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Abstract. Increased level of flexibility is essential in power systems with high
penetration of renewable energy sources in order to maintain the balance
between the demand and generation. Actually, the flexibility provided by energy
storage systems and flexible conventional resources (i.e., generating units) can
play a vital role in the compensation of the renewable energy sources variability.
In this paper, the flexibility of the conventional generating units is quantified and
incorporated in a unit commitment model in order to evaluate the impact of
different system flexibility levels on the optimal generation dispatch and on the
operational cost of the power system. An emerging flexible option such as the
battery storage is included in the unit commitment formulation, evaluating the
flexibility contribution of the storage and its effect on the system operational
cost. In this paper, the flexibility of a real power system is assessed while the
unit commitment problem is formulated as a mixed-integer linear program. The
results show that the integration of a storage unit in the power generation
portfolio provides a significant amount of flexibility and reduces the system
operational cost due to the peak shaving and valley filling.
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1 Introduction

The increasing integration of the renewable energy sources (RES) into the power
system causes several operating and security problems due to the inherent stochastic
nature of RES. A problem that might arise due to the stochasticity of the power
generation from RES is the maintenance of the power balance in case that the share of
renewables in the generation mix is very large. This means that sufficient resources
must be scheduled by system operators in order to maintain the load-generation balance
at all instances. In other words, the operators should have the flexibility to response in
any abrupt changes of the power generation from RES [1, 2]. Flexibility can improve
the efficient power system operation, and as a result to reduce the operating cost,
consumer prices and the operational risk. The flexibility can be provided by flexible
resources such as generating units, energy storage systems (ESSs), interconnections
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with neighboring systems, demand response schemes, grid strength and forecasting
accuracy [3, 4].

The flexibility provided by conventional generating units is very important since
these units are the main resource for satisfying the net load. The flexibility potential of
the generating units depends by their present operational state and their technical
characteristics such as operational range, ramping rates, start-up time, shut-down time,
and the minimum up and down times. There are several indices in the literature to
assess the flexibility of the system. In [5–7], a flexibility index is defined in order to
quantify the flexibility of each type of generating unit. This index is mainly based on
the technical characteristics of each unit. Also, the calculated flexibility index in [6] is
incorporated in a unit commitment (UC) model to investigate the impact of generators
flexibility in the day-ahead operational decisions. In [7], the flexibility indices of the
generators are integrated in a dedicated unit construction and commitment (UCC) al-
gorithm in order to determine the optimal investments in flexible generating units.
Results show that the increase of the system flexibility can handle more uncertainties in
load and generation. At the same time though the greater flexibility provided by
conventional generating units results in an additional operating cost.

ESSs are an emerging technology that can reduce the operational cost of the system
in valley filling and peak shaving applications, due to their ability to absorb power
during low-cost hours and to inject power during high-cost hours [8, 9]. Also, ESSs are
very flexible resources that can be used in compensating the intermittent and uncon-
trollable character of RES. In [10], an ESS is incorporated in a UC model in order to
evaluate the storage profits under a high penetration of RES. Similarly, in [11], the
integration of ESSs in a stochastic UC model reduces the wind power curtailment and
the system operation cost under a high penetration of wind power.

This paper evaluates the operational flexibility provided by conventional generating
units in a real isolated power system. The flexibility of the system is quantified
according to [5], and the resulting flexibility indices are incorporated in a UC model as
a constraint, in order to assess the impact of different system flexibility levels on the
optimal generation dispatch and on the operational cost of the system. Further, the
flexibility contribution of a possible integration of a battery storage in the system, and
its effect on the system operational cost is investigated. The UC problem of the system
with the integration of the battery storage and the consideration of the flexibility index
is formulated as a mixed-integer linear program which is solved by a commercial
solver. Finally, the total upward and downward flexibility of the system is calculated
through the generation dispatch and the storage operation of the UC solution for
different levels of system flexibility provided by the conventional units. The main
contributions of this work are the following:

(a) The proposed formulation for the flexibility assessment is applied to a real power
system in which the impact of the integration of a battery storage on the flexibility
and the operating cost of the system are examined.

(b) In [12], the total upward and downward flexibility provided by the conventional
units and the battery storage is determined without the incorporation of the units’
flexibility indices into the UC. In this work, the units’ flexibility indices are
incorporated in the UC, and the total upward and downward flexibility is
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calculated for different minimum levels of system flexibility provided by the
conventional units.

