), the available wind production charges BESS to the extent
possible (see lines 1–4 in Table 2).

• If the ATCt,s and the Ppv,t production do not suffice to satisfy demand, the WF injects
power into the system in order to meet the inadequacy (see lines 5–13 in Table 2). In
this case, wind power is injected directly from the wind turbine to the grid in order to
match the capacity inadequacy if this is possible with respect to the available wind
generation ( Pa

W,t) and the WF’s cap (Pcap
W ) (see line 6 in Table 2). If the capacity deficit

remains, BESS discharges to contribute to the loss of load mitigation (see lines 7–9 in
Table 2). Otherwise, if wind generation exceeds the shortfall, the wind power surplus
is used for BESS charging (see lines 10–13 in Table 2).

Table 2. WF–BESS operation algorithm in the framework of adequacy assessment.

WF–BESS Adequacy-Oriented Operation Algorithm

1: if (ATCt,s ≥ PL,t − Ppv,t) then
2: Pad

ch,t,s ← min
{

Pmax
BESS · aBESS

t,s , (SoCmax−SoCt−1,s)√
nBESS

, Pa
W,t

}
3: Pad

disch,t,s ← 0
4: Pad

W,t,s ← min{ P a
W,t − Pad

ch,t,s , Pcap
W }

5: else
6: Pad

W,t,s ← min{ P a
W,t , Pcap

W , PL,t − Ppv,t −ATCt,s

}
7: if (PL,t − Ppv,t −ATCt,s > Pad

W,t,s) then
8: Pad

ch,t,s ← 0

9: Pad
disch,t,s ← min{ P max

BESS · aBESS
t,s , (SoCt−1,s − SoCmin)·

√
nBESS , Pcap

W − Pad
W,t,s,

PL,t − Ppv,t −ATCt,s − Pad
W,t,s }

10: else
11: Pad

ch,t,s ← min
{

Pmax
BESS · aBESS

t,s , (SoCmax−SoCt−1,s)√
nBESS

, Pa
W,t − Pad

W,t,s

}
12: Pad

disch,t,s ← 0
13: end
14: end
15: PWF&BESS

t,s ← Pad
W,t,s + Pad

disch,t,s

16: SoCad
t,s ← SoCad

t−1,s +
√

nBESS· Pad
ch,t,s −

Pad
disch,t,s√
nBESS

The total output of the combined WF and BESS installation (PWF&BESS
t,s ) is the sum of

wind power injected directly into the grid (Pad
W,t,s) and BESS discharging power (Pad

disch,t,s).
In addition, the availability of BESS is taken into consideration via the binary variable aBESS

t,s ,
which is modeled in a similar manner to the au,t,s variable. Notably, in the absence of BtM
storage, PWF&BESS

t,s equals the available wind production capped by the maximum power
output of the WF (Pcap

W ).

3.3. Capacity Value Estimation of the BtM BESS

The capacity value of BESS is quantified through the equivalent firm capacity (EFC)
metric, which denotes the capacity of perfectly reliable generation that would bring about
the same adequacy enhancement as the examined BtM BESS configuration.

The EFC metric is computed via an iterative procedure. The base of analysis is the
scenario without the BtM BESS, where thermal generation with a zero FOR is gradually
added in increments. The process is terminated when the observed EENS becomes equal,
as in the scenario with the BtM BESS. EFC is expressed in MW or can be normalized as a
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fraction of the BESS rated power capacity. More details on the capacity value calculation
method can be found in [34].

4. Study Case

A small NII system with a peak demand of 3.64 MW and a load factor of 33.2% is
selected as the study case. The thermal generation comprises eight conventional units
of 5.2 MW of total capacity, whose technical characteristics are presented in Table 3. The
installed PV capacity is 238 kW, with an annual yield of ~1673 kWh/kW. One WF is in
operation on the island, comprising a single 900 kW wind turbine, capped at 665 kW
for regulatory purposes. (In small NII systems, the wind hosting capacity is often lower
than the size of commercially available wind turbines, leading small wind installations to
operate with their output power capped to a level lower than their installed capacity.) The
available wind regime at the installation site is sufficient for operation at a capacity factor
of 42.8% before cap and curtailments.

Table 3. Main characteristics of the thermal/conventional units of the study case system.

Unit No. Type Fuel Pmax [MW] FOR [%] MTTR [h]

1–4 ICE 1 Diesel 1 15% 24

5–8 ICE 1 Diesel 0.3 20% 24
1 ICE: Internal Combustion (reciprocating) Engines.

