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Assessing the Operational Flexibility in Power
Systems with Energy Storage Integration

Lysandros Tziovani1(&) , Maria Savva1, Markos Asprou1 ,
Panayiotis Kolios1 , Elias Kyriakides1 , Rogiros Tapakis2,

Michalis Michael2, and Christos Hadjilaou2

1 KIOS Research and Innovation Center of Excellence and Department
of Electrical and Computer Engineering, University of Cyprus, Nicosia, Cyprus

ltziov01@ucy.ac.cy
2 Transmission System Operator Cyprus, Nicosia, Cyprus

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.

Keywords: Energy storage � Operational flexibility � Unit commitment

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

2 L. Tziovani et al.



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.

Assessing the Operational Flexibility in Power Systems 3



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

4 L. Tziovani et al.



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

Assessing the Operational Flexibility in Power Systems 5



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).

6 L. Tziovani et al.



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

Assessing the Operational Flexibility in Power Systems 7



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
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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
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2.5872

2.5947
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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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Abstract. European and global electricity sector decarbonisation is driving
changes in wholesale electricity markets as market operators, regulators and
system operators encourage increased levels of flexibility. Existing wholesale
market design characteristics are changing; new, parallel marketplaces are also
emerging. This paper analyses the design space for ancillary services and bal-
ancing markets, considers settings in Europe using ENTSO-E annual survey
data and discusses changes to market settings that promote flexibility. Finally, it
proposes some basic changes to the intraday market.

1 Introduction

The EU 2030 targets impose a 40% reduction of greenhouse gas emission (compared to
the 1990 levels). As a result, power systems are experiencing major changes to their
infrastructure and operation that increase uncertainty at the point of generation and
consumption, affecting the behaviour of all power system participants and their
interaction with wholesale electricity markets. In addition, new market designs are
required for enhancing and increasing the system flexibility.

With respect to the market design, decarbonisation of the power system creates
challenges. For instance, it increases the need to procure services and the need to
redispatch or use reserves to balance the electricity system after day ahead market or
intraday market gate closure. Decarbonisation also creates opportunities, such as in the
intraday market, which provides an opportunity to resolve schedule imbalances that
remain at the end of the day ahead market.

Within this paper, options for flexibility in different time frames are discussed,
followed by analysis of the design space for ancillary services and balancing markets.
The paper then considers the market current market settings in ancillary services
markets across Europe.
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2 Market Requirements and Options for Flexiblity

The optimal design of the market for increasing system flexibility requires the
adjustment of certain parameters of wholesale markets to affect the behaviour and
performance of those markets. It is possible to analyse the design space of the market,
to consider settings within the design space, and to consider which settings have the
greatest impact on flexibility.

Different pathways to a more flexible electricity markets are possible. Efficient
market design will find market solutions for the dispatch of flexibility, while reducing
the need for TSO-procured reserves. Ultimately, market design should enable price
signals for investment in the required flexible resources, and it should ensure that all
market participants capable of providing flexibility have access to the market.

Market design must also ensure that the market gives price signals for investment in
flexibility. This is best achieved in a market that is free of distortion, such as regulated
prices, exit barriers, price caps and undue subsidies. Such distortions endanger long-
term market functioning by limiting market participants’ ability to obtain sufficient
remuneration from the market. While such distortions are not the only factor, they have
added to the continuous price decline of European wholesale markets in recent years.

Various steps are proposed in the literature to improve market flexibility. For
example, market integration helps to reduce net volatility in supply and demand,
decreasing the overall need for flexible resources. By nature, peaks and troughs in two
geographically separate electricity systems are to some degree decorrelated. The higher
the degree of decorrelation, the lower the combined system volatility and the lower the
need for flexible resources. In addition, the total capacity of flexible resources necessary
to operate the combined system is lower than for a single system. Reserves can
therefore be shared, resulting in potential cost reduction.

Scarcity pricing could enable higher remuneration of flexible resources, if price
floors and ceilings were removed. More cost-reflective grid charges can lead to system-
beneficial decisions by prosumers. Higher temporal resolution of energy-only market
prices can decrease the need for balancing activities of grid operators. At retail level,
dynamic pricing and/or aggregation would be a prerequisite for demand participation.
Higher geographical resolution of prices as well as grid-adapted price zones could
better reflect grid constraints and give a price signal for grid-adaptive investment.

In the next section, the design space for ancillary services, balancing markets, and
intraday markets is considered and analysed separately.

3 Flexibility in Ancillary Services Markets

3.1 Market Design Space

There are many local differences between European member states when it comes to
implementation of ancillary services. The ENTSO-E annual survey on Ancillary Ser-
vices Procurement and Electricity Balancing Market Design [1] is used to characterise
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the design space for implementation of ancillary services. The survey is used to
monitor the implementation of the European guideline on electricity balancing and to
report on the development towards a European balancing market. The survey has been
conducted since 2013; the 2017 survey included results from: Austria, Belgium, Bosnia
& Herzegovina, Croatia, Czech Republic, Denmark, Estonia, Finland, France, Ger-
many, Greece, Hungary, Ireland & Northern Ireland, Italy, Latvia, Lithuania, Holland,
Norway, Poland, Portugal, Romania, Serbia, Slovakia, Slovenia, Spain, Sweden,
Switzerland, and the United Kingdom (Table 1).