The rest of this paper is organized as follows. In Sect. 2, the flexibility indices of
the generating units are calculated. Also, in Sect. 3, the UC formulation is presented,
while the calculation of the upward and downward flexibility is following in Sect. 4.
Simulation results are presented in Sect. 5 and the paper concludes in Sect. 6.

2 Flexibility Index Calculation

The flexibility index of each generating unit is determined by constructing the com-
posite flexibility metric (CFM) proposed in [5]. The flexibility index is calculated based
on seven technical characteristics of the generating units namely, the minimum stable
generation level, operating range, ramp up/down capabilities, start-up time, and min-
imum up and down time. Since the technical characteristics are expressed in different
units of measurements and in disproportionate scales a normalization is required. The
normalization procedure ensures that an increase in the value of a technical charac-
teristic increases also the flexibility index. Moreover, the normalized characteristics can
be compared and aggregated. The min-max normalization technique is used to convert
all the technical characteristics to a similar range between 0 and 1 as shown in (1).

Iji ¼
xji � mini xji

� �

maxi xji
� �� mini xji

� � ð1Þ

where xji is the value of technical characteristic j of unit i, Iji is the normalized value
of xji, while mini xji

� �
and maxi xji

� �
are associated with the minimum and maximum

values respectively of the technical characteristic j across all the units.
The next step for the construction of the flexibility index is the weighting. The

weighting model of [5] is used for assigning weight to each technical characteristic,
which reflect the importance of each characteristic in the provision of flexibility.
According to the weighting model, the most important characteristics of the units in the
provision of flexibility are the minimum stable generation level, the operating range,
and the start-up time. In the last step of the CFM calculation, the flexibility index
(Flexi) of each unit is calculated using (2), by calculating the summation of the nor-
malized values of the technical characteristics (Iji) multiplied by their associate weights
(wj).

Flexi ¼
XK

j¼1

Iji � wj þ
XJ

j¼1

ð1� IjiÞ � wj ð2Þ

where K and J are the technical characteristics which are positively and negatively
correlated with the supply of flexibility respectively. It must be noted that the value of
the flexibility index of each generating unit (Flexi) is between 0 and 1, and the highest
value determine the most flexible unit.
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3 Unit Commitment Formulation

In this section, a UC formulation is proposed which incorporates the calculated flex-
ibility indices, in order to investigate the impact of different flexibility levels on the
optimal generation dispatch and on the operational cost of the system. Also, a battery
storage is included in the unit commitment formulation, in order to evaluate the flex-
ibility contribution of the storage and its effect on the system operational cost. The unit
commitment problem is formulated as a mixed-integer linear program (MILP) along an
arbitrary time horizon T with one hour time intervals. 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. Note that the accuracy of this approximation can
be controlled by the number of the linear segments considered.

3.1 Objective Function

The objective function of this optimization problem is presented in (3) and targets to
minimize the total operational cost of the system. More specifically, the generation and
the commitment cost of the generating units is minimized for the whole period of study.
In this work, zero marginal cost is assumed for RES power penetration and a strictly
priority dispatch is maintained. Also, it is assumed that no RES generation curtailments
as well as no load shedding is performed.

min f costð Þ ¼
XT

t¼1

XU

i¼1

Fi p
t
i

� �þ btiNi þ ztiSi
� � ð3Þ

where T and U are the time periods (hours) and the number of generating units;
variables pti, b

t
i and zti are the generation (continues), on/off states (binary) and the start-

up state (binary) of unit i at time t; Fi pti
� �

is the piece-wise linear cost function of the
generation pti for unit i at time t; Ni and Si are the no-load cost and the start-up cost of
unit i.

3.2 Constraints

The following equations presents all the constraints and conditions of the model:

1. System Flexibility: The total system flexibility of the power system is calculated as
the summation of the flexibility indices (Flexi) of the committed units for the whole
simulation period and must be greater than the minimum total system flexibility
(MTF). A larger value ofMTF forces more flexible units to be committed in order to
satisfy the system flexibility constraint which is shown in (4). Note that Flexi and
MTF are expressed in per-unit (p.u).

