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Abstract - Power system operators are continuously striving to
achieve more economical, environmental friendly, and stable
operation of the system. The integration of Renewable Energy
Sources (RES) can benefit the system in terms of cost and environmental friendliness but at the same time it poses challenges
related to system stability. One way for achieving an increased
penetration of RES while maintaining the system integrity is
the installation of Battery Energy Storage Systems (BESS). In
this paper, the effect of a large scale BESS on the power system
operating condition is investigated. A MILP-based unit commitment algorithm is used for obtaining the optimal generation
scheduling in the system when a BESS is employed and the results are used for evaluating the improvement in several indices
such as system operating cost, CO2 emissions, and system flexibility. Through a case study, the positive impact of the deployment of a BESS on a power system is verified, indicating that
the aforementioned indices are improved in the presence of a
BESS.
Index Terms – Battery energy storage system, insufficient
ramping resource expectation, renewable energy sources, system flexibility.

I.INTRODUCTION
The rapid climate change that is even more apparent in
the last decades, motivate the scientific community to promote environmental friendlier technologies and practices.
One of the reasons that inevitably accelerated the environmental pollution is the imprudent emit of the so-called
Greenhouse Gases (GHG), such as CO2 and NOx, which are
produced by the combustion of fossil fuels, mainly in the
electricity and transport sectors. Regarding the electricity
sector, new sustainable technologies involving the use of renewable energy sources (RES), such as solar and wind
power, are highly integrated into modern power systems.
The variable generation of RES, due to the inherently unpredictable and intermittent nature of wind and solar, causes
several challenges to the power system operation (especially
when the RES penetration is high), for maintaining the supply-demand equilibrium. Actually, the capability of the system to maintain the balance between the load and the demand
even under high RES power fluctuation, is called flexibility.
Flexibility in power systems can be provided by thermal generating units, energy storage systems (ESSs), interconnections, demand response, etc [1], [2]. In some extreme cases,
such as isolated systems without any hydropower plants,
flexibility is only available from thermal units.
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In such cases, the increasing capacity of RES and the fact
that most of the flexibility resources are scheduled to be installed in a long-term planning scheme might lead to a system flexibility shortage. In this sense, an energy storage system (ESS) could be a viable solution for the provision of
flexibility since it is easily integrated into a power system
and it is a quite flexible power source [3], [4]. Furthermore,
the deployment of BESS could reduce GHG emissions and
the system’s operating cost since it increases the RES penetration (by avoiding the need for curtailments), while it leads
to more efficient operation of the thermal units.
In several works, the importance of flexibility in modern
power systems with an increasing RES penetration level has
been underlined, discussing the economic, security and
power quality issues related to flexibility [2], [5], [6]. However, there is no unique definition for flexibility evaluation;
in [7], a composite flexibility metric (CFM) is presented and
used in unit commitment (UC) as a constraint to provide the
desired flexibility at each interval, while in [8] a risk-based
method is proposed to evaluate the flexibility by calculating
the Insufficient Ramping Resource Expectation (IRRE).
Additionally, several studies have been conducted to
evaluate different flexibility resources. The provision of
flexibility through demand response management is examined in [9], where downward flexibility is provided by converting wind power to gas. In [10], the flexibility is provided
by demand response when economic incentives are applied.
Furthermore, the flexibility provided through the ESSs receives increasing attention lately. The minimum required
flexibility is guaranteed by using the CFM as a UC constraint
in [3], where a BESS is deployed for 48 hours in the power
system of Cyprus. In [6], compressed air energy storage is
evaluated as a flexibility resource over a 24-hour horizon on
a test system.
Greater flexibility enables the system to operate at a more
efficient state, while the capability of absorbing green energy
is significantly improved. In [1], an economic dispatch (ED)
method, taking into account emission tax and utilizing BESS
is proposed and evaluated on a simplified power system. The
UC problem constrained by the CFM is solved for two days
and the economic benefit is evaluated in [3]. The RES penetration and operating cost are considered in [4], where a
BESS is employed in a small island’s power system.
In this paper, an optimal operating strategy for a power
system with high RES capacity and a BESS is considered. A