Table 1. Requirements for flexibility in different time frames

Market/timeframe Characteristics Requirements for flexibility in
this timeframe

Balancing/ancillary
services

∙ Covers short term un-expected
or unresolved imbalances
∙ Managed by SO
∙ Affected by gate closure time of
medium term markets
∙ Includes forward contractual
certainty regarding payments –
services often include availability
fees

∙ Fast reaction time (typically
less than 5 min)
∙ High ramping requirements –
speed of variability critical
∙ Low ramping costs
∙ Low dispatch costs
∙ Can be automated based on pre-
agreed parameters and contracts
∙ Can operate in short duration –

in EU typically up to 1 h
∙ Able to be part of phased
response to a system disturbance
within clearly defined parameters
(typically based around primary,
secondary, tertiary response)

Day ahead and
intraday markets

∙ Defined by various products,
trading options
∙ Impact on RES/load affected by
gate closure times
∙ Increased liquidity reduces
reliance on balancing energy
requirements
∙ Trading in IDM/DAM results in
revenue only associated with the
trade – no long term certainty on
revenue beyond historical
performance
∙ Participation limited by market
settings related to bid size and
minimum duration

∙ Predictability – must be able to
commit to schedule requirements
∙ Reaction time and ramping
requirements governed by gate
closure – normally 1 h in EU
∙ Headroom/footroom that allows
alteration in committed energy
close to real time
∙ Ramping and start up costs are
relevant but only if variability
forces change in operating
characteristics in a timeframe that
incurs additional costs
∙ Must be able to respond for
minimum duration at a minimum
size – sets lower limit on storage
or DSR participation, for example
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In general, the survey tries to align to the standardised ENTSO definitions for
ancillary services, these being: frequency containment reserve (FCR), automatically
activated reserve through frequency restoration reserve capacity and energy (aFRR-
C/E, previously named regulating power or secondary control reserve), manually
activated reserve through frequency restoration reserve capacity and energy (mFRR-
C/E, previously named reserve power or tertiary control reserve), and replacement
reserve capacity and energy (RR-C/E).

3.2 Analysis of Settings in European Markets

After characterising the design space, the ENTSO-E survey was used to characterise
the settings.

First, regarding resolution, there have been some downward changes in resolutions
for providing capacity in ancillary service markets: a number of countries have moved
towards an hourly resolution for mFRR-C, and overall for mFRR-C there seems to be a
shift in resolution from higher to lower resolutions. For mFRR-E there is no noticeable
shift in resolution – most countries have not changed settings since 2013, with most
countries using an hour. Only France and Ireland have set their resolution at 30 min;
and only Spain, Belgium and Holland at 15 min.

There has been a general trend towards lower product resolution – allowing
smaller sources/loads to participate in ancillary services markets. However, there is no
clear pattern across borders or between different products. Most are already reasonably
small – typically 1–5 MW, although some countries have actually increased their
minimum bid size, for example Norway, which has increased bid size from 1–5 MW to
5–10 MW for aFRR-C, and Spain, which has increased from now minimum to
>10 MW for aFRR.

Activation time for aFRR-E has changed for a number of countries. France
changed from less than 1 min to between 15 min and 1 h. Belgium and Italy changed
from between 15 min and 1 h to less than 1 min, and Hungary changed from 5–15 min
to less than 1 min.

Regulated pricing for ancillary services is in a minority. Pay as bid is the preferred
methodology.

For mFRR-C in 2017 cost recovery was mostly from grid users through a tariff.
Only Austria and Serbia recover 100% from Balance Responsible Parties, although
Norway, Sweden, Finland, and Hungary use a hybrid approach. For mFRR-E only
Ireland, Germany and Bosnia Herzegovina use cost recovery from grid users. Almost
all other European countries use 100% recovery from BRP (Table 2).
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In ancillary services markets there have been changes made to allow load and
battery participation, with the greatest change being apparent in FCR. Holland and
Switzerland have been the most progressive in allowing batteries to participate in
ancillary services, but only Switzerland has opened up all markets to batteries. In aFRR
and RR the options for batteries are much more limited. Batteries have emerged as
allowed participants in FCR-C since 2013 and are now permitted in FCR-C in Finland,
Denmark, Holland, Northern Ireland, Ireland, Great Britain, France Switzerland and
Germany. The precursor appears to have been the participation of pumped storage in
the FCR-C market: all of the countries mentioned already allowed pumped storage in
the FCR-C market except Holland and France. Either could be a model for a transition
in other countries. For mFRR-C only Great Britain and Switzerland allow batteries, and
for RR-C only Switzerland allows batteries.

Load participation is widely accepted for mFRR, but is less common for aFRR.
For aFRR-E load was allowed previously in Finland, Denmark and Germany, and is
now possible in addition in Belgium, Holland, Austria, and the Czech Republic. Most

Table 2. Design space variables for ancillary services markets in Europe

Design variable Variable options

Procurement scheme Hybrid, Mandatory only, Market only
Product resolution (MW) Numerical value
Product resolution (time) Hours, days, weeks, months, years
Distance to real time of
auctions

Hours, days, weeks, months, years

Allowed provider type Generators Only, Generators + Load, Generators + Pump
Storage, Generators + Load + Pump Storage, Batteries,
Generators + Load + Batteries, Generators + Load + Pump
Storage + Batteries

Symmetrical product Y/N
Pricing mechanism Pay as bid, Marginal Pricing, Regulated Price
Cost recovery scheme Grid users, BRP, Hybrid
Monitoring Real-Time Monitoring, Ex-Post Check, Hybrid
Transfer allowed Yes, No, Yes only in case of forced outage
Transfer with secondary
market

Yes, No

Settlement rules Pay as bid, Marginal Pricing, Regulated Price, Hybrid
Activation rule Pro-rata (parallel activation), merit order
Activation time Time
Partial activation Yes, in all directions; No in none direction; Only in upward

direction; Only in downward direction
Load specific rules Long term contracts TSO-BSP; Long term auctions; Short term

auctions; Specific market solution
TSO control – load
participation

No Control; Direct Control (Automatic); Direct Control
(Manual); Relay
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countries still only allow generation. This may be due to control requirements or
settings required for aFRR.