XT

t¼1

XU

i¼1

Flexi � bti � MTF ð4Þ
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2. Generation Limits & Units Start-up: The produced power from each committed unit
must be within a range defined by their minimum ðPmin

i Þ and maximum ðPmax
i Þ

operating limits. Also, the produced power from the decommitted units must be
zero. As a result, pti is a discontinued variable and this constraint is shown in (5).
The constraint in (6) forces the start-up variables (zti) to take the value 1 when the
corresponding units were off at time t � 1 and switch on at time t. Thus, the start-up
cost of these units is added to the objective function. In every other case, these
variables are set to zero.

pti �Pmax
i � bti; 8i; 8t

pti � Pmin
i � bti; 8i; 8t ð5Þ

�bt�1
i þ bti � zti; 8i; 8t 2 2; T½ � ð6Þ

3. Power Balance: The produced power from the committed units plus the discharging
power (ptDis) of the battery must be equal to the net load (Dt) plus the charging
power (ptCh) of the battery for each time interval t. Dt is defined as the load demand
minus the RES power. sd and sc are the discharging and charging coefficients of the
battery.

XU

i¼1

pti þ sd � ptDis ¼
1
sc
� ptCh þDt; 8t ð7Þ

4. Spinning Reserve: The available power from the committed units must be greater
than summation of Dt and the spinning reserve (Rt) excluding the discharging
power of the battery. In this work, the battery storage does not contribute in the
supply of reserve, however the discharging power of the battery is subtracted from
the net load.

XU

i¼1

bti � Pmax
i � Dt þRt � sd � ptDis; 8t ð8Þ

5. Primary Reserve: The available primary reserve from the committed units must be
equal or greater than the minimum primary reserve PRmin;tð Þ of the system for each
time interval t (9). The available primary reserve (qti) of each committed unit is
defined as the difference between the maximum and the actual generation of the unit
(10). Also, the available primary reserve of each committed unit must be less than
its maximum (Qmax

i ) bound (11).

XU

i¼1

qti � PRmin;t; 8t ð9Þ

qti � Pmax
i � pti; 8i; 8t ð10Þ
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qti � Qmax
i � bti; 8i; 8t ð11Þ

6. Minimum Up & Down times: There is a minimum time (Upi) that units must remain
online after their commitment (12). Also, there is a minimum time (Dpi) that
generating units must remain offline after their decommitment (13).

bti � bt�1
i � bTupi ;

8i; Tup 2 tþ 1;min tþUpi � 1; Tf g½ �;
8t 2 2; T � 1½ �

ð12Þ

bt�1
i � bti � 1� bTdowni ;

8i; Tdown 2 tþ 1;min tþDpi � 1; Tf g½ �;
8t 2 2; T � 1½ �

ð13Þ

7. State of Charge: The state of charge (SOCt) of the battery storage in 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. Also, SOCt must be within the
minimum (SOCmin) and maximum (SOCmax) state of charge of the battery storage in
MWh. The state of charge constraint is presented in (14). Note that the energy of the
battery (SOC) with the charging and discharging power of the battery are related
since, in the simulations only one hour time intervals are considered.

SOCt ¼ IC � Pt

s¼1
psDis þ

Pt

s¼1
psCh; 8t

SOCt � SOCmin; SOCt � SOCmax; 8t
ð14Þ

8. Battery Storage Restriction: The simultaneous charging and discharging of the
battery storage at the same time interval is restricted through (15) and (16). Also, the
charging and discharging power in MW must be less than the maximum charging
(Pmax

Ch ) and discharging (Pmax
Dis ) power of the battery storage (15). Note that vt and nt

are binary variables associated with the discharging and charging power
respectively.

0 � ptDis � Pmax
Dis � vt; 8t

0 � ptCh � Pmax
Ch � nt; 8t ð15Þ

vt þ nt � 1; 8t ð16Þ

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 one-hour time interval (as considered in
this study).
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4 Upward and Downward Flexibility

The ability of the system to respond to abrupt power changes in a certain time period
depends on the level of the flexibility that exist in the system. This capability of the
system is defined as the upward and downward flexibility. In this section, the equations
related to the total upward and downward flexibility provided by the generating units
and the battery storage are shown. In this work, the calculation of the system upward
and downward flexibility indicates the impact of the battery storage and the incorpo-
rated flexibility indices (to the unit commitment problem) on the ability of the system to
respond to power changes.