A Li-ion BESS is considered to be installed behind the meter of the WF, with a roundtrip
efficiency of 85% and minimum and maximum SoC levels set at 5% and 95%. The FOR
of the BtM BESS is assumed at 2%, with an MTTR of 24 h per outage. Several BESS
configurations are investigated, including power capacities from 110 to 670 kW and energy
capacities ranging from 1 to 6 equivalent hours at rated power.

The optimization UC-ED model is implemented in GAMS [58] using the CPLEX
optimizer [59]. The adequacy assessment model is implemented in MATLAB [60] software.
A 3.20 GHz Intel Core i7 processor with 16 GB of RAM, running 64 bit Windows, has been
used to conduct the simulations.

5. Results and Discussion
5.1. System and WF Operation in the Absence of BtM Storage

The system and the WF operation without BtM storage are presented in Figure 2.
In the low-demand and high-wind week, as shown in Figure 2a, curtailments take place
during the entire week. The wind power absorption capability of the NII system is low
(set-point orders of ~300 kW), while the thermal units operate close to their technical
minimum (TM) load to accommodate as much wind production as possible. In the high-
demand week of Figure 2b, wind curtailments decrease but still exist, the main reason
being the 665 kW constraint imposed on the output power of the 900 kW wind turbine. For
low-wind conditions, as shown in Figure 2c,d, curtailments are minimized, and the wind
hosting capability of the system remains largely unexploited. Apparently, the exploitation
of available wind power strongly depends on the level of load demand.

In the absence of storage, 1442.8 MWh of available wind energy are curtailed annually,
corresponding to 42.75% of the available annual wind production. In Table 4, annual
curtailments are further analyzed in terms of their origin. The minimum load limitation
of committed thermal units and the dynamic limitation are responsible for 95.3% of the
curtailed wind energy, while the capacity cap imposed on the WT rarely leads to additional
curtails. The annual time series of curtailments and the unexploited set-point are presented
in Figure 3. The lowest curtailments occur in the summer, when demand is high, while
the maximum curtailed wind generation is equal to the rated WT power. Wind energy
curtailments typically last for many consecutive hours or even days, indicating that very
large storage capacities would be required to mitigate them. The unexploited set-point
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represents the capability of the system to accommodate wind energy, which is not exploited
due to the lack of the coincident availability of wind resources. The annual unexploited
set-point is calculated at 716.6 MWh/y.
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Table 4. Annual curtailment analysis.

Limitation Curtailments [MWh]
Duration of Activation

[h] [% of Curtailment Duration] [% of Year]

Min Load 753.1 2098 48.6% 23.9%
Dynamic 622.3 1851 42.8% 21.1%

WT capacity cap 67.4 372 8.6% 4.2%
Total 1442.8 4321 100.0% 49.3%
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Figure 3. Annual timeseries of curtailments and the unexploited set-point in the no BESS scenario.

The capacity factor of the WF in the no BESS scenario is 24.51%, calculated on the WF’s
rated capacity of 900 kW, based on the 1932.4 MWh injected annually to the NII grid. The
total RES penetration in the island system is 22.13% of the annual load demand.

Assuming the economic parameters shown in Table 5, the levelized cost of energy
(LCOE) of the WF is calculated at EUR 98.77/MWh, which establishes the required Feed-in-
Tariff (FiT) for the WF to constitute a viable investment.

Table 5. WF economic parameters.

Investment Cost [EUR/kW] Tax Rate
[%] O&M Cost [% of CAPEX] Interest Rate [%] Depreciation Evaluation Period [Years]

1400 22.0 3.5 8.0 Linear, 20 years 20

5.2. WF and System Operation following the Introduction of BtM Storage
5.2.1. WF–BESS Operation

The operation of the combined WF–BESS facility is presented in Figures 4 and 5 for
indicative weekly intervals and different BESS configurations. In Figure 4, the significance
of the energy capacity (duration) of the storage for the effective mitigation of curtailments
becomes clear; while the 6 h BESS achieves the improved exploitation of curtailed wind
energy compared to the 1 h BESS, it is still evident that an even larger storage capacity
would be needed to effectively eliminate rejected wind energy due to the fact that wind
curtailments take place over prolonged time intervals, as already noted.
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Figure 5 shows that the power rating of the storage does not play a significant role, as,
for a given energy capacity (1250 kWh in the diagrams), the gains in wind energy capture
are not essential; it is also noted that the installed power capacity of the lower-rated BESS
(Figure 5a) is better utilized, while the higher-rated BESS (Figure 5b) operates at fractional
capacity levels.