For mFRR-C load was previously allowed in France, Denmark, Slovenia, Hungary,
Norway, Great Britain, Germany, Sweden, Finland and Holland. Now load participa-
tion is also possible in Belgium, Austria, Slovakia, Ireland, Northern Ireland, and
Bosnia and Herzegovina. For mFRR-C, markets allowing access by generators only are
in a minority. Load participation is only allowed in a small number of countries for RR.
This may be due to the long duration of RR – it can extend for days, making dis-
connection of load impractical. The requirements for RR are also heavily dominated by
generator-only rules.

It should be mentioned that although there are available technologies to provide
ancillary services such as inertia and spinning reserve emulation, primary voltage and
frequency regulation, there are as yet not many products that could specifically be
designed for such services. Where consideration of these services can increase flexi-
bility in power systems, they require updates on the current market platforms.

3.3 Possible Changes: Ancillary Services Markets

First, settings relating to the TSO, and the role of the TSO itself, are important con-
siderations. Service providers should be able to compete with any TSO assets providing
system services on an equal footing. A minimum requirement is to increase trans-
parency on the system, including information on cost levels of TSO assets and market
participant compensation when they are providing the same services as TSO assets.
Article 54 [2] of the proposal for the Electricity Directive states that TSOs shall not be
allowed to own, manage or operate energy storage facilities and shall not own directly
or indirectly assets that provide system services. It does leave room for derogations for
individual countries based on a set of conditions. If derogations are made, they should
be on the basis of a level playing field between TSOs and market participants providing
the same services. If a power plant can provide the same service more cost-effectively,
then consideration should be given to whether it is used instead of the TSO assets. The
system needs and cost of providing services by TSO assets should be transparent to
reduce information asymmetry between TSOs and market participants. Furthermore,
the use of TSO assets should be transparent and provide a price signal and remuner-
ation to market participants providing the same service. In addition, the TSOs should
perform an assessment, at regular intervals, of the potential interest of market parties to
own the assets in case they can provide the service in a cost-effective manner as also
mentioned in the Directive.

Second, marginal pricing for all balancing services, energy and capacity, ensures
that service providers receive the full marginal value of the service they are providing.
Pay-as-clear pricing is used already in the most relevant market for balancing energy.
Pay-as-bid may be justified if there is flexibility in the product definitions formally or in
practice, in which case the practice of doing this should be made transparent to all
service providers. Marginal pricing should be considered as a more transparent
approach for procuring services in ancillary services markets.
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4 Flexibility in Balancing Markets

4.1 Market Design Space

There are various approaches defined in the literature that define the design space for
the balancing market, and ways to measure flexibility in this timeframe, for example
[3–7]. The U.S. Department of Energy Grid Modernisation Laboratory [8] proposes the
list of values within Table 3 – Column A as metrics for measuring flexibility in
balancing markets. Within the EU, Van der Veen (2016) proposed criteria for mea-
suring the effectiveness of balancing markets, broken down according to security of
supply, economic efficiency, market facilitation and multinational criteria. The metrics
are summarised in Table 3 – Column B. The metrics are aligned to objectives stated in
the ACER Framework Guidelines (2012), which were adopted as regulations during
2015–2017, and were reinforced by a survey conducted amongst balancing market
experts. The ACER guidelines on energy balancing propose the criteria described in
Table 3 – Column C.

Table 3. Comparison of metrics for measuring effectiveness of balancing market

Colum A Column B Column C
U.S. Department of Energy Grid
Modernisation Laboratory

Van der Veen (2012) ACER

1. Loss of load
2. Insufficient ramping
3. Flexibility ratio
4. Wind generation
5. Solar generation fraction
6. Wind generation volatility
7. Solar generation volatility
8. Net load forecasting error
9. Net load factor
10. Maximum ramp rate in net load
11. Maximum ramp capacity
12. Energy storage available
13. Demand response capability
14. Inter-regional transfer capability
15. Intra-regional transfer capability
16. Interruptible tariffs
17. Renewable curtailment
18. Negative LMP
19. Price spikes
20. Load shedding
21. Operational reserve shortage
22. Control performance (CPSs 1. 2;
BAAL)
23. Out-of-market operations

1. Security of supply
criteria

1.1. Availability of
balancing resources

1.2. Balance planning
accuracy

1.3. Balance quality
2. Economic efficiency
criteria

2.1. Cost allocation
efficiency

2.2. Utilisation efficiency
2.3. Price efficiency
2.4. Operational

efficiency
3. Market facilitation
criteria

3.1. Transparency
3.2. Non-discrimination

4. Multinational criteria
5. Internationalisation costs
6. Social welfare of cross-
border exchanges

(a) availability of
balancing resources
(reserves, availability
distribution);
(b) total costs of
balancing (balancing
energy price distribution,
activated balancing
energy, procurement of
reserves);
(c) quality of balancing
(e.g. Area control error
open loop, area control
error, unintentional
deviations);
(d) welfare gain due to
cross-border exchanges
of balancing energy and
reserves
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4.2 Possible Changes: Balancing Markets

First, considering steps that are taken to increase price sensitivity to scarcity: the main
challenge with sharper scarcity prices is that they increase the price risks for BRPs if
there are no tools to hedge their position. In particular, high volatility is more difficult
for smaller and non-portfolio market players which can be more exposed to individual
price spikes. Moving to single-price imbalance settlement helps to mitigate this issue as
market participants can then create instruments to hedge themselves against imbalance
price spikes.

Second, considering load curtailment: in the event of involuntary load curtailments,
any lost load could be estimated and included in the imbalance positions of individual
BRPs and the calculation of the system imbalance volume and the marginal imbalance
price.

Third, it may be beneficial to remove the condition that the day-ahead price sets the
floor for the up-regulation price and the cap for the down regulation price, and con-
sequently for imbalance prices (except as a backstop price in the event that there are no
balancing trades, and if an intraday price cannot be used). Linking the balancing and
imbalance prices with the day-ahead prices sets a restriction on free price formation. As
updated information is received on e.g. wind forecasts, the situation can change so that
the marginal cost to produce energy for up-regulation can be cheaper than it was in the
day-ahead stage. Removing this link can lead to situations where the imbalance price is
lower than the day-ahead even during up-regulation settlement periods and might
provide incentives for market participants to speculate against the imbalance prices. In
the long run, free price formation should however lead to the most efficient market
outcomes and is in the philosophy of the energy only market.