UC and ED model [3] is employed for planning the optimal
set of generators, aiming at reducing the operating cost,
while several BESS capacities are considered to evaluate
their impact on the cost and CO2 emissions. Further, the system capability to accommodate RES, when a BESS is employed, is evaluated under several RES penetration scenarios. The IRRE is also calculated to evaluate the system’s
flexibility per scenario, using a modified resources model to
include BESS. One of the contributions of this work is the
performance of the case studies using real data from an islanded power system, therefore the results presented in this
paper reflect realistic conditions. Further, most of the case
studies in the literature focus on the cost savings using the
BESS while in this work the possible reduction in CO2 is
investigated. Moreover, the impact of a BESS on the flexibility of a real power system is evaluated using a more representative method.
This paper is organized as follows. Section II gives a
brief insight into the UC mathematical formulation. In Section III, the IRRE calculation methodology, considering
BESS, is presented. A case study and the operating cost, CO2
emissions and flexibility improvements are presented in Section IV. Finally, the main conclusions of this work are outlined in Section V.
II.

UC-EC MATHEMATICAL FORMULATION

𝑝𝑖𝑡 ≤ 𝑃𝑖𝑚𝑎𝑥 × 𝑏𝑖𝑡 ,
𝑝𝑖𝑡 ≥ 𝑃𝑖𝑚𝑖𝑛 × 𝑏𝑖𝑡 ,
−𝑏𝑖𝑡−1 + 𝑏𝑖𝑡 ≤ 𝑧𝑖𝑡 ,

∀𝑖, ∀𝑡
∀𝑖, ∀𝑡
∀𝑖, ∀𝑡 ∈ [2, 𝑇]

A. Objective Function
The objective function that must be minimized (by
choosing the optimal set of generators) to achieve minimum
operating cost, is:
(1)

∀𝑡∈𝑇 ∀𝑖∈𝑈

where, 𝑇 and 𝑈 represent the time periods (hours) and
the number of generating units, respectively; 𝑝𝑖𝑡 is the power
output, 𝑏𝑖𝑡 is the binary state, and 𝑧𝑖𝑡 is the start-up state of
unit i at observation t. 𝐹𝑖 (𝑝𝑖𝑡 ) is the piece-wise linear cost
function of unit 𝑖 at observation 𝑡, when power output is 𝑝𝑖𝑡 ;
𝑁𝑖 and 𝑆𝑖 are the no-load cost and the start-up cost of unit 𝑖,
respectively.
In particular, the generation and start-up cost of the generating units is minimized for the whole considered period.
In this work, zero marginal cost is assumed for RES and a
strict priority dispatch is maintained. In addition, RES curtailments are performed when needed to ensure power system stability.
B. Constraints
The objective function subjects to the following constraints.
1) Generation Limits & Units Start-up: The generated
power from each committed unit must be within a range de-

(2)
(3)

2) Power Balance: The produced power from the com𝑡
mitted units plus the RES generation (𝑝𝑅𝑒𝑠
) and the discharg𝑡
ing power (𝑝𝐷𝑖𝑠
) of the BESS must be equal to the load de𝑡
mand (𝐷𝑡 ) plus the charging power (𝑝𝐶ℎ
) of the BESS at each
𝑡
observation t. 𝑝𝑅𝑒𝑠
is the usable RES generation, which is
𝑡
equal to the estimated generation (𝑝̅𝑅𝑒𝑠
) when no operating
constraints are violated.
𝑡
𝑡
𝑡
∑ 𝑝𝑖𝑡 + 𝑝𝐷𝑖𝑠
+ 𝑝𝑅𝑒𝑠
= 𝑝𝐶ℎ
+ 𝐷𝑡 ,
∀𝑖∈𝑈