5.2.2. Benefits from the Integration of BtM Storage

Figure 6 shows the reduction in wind power curtailments due to the introduction
of storage as a function of BESS rated power (Figure 6a) and energy capacity (Figure 6b).
As Figure 6b indicates, the energy capacity of storage is the decisive factor for wind
curtailments reduction. A reduction of up to ~22% can be achieved in the level of spilt
wind energy, with a corresponding increase in wind energy yield; however, curtailments
remain high despite the integration of storage; even for the largest configuration examined
(670 kW/6-h), they reach 33.2% (1121 MWh) of the annually available wind energy. The
storage capacity needed to fully exploit available wind energy would be unrealistic and
infeasible. For instance, to reduce curtailments below 5% of the available wind production,
a 670 kW BESS with a duration of approximately 570 h would be required.
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Figure 6. Annual wind energy curtailments as a function of BESS (a) rated power and (b) energy
capacity, for different BESS configurations.
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The corresponding increase in wind energy output is presented in Figure 7a, while
Figure 7b presents the additional revenue of the WF, assuming a FiT of EUR 98.77/MWh,
as calculated in Section 5.1. Even for the largest BESS (670 kW/6-h), the economic benefit
for the wind producer does not exceed EUR 30 k per annum.
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Figure 7. (a) Wind energy injected into the NII system and (b) additional WF revenue due to the
introduction of BtM storage for different BESS configurations.

From a system perspective, the resulting annual RES penetration in the island system
is presented in Figure 8a, and the impact on annual CO2 emissions is shown in Figure 8b
for all BESS configurations examined. The effect of the storage is positive but far from
spectacular, as expected.
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Figure 8. (a) RES penetration, % of annual energy demand of the NII system, and (b) annual CO2

emissions of conventional units for different BESS configurations.

5.2.3. Contribution of the BtM BESS to Capacity Adequacy

Figure 9 presents the variation in system adequacy, quantified through LOLE and
EENS for all storages considered for the WF. In the absence of storage, the LOLE of the NII
system reaches 11.17 h, and the EENS is 4.12 MWh (i.e., 0.389‰ of the annual load demand)
per year. The introduction of storage drastically improves system reliability, with EENS
and LOLE decreasing by 70% and 75%, respectively, for the largest BESS configuration
examined (670 kW/6 h), while smaller storages also achieve a significant reduction in
adequacy indices. The energy capacity of the batteries plays an important role in its
contribution, as it allows for the improved exploitation of the available power capacity;
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however, this positive impact tends to saturate at higher energy capacities. Indicatively,
increasing the capacity of a 1 h BESS by an additional 1 h yields a LOLE improvement from
4.1% to 14.7%, depending on the BESS power, while the same increase to a 5 h system will
only bring about a LOLE improvement of 1.7% to 3.5%.
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Figure 9. System adequacy results: (a) LOLE; (b) EENS achieved by different BESS configurations.

The capacity value of the examined BtM storage configurations is shown in Figure 10
using the EFC metric, expressed in kW and normalized on the rated power of the batteries.
The capacity value of storage corresponds to the improvement in system adequacy due
to storage integration compared to the scenario without storage. Apparently, the higher
the power and energy capacity of storage, the greater its capacity value, with the energy
component having a stronger effect, as demonstrated in Figure 10a. The normalized values,
illustrated in Figure 10b, show that the exploitation of BESS power in enhanced adequacy
contribution varies significantly for different energy capacities, proving the decisive impact
of this characteristic on the contribution of the storage to system reliability [34]. For instance,
the EFC of a 250 kW BESS varies between 23.8% and 72.6% with its duration due to the
fact that the higher storage energy capacities allow for the more effective exploitation of
available BESS power. It is significant to note that the capacity value of a 1 h BESS does
not exceed 27.6% at any BESS power level. It is also observed that the normalized capacity
value declines at higher BESS powers, reflecting a need for even greater energy capacities
at such levels of power.
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5.2.4. Feasibility Analysis of BESS Investment

In this section, the fundamental question is addressed of whether the integration of
BtM storage in the WF makes sense as an investment, based on the additional revenue
streams thus created. The feasibility of investment is evaluated on the basis of its project
IRR, calculated through (20) [61], where RV represents the annual revenues and IBESS

0
represents the initial CAPEX of the batteries. All parameters are provided in Table 6.

IBESS
0 +

20

∑
t=1

(RVt −OMt −Dt)·(1− T)+Dt

(1 + IRR)t = 0 (20)

Table 6. BESS economic evaluation parameters.