Fourth, it could be beneficial to remove balancing obligations at the day-ahead and
any other stage, better allowing the market to support system balancing. Given the
increasing share of fluctuating electricity generation, a rule stipulating that balance must
be ensured 12–36 h prior to the hour of operation is contrary to the inherent charac-
teristics of the market. Any balancing obligations at the day-ahead stage, or any other
stage, could be removed.

Fifth, better access to information on system imbalance and balancing and imbal-
ance prices in real-time would support market operation. Balancing activations and
prices should be published as close to real-time as possible, which serves as an indi-
cation for imbalance prices to guide behavior of market participants, allowing them to
react in real-time (demand) or submit balancing bids for the next imbalance settlement
period (generation). Publishing bid curves could be considered as an additional way to
improve transparency, but it requires further analysis.

Sixth, the gate closure to submit bids to the Regulating Power Market should be
moved as close to the operating hour as possible. Trading closer to the hour of oper-
ation can reduce the forecasting errors by the market participants and contribute to
balancing the electricity system as a whole. On the other hand, the closer trading occurs
to the delivery hour, the less time there is for TSOs to plan their balancing actions to
respond to imbalances and grid congestions.

Lastly, reducing minimum bid size supports new entrants and new behavior,
especially from demand-side and other distributed resources such as storage and small-
scale generation. The new resources which could emerge would be different in nature
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to the existing resources. This might require a revision of current requirements to
access the balancing market to make sure the requirements are fit for purpose and not
overly restrictive towards smaller scale resources. On the other hand, an adequate level
of system security needs to be guaranteed and there needs to be a level playing field for
different types of resources, e.g. same prequalification process.

5 Flexibility in Intraday Markets

5.1 Proposed Changes: Intraday Markets

In the same manner as in the balancing market some proposed changes can be per-
formed in the intraday market for enhancing system flexibility.

Intraday auctions, first, have proven successful in a number of markets across
Europe. Possible settings include market time units for the intraday as close as prac-
tically possible to the setting of day-ahead prices and recalculation of available
capacities; 15-min products; continuous trading from the resolution of the opening
auction until the gate closure time of the ID market; and the possibility of combining
with a closing auction in addition to the opening auction. Continuous trading could
solve the need of companies with weather-dependent generation or demand, as well as
during capacity failures. Extra auctions in addition to an opening auction would be
required if there is a relevant market related event that occurs every day. With a large-
scale release of reserved capacity, for instance, a further auction could be warranted.

Second, the market would benefit from gate closure time (GCT) as close to real-
time as possible. The regional cross-zone intraday GCT should be as close to the
operating hour as possible. Shortening the GCT for ID trading should ideally be
accompanied with change to the deadline for submitting production plans.

Again, information transparency between market participants and TSOs is impor-
tant. As market participants trade closer to real time, greater transparency is needed.
Market participants should provide the TSO with detailed, up to date information.
TSOs should provide up to date, consolidated data on the overall system position. For
market participants, this could consist of preliminary and final production plans on a
unit level above a certain size limit. This allows the market participants to take better
informed decisions on their balance portfolios and the TSOs to prepare for their actions
during the balancing timeframe.

Fourth, price cap setting in the intraday market should be set to better reflect the
value of lost load.

Fifth, allocation of cross-zone capacity across market timeframes through an
explicit cross-zone capacity product could be beneficial to allocate cross-zone capacity
across market timeframes, opening up intraday trading between price zones.

Due to increase in distributed generation including renewable resources, reverse
power flows in the system can cause technical challenges. These technical challenges
can in return affect the prices directly. As a result, possible factors (e.g. penalty) might
ensure the limit on the market that is linked to the operation (similar to price cap).

Another point to address this issue could be a consideration of local markets. This
could bring higher efficiency in the pricing as not all regions in the system may require
the same level of flexibility and reserve. Hence, local flexibility markets could offer
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local services to overcome the system level challenges. However, remuneration for
such services would require further investigations.

6 Conclusions

This paper reviews ancillary, balancing market and intraday settings in Europe. It
identifies the bottlenecks and provides a number of proposals for each on how further
developments of these markets could provide higher level of flexibility for the power
system. The Flexitranstore project, will use simulations and further analysis to assess
the viability and impact of these proposals. It will also further develop a definition of
the intraday market design space and possible changes to market settings within it.
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Abstract. The FLEXITRANSTORE project inter alia aimed at improving the
flexibility of the organized, wholesale electricity markets of Bulgaria and
Cyprus fitted into the European electricity market framework. The paper
introduces the market settings of these countries and defines the intraday time
horizon as a focus for the research. The authors take into account the needs of
the different market participants in order to increase the flexibility of the elec-
tricity market. After a review and evaluation of the currently available spot
market products and orders, the authors propose the introduction of new orders
and products on the intraday market so that the trading capabilities of storage
and DSM-based technologies are facilitated. The suggestions would help the
integration of variable renewable generation as the participation of new flexi-
bility providers such as storage owners and aggregators are facilitated. The most
significant proposals of the authors are the volume constrained and the cumu-
lative volume constrained order types that are realized by proposing a new set of
execution constraints for existing basket orders. The paper also highlights the
advantage of the novel orders compared to the recent product developments of
power exchanges.

Keywords: Electricity market � Flexibility � Intraday market

1 Introduction

In line with the EU decarbonisation targets, the share of renewable generation is
steadily increasing and the high emission conventional generation is being phased out.
The integration of intermittent renewable generation demands more flexibility in the
electricity system to balance its scheduling inaccuracy and real-time variability. The
assets providing the required flexibility are currently mostly thermal power plants.
Unfortunately from this perspective, most of the flexible gas-fired generation is usually
priced out of the markets while coal fired power plants are being phased out.