𝑡

𝑡
0 ≤ 𝑝𝑅𝑒𝑠
≤ 𝑝𝑅𝑒𝑠 ,

In this work, the unit commitment problem is formulated
as a mixed-integer linear program (MILP) along an arbitrary
time horizon 𝑇, with one-hour time intervals [3]. The quadratic cost function of the generating units is approximated by
a piece-wise linear function in order to use the MILP technique to solve the problem. Finally, the UC solution is used
as input to calculate the system’s CO2 emissions.

min 𝑓(𝑐𝑜𝑠𝑡) = ∑ ∑ (𝐹𝑖 (𝑝𝑖𝑡 ) + 𝑏𝑖𝑡 𝑁𝑖 + 𝑧𝑖𝑡 𝑆𝑖 )

fined by their minimum (𝑃𝑖𝑚𝑖𝑛 ) and maximum (𝑃𝑖𝑚𝑎𝑥 ) operating limits. The generated power from the decommitted
units is zero. In this sense, 𝑝𝑖𝑡 is a discontinued variable expressed in (2). The start-up state (𝑧𝑖𝑡 ) is set to 1 only when
the corresponding unit is OFF at 𝑡-1 and ON at 𝑡 based on
(3). In this manner, the start-up cost is included in the optimization problem.

∀𝑡

(4)

∀𝑡

3) Spinning Reserve: The available power from the committed units plus the RES power must be greater than the 𝐷𝑡
plus the spinning reserve (𝑅𝑡 ), as shown in (5). In this work,
the battery storage does not contribute in the supply of reserve.
𝑡
∑ 𝑏𝑖𝑡 × 𝑃𝑖𝑚𝑎𝑥 + 𝑝𝑅𝑒𝑠
≥ 𝐷𝑡 + 𝑅 𝑡 ,

(5)

∀𝑡

∀𝑖∈𝑈

4) Minimum Up & Down time: The minimum time a unit
must stay online is the minimum uptime (𝑈𝑝𝑖 ). On the other
hand, when a unit is decommitted it must stay offline for a
period defined by its minimum downtime (𝐷𝑝𝑖 ) specification.
𝑇

𝑏𝑖𝑡 − 𝑏𝑖𝑡−1 ≤ 𝑏𝑖 𝑢𝑝 ,
∀𝑖, 𝑇𝑢𝑝 ∈ [𝑡 + 1, min{𝑡 + 𝑈𝑝𝑖 − 1, 𝑇}],
∀𝑡 ∈ [2, 𝑇 − 1]
𝑇
𝑏𝑖𝑡−1 − 𝑏𝑖𝑡 ≤ 1 − 𝑏𝑖 𝑑𝑜𝑤𝑛 ,
∀𝑖, 𝑇𝑑𝑜𝑤𝑛 ∈ [𝑡 + 1, min{𝑡 + 𝐷𝑝𝑖 − 1, 𝑇}],
∀𝑡 ∈ [2, 𝑇 − 1]

(6)

(7)

5) State of Charge: The state of charge (𝑆𝑂𝐶𝑡 ) of the
BESS at time 𝑡 is measured in MWh and is expressed as the
initial capacity (𝐼𝐶) of the storage minus the summation of
the discharging power plus the summation of the charging
power for all the past and the present time intervals. The
𝑆𝑂𝐶𝑡 must be within the minimum (𝑆𝑂𝐶𝑚𝑖𝑛 ) and maximum
(𝑆𝑂𝐶𝑚𝑎𝑥 ) state of charge. The SOC constraint is described
in (8). The 𝑠𝑑 and 𝑠𝑐 are the discharging and charging coefficients of the battery, respectively.
𝑡

𝑆𝑂𝐶𝑡 = 𝐼𝐶 −

𝜏
1/𝑠𝑑 ∑ 𝑝𝐷𝑖𝑠
𝜏=1

𝑡
𝜏
+ 𝑠𝑐 ∑ 𝑝𝐶ℎ
,
𝜏=1

∀𝑡

(8)