The upward flexibility provided by the conventional generating units is presented in
(17) and it is actually the extra power that can be produced by the committed units
between the time intervals which are taken into account. In contrast, the downward
flexibility (calculated as shown in (18)) is the total power that the committed units are
able to reduce (based on the minimum stable operating level). In this work, based on
the results of the UC the upward and downward flexibility of the system are calculated
for the whole simulation period.

Units FlexUp ¼
XT

t¼1

XU

i¼1

bti � Pmax
i � pti

� � ð17Þ

Units FlexDown ¼
XT

t¼1

XU

i¼1

bti � pti � Pmin
i

� � ð18Þ

The provision of upward and downward flexibility from a battery storage depends
on its current state of operation and is limited by its capacity and its current stored
energy. For example, a battery storage is not able to provide upward flexibility if it is
fully discharged and similarly, it cannot provide downward flexibility if it is fully
charged. In (19) and (20) the upward and downward flexibility that can be provided by
the battery in the time period T1 where the battery operates in discharging mode is
presented. Similarly, the upward and downward flexibility provided by the battery for
the time periods (T2 & T3) where the battery operates at the charging and the non-
working mode respectively can be calculated through (21)–(24). It is assumed that the
battery storage cannot change its operation mode in the same time interval (i.e. change
from charging to discharging mode). In reality though, the battery can change its state
of operation in the same time interval providing greater amount of flexibility. This will
be a part of the future work.

FlexDisUp ¼
XT1

t¼1

min Pmax
Dis � ptDis

� �
; SOCt

� �
; T1 2 T ð19Þ

FlexDisDown ¼
XT1

t¼1

ptDis; T1 2 T ð20Þ
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FlexChUp ¼
XT2

t¼1

ptCh; T2 2 T ð21Þ

FlexChDown ¼
XT2

t¼1

min Pmax
Ch � ptCh

� �
; SOCmax � SOCtð Þ� �

; T2 2 T ð22Þ

FlexNonWork:
Up ¼

XT3

t¼1

min Pmax
Dis ; SOCt

� �
; T3 2 T ð23Þ

FlexNonWork:
Down ¼

XT2

t¼1

min Pmax
Ch ; SOCmax � SOCtð Þ� �

; T3 2 T ð24Þ

In (19), the upward flexibility is defined as the minimum amount of energy between
the stored energy (MWh), i.e. SOC and the power (MW) that the battery can provide
(according to the maximum discharge of the battery). The flexibility in (20) and (21)
can be provided by stopping the discharging or the charging of the battery, respec-
tively. In (22), the downward flexibility is calculated as the minimum between the
available extra charging power that the battery can absorb and its available capacity for
storing energy. The upward flexibility of the non-working state (23) is defined as the
minimum between the maximum discharging power and the state of charge of the
battery, while in (24) the downward flexibility of this state is the minimum between the
maximum charging power and the available energy that the battery can store.

5 Simulation Results

In this section the impact of the battery storage integration and the incorporation of the
flexibility indices (in the unit commitment problem) on the system operating cost is
investigated. The investigation is performed on the upward and downward flexibility of
the isolated power system of Cyprus. The installed capacity of the conventional units of
the power system of Cyprus is 1478 MW, while the installed capacity of wind and PV
power is 157 MW and 125 MW respectively. The proposed MILP formulation is
coded in Matlab and a commercial solver is used to solve the problem using real data of
the power system of Cyprus. More specifically, this problem is solved for two con-
secutive summer days (48 h), using the load demand and the RES penetration of these
days as input data. Those days, the maximum RES penetration reached 11.48% of the
peak of the load. Note that a horizon of 24 h can also be applied in order to be
associated with the day-ahead market, however a longer period of time is used in this
work to examine the impact of the battery storage in a longer time period. Two batteries
of 60 MWh and 120 MWh with maximum charging and discharging power of 60 MW
and 120 MW are considered in the simulations [6]. It is assumed that the round trip
efficiency of the batteries is 92%, and their aforementioned capacities are the usable
capacities. Therefore, the nominal capacity of the batteries is greater.
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The impact of the 120 MWh battery storage on the operation of the power system
of Cyprus is presented in Fig. 1. More specifically, the generating power from the
conventional units with and without the integration of the battery is illustrated in Fig. 1
(a) for the 48 h horizon. Also, the state of charge of the battery is presented in Fig. 1
(b). Initially, it is assumed that the battery is fully discharged. Note that the 120 MWh
is the usable capacity of the battery, and we assume that there are no limitations about
the minimum state of charge of the battery. The valley filling and peak shaving
applications of the battery storage are obvious in Fig. 1(a). The integration of the
battery storage manages to reduce the range between the maximum and the minimum
produced power, with a great benefit on the operational cost of the system due to the
fact that less generating units need to be committed and decommitted in order to satisfy
the security and the technical constraints of the system.