The FLEXITRANSTORE project selected the power markets in Bulgaria and
Cyprus to demonstrate and analyse the effectiveness of proposals aiming the smooth
integration of South-Eastern Europe to the pan-European electricity market. Apart from
the difficulties mentioned above, the authors identified other problems, too, specific to
the Bulgarian electricity market. Partly due to the market immaturity, liquidity is
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low. The day-ahead market (DAM) started in 2016 while the continuous intraday
market (IDM) only in April 2018. The market operator, IBEX, operates a Centralized
Market for Bilateral Contracts, besides DAM and IDM [1]. The market platform is
provided by Nord Pool. The share of the organized market in Bulgaria is approximately
55%. There is a significant potential for market power as a single company owns
around 75% of the built-in generation capacity and more than 80% of the electricity
production. Therefore competition is limited. New market participants owning flexible
resources would increase competition on the market and support the integration of
more renewable energy resources (RES).

Cyprus faces difficulties regarding market competition being an islanded system
without any connection to mainland Europe. (The Eurasia interconnector is however
planned between Cyprus, Israel and Crete according to [2], but it is only expected to be
in operation by December 2023). Moreover, electricity trading is not marketed yet,
DAM is not foreseen to be opened before mid-2020 and IDM is expected to start even
later. The islanded system also hampers the spread of renewable generation. More
flexibility sources available in Cyprus could alleviate these issues.

The paper analyses how new flexibility sources could be incentivized to engage in
the electricity markets. First of all, the selection of the time horizon is presented then a
connection between market flexibility and liquidity is discussed. Secondly, ideas are
gathered for increasing market liquidity. In the following part, the needs of the newly
entering market participants demanded by flexibility constraints are explained. The
main part of the paper examines the short-term market horizon and the available orders
and products to deduce the proposed orders and products, among other things the
volume constrained and the cumulative volume constrained orders. Finally, the sig-
nificance and the further steps of this research are presented after drawing a conclusion.

2 Increasing Market Flexibility

This section contains the deduction of market flexibility improvement starting from the
selection of the time horizon, showing the relationship between flexibility and liquidity,
ways of improving liquidity and finally satisfying the flexibility needs and capabilities
of market participants.

2.1 Focusing on the Intraday Market

The authors decided to put one market time-horizon into the focus of the research.
The IDM has been chosen because of the following reasons. Flexibility means fast
adjustment capability at short notice. Renewable generation forecasts become more
accurate close to delivery period thus possibility for trading should be available to
adjust the schedules caused by revised forecasts. A liquid IDM market is suitable for
this purpose in contrast to bilateral trading due to time constraints. Proper balancing
markets incentivize BRPs to cover their imbalances (and so to avoid high balancing
costs), and any open positions before the TSO operated real-time balancing process.
The deadline for offer submission can reach 5 min before delivery as in Belgium and in
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the Netherlands [3]. Day-ahead markets are usually more advanced and liquid than
IDMs, and the ability of being flexible is worth more, closer to delivery.

Balancing markets already have several flexibility products, not only standard
frequency containment reserves and restoration reserves but also some specific, non-
standard ones. For example in the UK specific frequency control ancillary services are
introduced that either allow storage and aggregators to participate (in Firm Frequency
Response and Enhanced Frequency Response) or are fitted for demand-side manage-
ment (DSM) based participants (Frequency Control by Demand Management and
Demand turn-up, [4]).

Energy storage equipment, especially batteries are in the spotlight of the author’s
research. The most promising service of batteries clearly is frequency regulation. The
current potential for profitable spinning/ramping (RR) reserve service provision is
much smaller according to a US study [5]. Batteries are mostly owned by independent
power producers or investor-owned utilities. Only high capacity batteries are used for
peak shaving and arbitrage in an outstanding proportion.

An extra argument against relying only on balancing markets for providing flexi-
bility is the longer contract and thus the requirement of constant availability periods
(for a whole day or even week) and longer delivery length (usually hours), These
specifics are especially unsuitable for storage and DSM assets competing with stored
primary fuel based conventional generation. The IDM is close to real time, therefore
the bidders do not need to undertake long availability commitments far ahead of the
delivery.

The need for flexibility can come from RES generation or from balance responsible
parties (BRPs). Our suggestions for more refined market orders are also suitable for the
intraday schedule adjustment of traders and RES generators.

Flexibility need will rise to solve grid congestion management issues both on
transmission and distribution level. However, this might rather be at a separate new
local flexibility market, especially when solving distribution level problems. Some
projects are already dealing with the location-related market design such as NODES [6]
and ENERY [7]. The scope of the current proposal does not include this spatial
dimension, thus neither does any data specify the place of energy injection or off-take
in the proposed orders, nor is separate market platform required for the enhanced
flexibility trading. Besides, the presented approach of the authors is in line with the
current wholesale market designs and market platforms.

2.2 The Connection of Market Flexibility and Liquidity

As mentioned above, market flexibility could be enhanced by attracting new, flexible
(storage or DSM-based) participants to the market. Apart from this the market could
react to unexpected needs for flexibility if there were corresponding offers every time.
These all lead to increasing the number of participants, the offered and traded volume
as well as market activity. If a market is liquid, it satisfies more the flexibility needs and
price signals are better. Furthermore, a flexible market also gives possibility for con-
ventional flexible power plants to adjust their output in response to the more accurate
generation forecast of intermittent renewable generation and load forecast.
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Furthermore, this market-centric approach would result in flexibility incentivizing price
signals for the considered intraday timeframe.

2.3 Increasing Market Liquidity and Thus Flexibility

Market liquidity and thus flexibility can be increased by market couplings as it attains
easier and the most efficient (implicit) access for the available cross-border capacity,
increases the number of market participants and orders while diminishes the risk.
The XBID (Cross-Border Intraday) project aims this multi-lateral implicit IDM market
coupling. The first wave went live in Western-Europe on 12 June, 2018. The Bulgarian
market is in the second-wave expected in June 2019 [8].