𝑆𝑂𝐶𝑡 ≥ 𝑆𝑂𝐶𝑚𝑖𝑛 , 𝑆𝑂𝐶𝑡 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 ,

∀𝑡

6) Battery Storage Restriction: The BESS cannot charge
or discharge within the same time interval and this is
achieved through the constraints (9) and (10). Also, the
charging and discharging power in MW must be less than the
𝑚𝑎𝑥
𝑚𝑎𝑥
maximum charging (𝑃𝐶ℎ
) and discharging (𝑃𝐷𝑖𝑠
) capability of the BESS (9). Note that 𝑣𝑡 and 𝑛𝑡 are binary variables
associated with the discharging and charging power, respectively.
𝑡
𝑚𝑎𝑥
0 ≤ 𝑝𝐷𝑖𝑠
≤ 𝑃𝐷𝑖𝑠
× 𝑣𝑡 ,
𝑡
𝑚𝑎𝑥
0 ≤ 𝑝𝐶ℎ ≤ 𝑃𝐶ℎ × 𝑛𝑡 ,
𝑣𝑡 + 𝑛𝑡 ≤ 1, ∀𝑡

∀𝑡
∀𝑡

(9)
(10)

C. Fuel Consumption and CO2 Emissions
Once the UC is executed for the considered period, the
operating cost is calculated along with the resulting CO2
emissions. The calculation of CO2 emissions is directly related to the fuel consumption, which for unit i is given by
(11), while the total CO2 emissions (G) are given by (12).
= 𝑎𝑖 +

𝑏𝑖 𝑝𝑖𝑡

+

𝑐𝑖 (𝑝𝑖𝑡 )2

𝐺 = ∑ (𝛾 × ∑ 𝐿𝑖 (𝑝𝑖𝑡 ) + 𝛿 × ∑ 𝐿𝑗 (𝑝𝑗𝑡 )),
∀𝑡∈𝑇

∀𝑖∈𝑈𝛨

(11)
(12)

∀𝑗∈𝑈𝐺

𝑈𝐻 , 𝑈𝐺 ⊂ 𝑈
where, 𝑎𝑖 , 𝑏𝑖 , 𝑎𝑛𝑑 𝑐𝑖 are the fuel coefficients of each unit.
𝑈𝐻 is the subset of units using heavy fuel oil and 𝑈𝐺 are the
units using gas oil; γ, and δ are the emitted tons of CO2 per
fuel ton for each fuel type.
III.

𝑡
𝑈𝐹𝑖,ℎ
= 𝑅𝑈𝑖 × (ℎ − (1 − 𝑏𝑖𝑡 ) × 𝑆𝑡𝑖
𝑡
s.t. 𝑝𝑖𝑡 + 𝑈𝐹𝑖,ℎ
≤ 𝑃𝑖𝑚𝑎𝑥

𝑝𝑖𝑡

It should be noted that the ramp-up and ramp-down constraints of the generating units are ignored in this study, since
the units can change their production from the minimum to
the maximum and vice versa, in the considered time intervals.

𝐿𝑖 (𝑝𝑖𝑡 )

2) Resource Flexibility: The flexibility that a unit can
provide is limited by its operational limits. A unit that operates at 𝑃𝑚𝑎𝑥 or is out for maintenance cannot provide any
upward flexibility. Additionally, no upward flexibility is
available when the unit is decommitted and the start-up time
is greater than the time horizon considered for flexibility calculation. In this sense, one unit can provide upward flexibility when the time horizon is greater than its start-up time or
it operates below 𝑃𝑚𝑎𝑥 . Equation (16) describes the flexibility provided by thermal units, subject to (17)-(18).