Figure 2 illustrates the rise of the system operational cost in respect with the
increment of the system flexibility (MTF) for the cases with and without the battery
storage integration. Note that the system flexibility constraint become binding for
values greater than 310 (p.u) for the case of the battery integration, and for values
greater than 320 (p.u) for the case of no battery integration. This means that for smaller
values, the system flexibility constraint does not affect the optimal solution. As it can be
seen in this figure, the system operational cost increases significantly with the increase
of the MTF due to the fact that more flexible generating units as well as additional
generating units are needed to be committed in order to satisfy the flexibility

0 12 24 36 48

Time (h)

0

40

80

120

En
er

gy
 (M

W
h)

(b) State of charge

0 12 24 36 48

Time (h)

500

550

600

650

700

750

800

850

Po
w

er
 (M

W
)

(a) Generating power from the conventional units

Without Storage

With Storage

Fig. 1. Battery storage integration.
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requirements. Also, the cost reductions due to the integration of the battery storage are
presented in Table 1 as the system profits compared to the case without the battery
storage integration. The profit with the battery integration is very high when the system
flexibility constraint is non-binding and is reduced significantly when this constraint
becomes binding. This is mainly because only the generating units are considered as
flexible resources in the current UC formulation. It should be noted that the consid-
eration of the battery as a flexible resource will be the subject of future work.

The total upward and downward flexibility provided by the generating units and the
battery storage is calculated for several values of the minimum flexibility and are
presented in Tables 2 and 3. It is clear that the total upward flexibility increases
dramatically as the minimum flexibility value increases, and this is due to the com-
mitoment of additional generating units and their dispatch at lower operating levels. In
contrast, the total downward flexibility decreases because the committed generating
units are dispatched at lower operating levels. However, as the results show, this
reduction on the downward flexibility is not very significant. The integration of a

300 320 340 360 380 400 420

Minimum System Flexibility

2.56

2.61

2.66

2.71

2.76

To
ta

l C
os

t (
M

€)

0MWh BESs

60MWh BESs

120MWh BESs

336 338 340 342 344 346
2.5872

2.5947

2.6022

2.6097

Fig. 2. Operational cost of the system.

Table 1. System profits with battery integration.

Minimum flexibility
(p.u)

Profit 60 MWh
BES (€)

Profit 120 MWh
BES (€)

<311 19,298 24,797
340 4,343 5,533
380 1,286 2,299
420 1,216 2,271
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battery storage has a significant effect on the provision of upward and downward
flexibility. This is evident by the substantial increment of the upward and downward
flexibility compared to the case without the battery storage. Note that the maintenance
of high upward and downward operational flexibility is essential in order to compen-
sate the variability of RES.

6 Conclusions

In this paper, a unit commitment formulation incorporating a battery storage and a
constraint for the system flexibility is proposed. This proposed formulation was used
for investigating the impact of different system flexibility levels and the battery storage
integration on system flexibility and on the operational cost of a real power system.
Results indicate that the provision of a high system flexibility from the conventional
units is costly but provides significant amounts of upward flexibility in order to
compensate the variability of RES. However, the integration of a battery storage
manages to reduce the system operational cost and increase significantly the upward
and downward flexibility of the system.

Acknowledgments. This paper is part of the FLEXITRANSTORE project. This project has
received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 774407.

Table 2. Total upward flexibility (MW).

Minimum flex.
(p.u)

0 MWh
BES (MW)

60 MWh BES
(MW)

120 MWh BES
(MW)

<311 3,565 4,536 5,731
340 6,244 8,001 9,186
380 8,869 10,173 11,506
420 10,871 12,187 13,699

Table 3. Total downward flexibility (MW).

Minimum flex.
(p.u)

0 MWh
BES (MW)

60 MWh BES
(MW)

120 MWh BES
(MW)

<311 15,254 16,367 17,034
340 14,044 14,899 15,909
380 13,410 14,690 15,876
420 13,220 14,525 15,465
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