However, there are transaction types that would result in more trades and thus more
social welfare but are currently not supported in coupled markets, only available in
single markets. This is the case with cross-product matching used e.g. at the IDM of
Hungary (HUPX) but this feature is not supported by the XBID project. This restriction
is probably because of algorithmic difficulties and unrepeatability [9]. Cross-product
matching allows the matching of different products namely the quarter hourly and
hourly products.

Other actions to increase electricity market liquidity can be the introduction of new
products (the introduction of block orders is planned in Bulgaria), the reduction of the
minimum built-in capacity for compulsory organized market participation (reduced
already to 4 MW in Bulgaria) or the procurement of energy previously tendered off the
market platform (e.g. system loss). Concerning the latter, Bulgaria is planning to
procure the transmission system loss at the power exchange, but the sale of renewable
generation under feed-in tariff system done on exchanges could also increase the traded
volume. The most prominent marketing place is usually the DAM, but the IDM could
also profit from adjusting the day-ahead schedules according to the intraday close-to-
delivery weather forecast such as at the HUPX. Opening the futures market in Bulgaria
is also under discussion.

Lower limit for minimum offer quantity usually facilitates the participation of new,
smaller players but in the case of the IDM trading is based on 0.1 MW lots. The higher
resolution of the market orders can also advance liquidity. In most intraday electricity
markets, trading is only allowed in hourly products except for the German IDM which
can also handle quarter hourly and half hourly products. This enhanced temporal
granularity is especially important as balancing is generally settled (and planned to be
settled as in [10]) on a quarter hourly basis.

It should also be considered what type of IDM trading is more efficient: the con-
tinuous or the auction-based one [11]. Day-ahead markets are typically auction based in
Europe while IDMs are mostly continuous. Intraday auctions allowed by market rules
are already applied by some countries [12]. In Germany, there is an auction after the
main day-ahead auction of 12:00 on D-1 (the day before delivery) at 15:00 exclusively
for quarter hourly products. There are separate intraday auctions for the hourly products
at D-1 22:00 for the 1–24 h product and at 10:00 for the 12–24 h products [3]. UK also
runs a separate auction after the main day-ahead on D-1 at 14:30 solely for half-hourly
orders [13]. Some authors state that auctions are more effective than continuous
trading. This could be confirmed as most of the trading activity is close to the gate
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closure. Moreover, at continuous IDMs, an order is matched with the first corre-
sponding order despite that a better matching order would follow later leading to more
social welfare.

3 Flexibility Product Development

Based on the above discussions, the authors identify that there is significant opportunity
in the development of new flexibility products for the current IDM i.e. products tailored
for storage and DSM-based technologies. Before presenting the suggestions, a review
is given on some of the European IDMs and special day-ahead products.

3.1 The Review of Current Intraday Markets

The following tables summarize the tradable contracts, order types (Tables 1 and 2),
and lead time (Table 3) of some of the European IDMs. The lead time is the gate
closure or in other words the end of order submission before delivery ([3, 13–15]).

The letters ‘s’ and ‘u’ refer to standardized (base, peak) and user-defined blocks,
respectively. Half hourly and quarter hourly (Q) products can help to better balance the
portfolios closer to the balancing settlement period. There are also 2 h (2H) and 4 h
(4H) long products in Great Britain, as well as special pre-defined blocks by the
variation of H, 2H and 4H consecutive products, day base, day peak, day extended
peak, day overnight and block 3+4. Extra auctions after the coupled day-ahead auction
at 12:00 are also marked in Table 1. These can be interpreted as pre-intraday auctions
giving more sequential possibilities for trading.

Table 1. Tradable contracts on intraday markets

Market area Products
Hourly 30 min 15 min Block

Germany
p p p

+ D-1 15:00 auction s, u
Austria

p
–

p
s, u

Belgium & Netherlands
p

– – s, u
France

p p
– s, u

Switzerland
p

–
p

s, u
Great Britain

p p
+ D-1 14:30, 17:30,

D 8:00 auction
– spec*

Nordic & Baltic
p

– – s, u
Hungary

p
–

p
s, u

Bulgaria
p

– – s, u
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Regarding the abbreviation of order types, IoC means Immediate-or-Cancel, FoK
means Fill-or-Kill, AoN stands for All-or-nothing and IBO for iceberg execution
constraints. The term ‘market sweep order’ is used by EPEX for special user-defined
blocks with IoC execution constraints [14]. The None (NON) constraint is used in the
UK and at HUPX for hourly blocks that allows partial execution, not necessarily
executed immediately and can be executed against multiple other orders [15, 16]. As
shown in Tables 1 and 2, block orders and the well-known execution constraints are
already widely spread including Bulgaria. Nevertheless, current order types and con-
straints are not adequate for bidding the capability of electric storage or DSM-based
bidding. The execution constraints are rather specialized for continuous trading than
certain market participants. They limit the validity (IoC and FoK is only valid for
immediate execution), divisibility (IoC permits partial acceptance while FoK not) and
the visibility of orders (some part of the order are hidden and only one clip is shown).

Lead times closer to delivery could also contribute to the flexible reaction of the
market thus both the shorter duration products and the shorter lead times should be
encouraged also in the selected countries of this project.