IRRE CALCULATION

The flexibility analysis in this paper involves the calculation of the IRRE, which expresses the expected number of
observations of flexibility shortage in a considered time horizon [8]. In its original form, IRRE considers only flexibility
provided by dispatchable, open cycle generating units (i.e.,
thermal and hydroelectric units). However, BESS is an available flexibility resource and the methodology for IRRE calculation is modified to take BESS into account. This is one
of the innovation of this work.. The calculation of the IRRE
involves 2 main steps:
1) Data Preprocessing: The net load, 𝑁𝐷, is used for
𝑡
𝑡
calculating the positive, 𝑁𝐷𝑅ℎ,+
, and negative, 𝑁𝐷𝑅ℎ,−
,
ramps per time horizon h as shown in (13)-(15).
̿̿̿̿ − ℎ
𝑁𝐷𝑅ℎ𝑡 = 𝑁𝐷𝑡 − 𝑁𝐷 𝑡−ℎ , 1 ≤ 𝑡 ≤ 𝑁𝐷
𝑡
𝑁𝐷𝑅ℎ,+
= 𝑁𝐷𝑅ℎ𝑡 , ∀𝑁𝐷𝑅ℎ𝑡 > 0
𝑡
𝑁𝐷𝑅ℎ,−
= 𝑁𝐷𝑅ℎ𝑡 , ∀𝑁𝐷𝑅ℎ𝑡 < 0

(13)
(14)
(15)

̿̿̿̿ is the number of observations in the dataset.
where, 𝑁𝐷

+

𝑡
𝑈𝐹𝑖,ℎ

∉

(16)
(17)
(18)

(0, 𝑃𝑖𝑚𝑖𝑛 )

where, 𝑅𝑈𝑖 is the ramp-up rate and 𝑆𝑡𝑖 is the start-up time
of unit i. Similarly, the downward flexibility on outage or
when the unit operates at 𝑃𝑚𝑖𝑛 is zero. In any other case, the
downward flexibility is calculated by (19), subject to (20)(21), where 𝑅𝐷𝑖 denotes the ramp-down rate of unit i.
𝑡
𝐷𝐹𝑖,ℎ
= 𝑅𝐷𝑖 × ℎ × 𝑏𝑖𝑡

(19)

𝑡
s.t. 𝑝𝑖𝑡 − 𝐷𝐹𝑖,ℎ
≥0

𝑝𝑖𝑡

−

𝑡
𝐷𝐹𝑖,ℎ

∉

(20)

(0, 𝑃𝑖𝑚𝑖𝑛 )

(21)

In order to take into account the flexibility available by a
BESS in the IRRE calculation methodology, its SOC and operating state are required. The BESS’s power output, depending on the technology, can be quite stable when the SOC
is high enough. In this work, it is assumed that the BESS can
operate at full output when the SOC is above 20%. If less
energy is available, then zero upward flexibility is available
from the BESS. On the other hand, the downward flexibility
is provided by charging the BESS at maximum power when
the SOC is less than 80%. The charging power is approximated as a linear function of the SOC when it is higher than
80%. The flexibility of the battery in both directions is given
by (22)-(23),
𝐵𝑈𝐹 𝑡 (𝑆𝑂𝐶 𝑡 ) = {
𝐵𝐷𝐹 𝑡 (𝑆𝑂𝐶 𝑡 )

0,
𝑡
𝑝𝐶ℎ

−

𝑡
𝑝𝐷𝑖𝑠

+

𝑚𝑎𝑥
𝑃𝐷𝑖𝑠
,

𝑚𝑎𝑥
𝑡
𝑡
𝑃𝐶ℎ
− 𝑝𝐶ℎ
+ 𝑝𝐷𝑖𝑠
,
={
𝑚𝑎𝑥
𝑡
−4𝑆𝑂𝐶𝑚𝑎𝑥 + 5𝑆𝑂𝐶 + 𝑃𝐶ℎ ,

𝑆𝑂𝐶 𝑡 < 0.2
(22)
𝑆𝑂𝐶 𝑡 ≥ 0.2
𝑆𝑂𝐶 𝑡 < 0.8
𝑆𝑂𝐶 𝑡 ≥ 0.8

(23)