Investment Cost
Tax Rate (T) [%] O&M Cost (OM)

[% of CAPEX]
Depreciation (D) Evaluation Period

[Years]BESS Energy
[EUR/kWh]

BESS Power
[EUR/kW]

300 120 24.0 3.5 Linear, 20 years 20

The additional revenue due to the integration of storage in the WF, quantified in
Section 5.2.2, is not sufficient to ensure the viability of the respective investment, as shown
in Figure 11a, leading to negative IRR values. Nevertheless, this additional revenue does
reflect the full benefits for the system achieved through the introduction of behind-the-
meter storage in the WF. In this vein, the BESS contribution to system adequacy, quantified
in Section 5.2.3, corresponds to a substantial avoided cost of investing in equivalent thermal
capacity, whose annual fixed cost should, in principle, be credited to the WF incorporating
BtM storage. Under this assumption, the IRR of the BESS investment clearly improves,
as shown in Figure 11b, where the 110 kW/1 h or 2 h as well as the 250 kW/1 h BESS
configurations constitute feasible investments. In this analysis, the annualized equivalent
fixed cost of conventional generation is considered at EUR ~177/kW [10].
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Figure 11. IRR of BESS investment (a) without and (b) with considering additional revenue equal to
the value of the BESS contribution to system capacity adequacy, for different BESS configurations.

5.3. Enhancement of System Management

The integration of storage behind the meter of the WF, besides smoothing its variability
and allowing for the improved exploitation of set-point orders, may also enhance WF
generation dependability, mitigating sudden large reductions in WF output, which can
be counteracted by increasing the output power of the battery. Hence, the integration of
BtM storage effectively reduces the level of “non-guaranteed” wind generation; this needs
to be taken into account by properly modifying the parameter lw,t in (11) and (14), which
expresses the non-reliable proportion of available wind power. While, for a single WF
without storage, this parameter equals 1, the embedded BESS system will compensate any
wind power reduction up to its rated power, allowing for a corresponding reduction in the
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value of parameter (lw,t). Adopting a reduced value for this parameter will enhance the
wind power absorption capability of the system, as the dynamic limitation (11) is relaxed,
while the spinning reserve requirements of the system are also reduced in (14). Nevertheless,
it should be pointed out that this relaxation may not be possible if the probability of losing
all the available wind generation is deemed significant for other reasons besides wind
variability, e.g., as a result of external network faults setting out of operation the entire
WF, including its BtM BESS. For this reason, the hypothesis of enhanced wind power
dependability is addressed as a separate case.

So far, the possibility of BESS enhancing wind production dependability has been
disregarded (base scenario). In the following, we take into consideration this possibility,
allowing for the relaxation of the dynamic limitation and the reduction in system spinning
reserve requirements. As presented in Figure 12, wind energy curtailments are radically
reduced when an enhanced WF dependability is adopted.
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Figure 12. Annual wind energy curtailments, considering or not considering an enhanced WF
dependability level, for BESS configurations of (a) 1 h, (b) 3 h, and (c) 6 h durations.

In Figure 13a, the allocation of curtailed wind energy to the applicable system con-
straints is shown for the BESS of different power capacities. The impact of the dynamic
limitation is drastically reduced as more powerful batteries are used, while a marked
reduction in the spinning reserve requirements compared to the base scenario is noted in
Figure 13b, as the enhanced wind generation dependability, afforded by the introduction of
dispatchable storage, poses a need for reduced system reserves (see constraint (14)).
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As a result of the relaxation of the dynamic limitation, increased set-point values
allow greater amounts of wind energy to be injected in the NII system directly, as they are
produced by the wind turbine, rather than cycled through its internal storage, as shown in
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Figure 14a, where only the BESS rated power matters, rather than its energy capacity. On
the other hand, the utilization of the batteries to cycle the excess of wind energy, shown in
Figure 14b, presents only marginal differences compared to the base-case scenario due to
the fact that the battery capacity barely suffices to manage a minimum level of curtailments
that exist regardless of the management policy adopted; only the largest batteries present a
noticeable difference, which, again, is not significant. The total wind energy injected into
the system on an annual basis for the two management policies and the examined BESS
configurations is presented in Figure 15, demonstrating the importance of recognizing the
enhancement in wind generation dependability attributed to the introduction of the BtM
storage and transposing it into system management.
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The investment feasibility analysis is repeated for the amended management policy,
and the results are compared in Figure 16 to the base approach. The additional revenue
from the increased WF production due to the BESS is now substantial enough to make
the investment in BtM storage feasible, even without considering the BESS contribution to
adequacy (Figure 16a and even more so if that contribution is accounted for (Figure 16b).
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6. Discussion

The deployment of ESS behind the meter of a RES station constitutes a new concept
for storage island applications, which differs significantly from other existing storage
paradigms in the literature, i.e., the centrally managed ESS and the HPS. These deployment
schemes serve a completely different purpose than the BtM storage, as they primarily
aim to increase the RES penetration levels operating as fully dispatchable system assets.
At the same time, from a system-level perspective, they might encompass comparative
advantages, as, in principle, they provide more services to the grid (energy arbitrage
and balancing). However, for the implementation of centrally managed storage and HPS
plants in real-world island systems, advanced energy control center infrastructures and
complex optimization algorithms are required [7,21], which are not always available in
islands, especially to the smaller ones, creating additional obstacles to the fast deployment
of such solutions.