Table 2. Order types on intraday markets

Market area Order types Execution constraints
Limit Market sweep IoC FoK AoN IBO

Germany
p p p p p p

Austria
p p p p p p

Belgium & Netherlands
p

–
p p

–
p

France
p p p p

–
p

Switzerland
p p p p p p

Great Britain
p

–
p p

–
p

Nordic & Baltic
p

–
p p

–
p

Hungary
p

–
p p p p

Bulgaria
p

–
p p p p

Table 3. Lead time of intraday markets

Market area Lead time

Germany, Austria, Belgium, Netherlands 5 min
Great Britain, France, Switzerland 30 min
Nordic & Baltic, Bulgaria 60 min
Hungary 90 min
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3.2 Flexibility Products on the Day-Ahead Market

Although these are not intraday products, but market platform providers introduced
new types of day-ahead orders recently that are worth mentioning. Nord Pool’s DSM-
related clients can choose the ‘flexi order’ in the Nordic, Baltic and UK DAMs where
Nord Pool is the market operator. The offer maker can give an interval within a day
within which the algorithm can choose a shorter specified period for delivery. The
algorithm chooses the delivery periods providing the highest welfare [17].

Since 12 December 2018, the loop block has been introduced on the Austrian,
Belgian, British, Dutch, French, German and Swiss Day-Ahead markets by EPEX
together with the curtailable blocks [18]. The loop block is fitted for storage equipment
because a sale and a purchase block can be bonded together as the discharging and
charging phase of a battery. The two blocks must be executed or rejected simultane-
ously. The limitations of this approach are that the offer maker needs to decide the
sequence and the possible periods of sale and purchase beforehand limiting the max-
imum number of charging and discharging periods per day.

Other order types on the day-ahead markets comprise of single hourly and block
orders. Blocks can be of linked, curtailable, profile or exclusive types. The two latter
are often mentioned as smart blocks on EPEX. Out of these, linked blocks might be
used for storage bids and exclusive blocks for DSM bids. For example an off-peak
period purchase can be executed on condition of (i) a previous peak sale and (ii) the
buy-sale combination being in-the-money but only with precisely defined periods. The
exclusive block can find the highest welfare block out of a group to optimize DSM but
the block must be predetermined by the bidder [19]. A summary of DAM products is
given in Table 4 on the day-ahead tradable contracts per market platform.

Table 4. Tradable contracts on day-ahead markets

Tradable contracts DAM market platform
Nord Pool EPEX

Single hourly order
p p

Blocks Regular
p p

Linked
p p

Curtailable
p p

Profile
p

–

Exclusive
p p

Flexi
p

–

Big –
p

Loop –
p
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3.3 NEW Flexibility Product Suggestions for the Intraday Market

Quarter-Hourly Product and Cross-Product Matching
According to Sect. 3.1, the quarter-hourly product is advised to be introduced on the
Bulgarian IDM. It can increase the trades of all participants including RES, storage and
conventional power plants. Brijs et al. in [20] also emphasize the importance of closing
the positions market-based on the imbalance settlement temporal resolution. It would
be beneficial for less flexible participants to be less exposed to balancing prices.
Moreover, this could reduce the reserve need of the transmission system and give better
price signals for flexibility.

The authors also propose the use of cross-product matching for quarterly limit
orders that allows the pairing of an hourly product with corresponding quarter-hourly
products.

Exclusive Block Orders
The exclusive block order on the IDM would be similar to the order type known from
the DAM, except that not only one but a maximum number of orders could be matched
if the limit price criterion is fulfilled. Consequently, the intraday exclusive order would
contain a set of bids with volume and limit price parameters plus a third parameter
would stand for the maximum number of accepted bids.

Volume Constrained Order for DSM
One of the most refined order types suggested by the authors is a basket order with
volume constraint tailored for aggregators bidding DSM. A basket order is a set of
orders for different contracts submitted simultaneously to the IDM [21]. Although [22]
only proposes the support of linked orders (set of orders with fill-or-kill restriction, all
of them shall be executed together) for the common IDM, the basket orders (set of
orders without any restrictions) are already implemented in the M7 Trading System
widely used in Europe (EPEX, HUPX). On the other hand, according to the require-
ments for continuous trading matching algorithms in [23], “the algorithm shall be able
to support non-standard products to the extent this is technically feasible and approved
by the competent regulatory authorities”.

The Volume Constrained (VC) order is a conditional order similar to the exclusive
block except that not the number of acceptable bids but the total accepted volume is
constrained. A VC order contains a set of bids (volume and limit price pairs) for
different products plus a parameter that maximizes the daily allocable volume. An
example is shown in Fig. 1. Bids can have different volume and price parameters. The
cause of non-paired offers marked with light grey can be either the higher offer price
(e.g. possibly in QH25) or the volume limit (as in QH32). A modification of this VC
order can be when a minimum income constraint (MIC) would be used instead of the
limit prices per each bid.
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Given a 10 MWh volume flexible load with a power of 2 MW. The latter deter-
mines the volume of the limit purchase bids in the basket. Suppose that 4 MWh energy
has been sold previously. Therefore the maximum volume restriction must be 6 MWh.
If the Basket Order has been already committed into the order book, the Maximum
Volume parameter cannot be modified.

Cumulative Volume Constrained Order for Storage
The other innovative order type suggested by the authors is a basket order with
cumulative volume constraint fitted for storage bidding. It considers the state of charge
(initial stored energy volume) as a parameter to avoid overcharging or undercharging.
Another parameter of the cumulative volume constrained order (CVC) is the maximum
cumulative volume that models the maximum power of a battery. The initial volume
must be lower than or equal to the maximum volume. Figure 2 presents an example of
the CVC order. According to the paired orders, the battery is fully charged in QH24 to
3 MWh, then discharged during QH26-27 limited by the CVC constraint and charged
again in QH33 up to 2 MWh. The parameters of the CVC order comply with the
recommendations in 20 including charging power, discharging power and limit price.

Suppose a battery with 20 MWh capacity, 0.5 MW charging and 0.4 MW dis-
charging power. The storage capacity gives the maximum cumulative volume
restriction while the charging power should be used as the volume of each limit
purchase bid in the basket and the discharging power as the volume of the limit sale
orders in the basket. The initial volume parameter needs to reflect the charging level of
the battery at the beginning of the day. For example a 40% charging level corresponds
to 20 MWh · 0.4 = 8 MWh initial volume parameter. If the Basket Order has been
already committed into the order book, the Maximum Volume and Initial Volume
parameter cannot be modified.