The total upward and downward available flexibility provided by both the dispatchable generating units and battery
is given by (24)-(25).
𝑡
𝑡
𝑈𝐹𝑠𝑦𝑠𝑡𝑒𝑚,ℎ
= ∑ 𝑈𝐹𝑖,ℎ
+ 𝐵𝑈𝐹 𝑡 (𝑆𝑂𝐶 𝑡+ℎ )

(24)

∀𝑖∈𝑈
𝑡
𝑡
𝐷𝐹𝑠𝑦𝑠𝑡𝑒𝑚,ℎ
= ∑ 𝐷𝐹𝑖,ℎ
+ 𝐵𝐷𝐹 𝑡 (𝑆𝑂𝐶 𝑡+ℎ )

(25)

∀𝑖∈𝑈

After calculating the flexibility provided by the resources
of the system, the available flexibility distribution (AFD) is
calculated from the system’s flexibility time series using the
Kaplan-Meier estimator of the cumulative density functions.

Finally, to calculate IRRE, the Insufficient Ramping Resource Probability (IRRP) is calculated using the AFD, as
shown in (26). IRRE for each direction (upward or downward flexibility) is the summation of the corresponding
IRRP values, as shown in (27).
𝑡
𝑡
𝐼𝑅𝑅𝑃ℎ,+/−
= 𝐴𝐹𝐷ℎ,+/− (𝐷𝑅ℎ,+/−
− 1)

(26)

𝑡
𝐼𝑅𝑅𝐸ℎ,+/− = ∑ 𝐼𝑅𝑅𝑃ℎ,+/−

(27)

∀𝑡∈𝑇

IV.

CASE STUDY

The data of a real isolated power system (of one month)
with a peak gross load of 732 MW, load factor 0.76 and highest RES penetration in power demand of 90% are used in this
case study to evaluate the impact of a BESS to the operating
cost, CO2 emissions, and flexibility.
A. Operating Cost and CO2 Emissions Analysis
The operating cost and CO2 emissions analysis is performed by solving the UC problem for four different scenarios using the same load, but different BESS capacity, as
shown in Table I. Both indices are calculated based on the
resulting UC for each scenario and tabulated in Table II.
TABLE I: BESS SPECIFICATIONS PER SCENARIO
Scenario
1
2
3
4

SOCmin
(MWh)
0
0
0
0

SOCmax
(MWh)
0
40
80
120

𝑷𝒎𝒂𝒙
𝑫𝒊𝒔
(MW)
0
40
80
120

𝑷𝒎𝒂𝒙
𝑪𝒉
(MW)
0
40
80
120

charged both by the power generated by the conventional
units as well as the excess RES power that might be available
in a given time horizon. In this sense, environmental friendlier power is used for satisfying the generation-demand balance.
B. Flexibility Analysis
The flexibility analysis for the system is performed using
the gross load (for a month) and the BESS capacity of the
Scenarios 1 and 4 of Table I. The different penetration levels
of RES are presented in Table III, while the main sources
involved in this study are the solar, wind, and biomass
power. The six different penetration scenarios result in
twelve UC solutions when solved for the two BESS capacities (0 and 120 MWh). The operating cost for each case is
shown in Table IV, while the CO2 emissions are depicted in
Fig. 1.
TABLE III: RES PENETRATION SCENARIOS
Ideal
Penetration
23%
25%
30%
35%
40%
50%