On the other hand, the BtM storage concept maintains the non-dispatchable character-
istics of the RES station, intending only to enhance the efficiency of the specific RES plant
without adopting complex management principles to convert the renewable plant into a
dispatchable unit or interacting with the rest of the NII system assets. The BtM storage
remains an internal asset of a RES station that facilitates and improves its operation. The
investment decision of the BtM storage relies solely on the renewable producer and does
not anticipate the development of sophisticated management methodologies or other in-
frastructure from the side of NII-SO. Additionally, the operating principles of the RES–BtM
storage proposed in this paper are based on the exploitation of any set-point commands
surplus available for the RES unit, as calculated and issued to the station by the NII-SO,
and not the uncontrollable injection of renewable energy into the grid. This framework
guarantees that the BtM storage will never threaten the security of the island’s operation,
given that the set-point orders are computed by NII-SO responsibility and reflect a feasible
RES injection pattern for each renewable station operating on the island.

The analysis results show that the introduction of the BtM storage improves WF
operation, reducing wind power curtailments and enhancing the RES penetration of the
island system. The energy capacity of BESS seems to be the crucial factor for both cur-
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tailment reduction and capacity adequacy enhancement. Despite the reduction in WF
curtailments, their elimination was not achievable by the BESS configurations examined in
the paper. Notably, to attain the wind curtailment elimination target, it is estimated that
energy capacity durations much higher than 6 h are required, which, in turn, indicates the
deployment of non-realistic BESS configurations, an assumption entirely out of the context
of real-world applications.

Another finding of significant value is that the BtM storage can substantially enhance
the contribution of the WF to capacity adequacy, with large duration storages (6 h) claim-
ing capacity values up to 80%. This is quite an important observation, especially when
compared to the capacity credit levels attributed to the alternative storage paradigms
encountered in islands. For instance, the capacity value of HPS, which by definition incor-
porates storages of longer durations, lies, at most, in the order of ~90% ([10]), while, for
standalone BESS, the respective values of 4 h and 6 h configurations do not exceed 60% and
85% ([34]). These figures show that storage, if suitably utilized to contribute to the resource
adequacy of the island, yields a considerable amount of firm capacity, regardless of the
station’s design it belongs to and the specific management principles it should adhere to.

The feasibility analysis reveals that the BtM BESS is not viable if it solely relies on the
additional revenues gained by exploiting the otherwise spilled wind energy. If the storage
capacity value were to be remunerated, this situation would change, with BESS systems
of 110 kW/1 or 2 h and 250 kW/1 h arising as feasible investments for the specific case
study island of this paper. Moreover, if the enhanced dependability of stochastic wind
production is taken into consideration in the management of the NII system, the resulting
energy benefits are drastically increased, ensuring the economic viability of almost all BESS
configurations examined in this study.

7. Conclusions

This paper investigated the benefits anticipated from the integration of battery energy
storage behind the meter of a wind farm located in a small NII system, and a feasibility
analysis for such an investment was conducted. To this end, the management principles
for the operation of the combined WF–BESS facility were proposed, and a self-dispatch
algorithm was implemented to best use the WF set-point orders issued by the NII-SO. An
analytical UC-ED model dedicated to autonomous island systems was also developed
and implemented to reproduce these set-point orders. In addition, the contribution of
BtM storage to the capacity adequacy of the system was evaluated using the Monte Carlo
technique and by developing an adequacy-oriented strategy for storage operation.

The investigation reveals that the integration of BtM storage in a WF operating on
an NII system to better exploit the received set-point orders brings certain operational
benefits to both the WF and the entire power system, such as energy curtailments reduction,
RES penetration increase, CO2 emissions reduction, and enhancement of system reliability.
Additionally, it was shown that these benefits are amplified if extra dependability is
attributed to the wind generation due to the presence of BESS. Finally, the salient conclusion
of this investigation is that the enhanced energy revenues of the RES plant due to storage
may not suffice to establish investment feasibility, unless the value of capacity firming
is monetized in terms of capacity adequacy and/or the enhanced dependability of wind
production to reduce operating reserve requirements.
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