Scenario
1 - Reference
2
3
4
5
6

Wind
(MW)
157
200
200
200
280
370

Biomass
(MW)
15
23
84
84
84
100

Solar
(MW)
416
416
416
545
600
750

Efficiency
𝒔𝒅

𝒔𝒄

0
0
0.96 0.96
0.96 0.96
0.96 0.96

TABLE IV: OPERATING COST (MILLION €)
BESS
Scenario
1
4

RES Penetration Scenario
1

2

3

4

5

6

22.358
22.339

21.812
21.780

20.598
20.570

19.574
19.452

18.706
18.550

17.550
17.277

TABLE II: OPERATING COST AND CO2 EMISSIONS
Scenario
1
2
3
4

Operating Cost (M€)
22.466
22.445
22.433
22.425

CO2 emissions (tons)
222,786
222,568
222,367
222,270

Based on the results of this study, the operating cost of
the power system may be reduced with the integration of a
BESS. The cost reduction over the considered period and
compared to the first scenario (no BESS), is 0.09%, 0.15%,
and 0.18% for Scenario 2, 3, and 4, respectively. Moreover,
the CO2 emissions are reduced by 0.09%, 0.19%, and 0.23%.
The first remark is that the reduction in the operating cost is
doubled when the BESS of Scenario 4 is deployed compared
to the BESS of Scenario 2, even though the capacity of the
BESS is tripled. In other words, a BESS of larger capacity is
not always expected to have larger impact on the operating
cost. This indicates that an aspect that should be taken into
consideration for having maximum benefits from the installation of a BESS is the optimal sizing of a BESS. It should
be noted that a more holistic view of the impact of the BESS
in terms of cost should take into consideration the initial investment cost, technology, and life expectancy of the BESS.
This is currently out of the scope of the paper and it will be
investigated in future works.
Regarding the CO2 emissions, it seems that the larger the
capacity of the BESS the more the reduction of the CO2
emissions. This is due to the fact that the BESS can be

Figure 1. CO2 Emissions under various penetration levels

The results confirm that the BESS impacts positively the
power system in terms of cost and emissions, in the case of
significantly increased RES penetration. In addition, although the operating cost and the CO2 emissions are reduced
when the RES capacity is increased, the reduction is not as
high as it is expected to be since security constraints of the
system, such as must-run units and spinning reserve, lead to
RES curtailments, as indicated in Fig. 2. Based on the SOC
of the BESS a great portion of curtailed power can be used
for charging the BESS.
For the same scenarios of BESS capacity, the flexibility
of the system is evaluated through the calculation of IRRE
for each UC solution over a 24-hour time horizon. The
downward flexibility does not seem to be an issue for the
power system operation since IRRE is zero in all cases. On

the other hand, the upward flexibility is highly affected by
the increased ramping requirements in the absence of storage, as it is depicted in Fig. 3. In particular, the highest value
for IRRE is observed in the 5-hour time horizon since the
start-up time of most of the considered conventional generating units is 6 hours. Finally, the IRRE is zero when storage
is deployed, proving its beneficial effect on the system’s
flexibility, composing an excellent source of flexibility.

expectancy and investment cost. The optimal sizing of the
BESS, taking into account these factors, is a study that
should be done in the future. Furthermore, in the case of RES
penetration increase, the BESS plays a major role in reducing cost and emissions. Lastly, regarding flexibility, it is
proved that the upward flexibility is significantly improved
when a BESS is deployed based on the IRRE. In this sense,
the methodology for calculating the IRRE can be significantly improved, providing more realistic results, by modifying the resources model to include the effect of combined
cycle units and more realistic modeling of BESS; this is also
going to be investigated in future works. In general, the deployment of BESS in modern power systems is proved as a
completely viable solution and could be an effective means
to make the power systems greener, more flexible, and more
cost-efficient.
VI.

Figure 2. RES curtailment under various penetration levels

Figure 3: Upward Flexibility (a) Scenario 1 (b) Scenario 6

V.

CONCLUSIONS

This paper evaluates the economic, environmental and
technical impact of a BESS on the operation of an isolated
power system with limited flexible resources. For the evaluation of these factors, the UC problem is solved and then the
operating cost, CO2 emissions, and the IRRE are calculated.
Different types of BESS are incorporated in a real power system to evaluate their impact on the operating cost and CO2
emissions, indicating that as the size of the BESS increases
then the positive impact on both indices is higher; however,
in the case of cost, the selection of the optimal BESS size
should consider other factors, such as technology type, life
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