The application of MIC could work also in case of the CVC order and a further
development could be the addition of a gradient constraint.

Fig. 1. Example of a Volume Constrained (VC) order.
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4 Conclusions

It has been shown that some special products had already been introduced tailored to
the needs of new market participants, facilitating their bidding and incentivizing their
market participation. But these specific products are set up solely on the day-ahead and
balancing markets. The suggestions presented in the paper attempt to fill this market
time horizon gap regarding the IDM. The authors recommend establishing quarter-
hourly products on the IDM where they are not in use yet (e.g. in Bulgaria) and their
extension with cross-product matching. Further recommendations include the intro-
duction of the volume constrained orders and cumulative volume constrained orders
tailored for aggregated DSM and storage bidding, respectively. These new order types
would also be useful at any other European continuous IDMs. The added value is
significant as the authors did not find any other flexibility product proposals in the
literature for IDMs.

The next phase of the research is the functional extension of the current continuous
IDM algorithm by the above mentioned orders. The initial prototyping results are
promising. The final goal of the project is the demonstration of the products on a
parallel-run marketplace in Bulgaria and Cyprus.

Acknowledgments. This work has been developed at Budapest University of Technology and
Economics within the boundaries of FLEXITRANSTORE project, which is an international
project. FLEXITRANSTORE (An Integrated Platform for Increased FLEXIbility in smart
TRANSmission grids with STORage Entities and large penetration of Renewable Energy
Sources, grant agreement ID: 774407) aims to contribute to the evolution towards a pan-
European transmission network with high flexibility and high interconnection levels.

Fig. 2. Example of a Cumulative Volume Constrained (CVC) order.
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Abstract. The large-scale integration of variable renewable energy (VRE) in
power systems, such as wind and solar, increases the flexibility needed to
maintain the load-generation balance. In order for the power operators to plan
for secure and reliable operation, they must examine whether there exists suf-
ficient power system flexibility to meet ramps caused by the increased VRE
integration and the system demand. In this context, the paper aims to propose an
improved flexibility metric to accurately evaluate the flexibility level of a power
system in the planning stage. The proposed metric is based on kernel density
estimators and expresses the probability of the flexibility residual (the difference
between the available flexibility and the expected net load ramps) being less
than zero. The Greek power system is used as case study in order to evaluate the
proposed index. In particular, the unit commitment optimization problem with
flexibility constraints for ten different scenarios based on the ENTSO-E
methodology for the time period 2020–2024 is solved and then the proposed
metric is calculated. Finally, this index is compared to the well known insuffi-
cient ramping resource expectation (IRRE) metric to further evaluate it.

Keywords: Flexibility metrics � Unit commitment problem � Kernel function

1 Introduction

The increasing penetration of variable renewable energy (VRE) presents significant
technical challenges for balancing the power system supply and demand. More
specifically, as the integration of VRE increases, the net load, which is the difference
between electrical load and renewable power becomes more variable with steeper
ramps, shorter peaks, and lower turn-downs than the load itself [1]. Therefore, system
flexibility or the ability of a system to meet changes in demand and VRE production
plays a crucial role [2].
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Until now, traditional capacity adequacy studies focused on the amount capacity
available, the forced outage rate of each resource and the system demand. In these
studies, metrics such as loss of expectation (LOLE) [3, 4], the expected energy not
served (EENS) or well-being analysis [5] are standard measures by which a planned
portfolio is evaluated and have served the industry well until now. However, as the
shares of VRE increases, the planning approach will need to change and should
incorporate new metrics and additional factors, such as the availability and ramp rate of
the resources, start-up time and minimum stable operation of the conventional gener-
ating units, the variability and uncertainty of the net load and reserve provision plan-
ning. But assessing flexibility is not yet common practice. Although indirectly involved
in the planning of most power systems, such assessments do not yet follow a com-
prehensive, transferable methodology that might facilitate common practice among
operators. It is a highly complex process considering many operation and design
aspects [6].

In this frame, different flexibility studies and metrics have been presented in the
literature that focus on the long-term planning of power systems. In [7] a methodology
is developed to deal with a significant degree of uncertainty about time and location of
generating assets expansion and in [8] a method is proposed for evaluating the system
flexibility to adapt quickly with limited costs to every change from the initial planning
conditions, with a particular regard to the changes in generation. In [9] a flexibility
metric is constructed that reflects the largest variation range uncertainty that the system
can sustain by using the four-element framework (time, uncertainty, action and cost),
while in [10] the insufficient ramping resource expectation (IRRE) metric is proposed
to measure power system flexibility for use in long-term planning and is derived from
traditional generation adequacy metrics. In [11] the metric of the number of periods of
flexibility deficit (PFD) is proposed to characterize the flexibility of a system.

Taking into account the new flexibility metrics and approaches presented in the
literature, the conventional adequacy studies of the Greek power system are revisited
by taking into account flexibility requirements, resources and metrics. In particular,
considering ten different scenarios for the Greek net load for the time period 2020–
2024 that are determined based on the ENTSO-E methodology, we solve the unit
commitment optimization problem by including both system power balance constraints
and ramp capability constraints of the flexible resources. Furthermore, the flexibility
metric IRRE is calculated, which expresses the number of up and down ramps for
which there would be insufficient ramping resources available. Calculation of the IRRE
follows a similar structure to the LOLE, however, it targets on the unavailability of
flexibility and not on the shortage of generation capacity.

However, the IRRE metric does not take into account the temporal correlation
between the flexibility available and the flexibility required which may lead to mis-
leading results about the system’s flexibility. For example at the highest net load levels,
most generator would be at high output and available to offer the additional downward
flexibility likely to be required by the system, therefore IRRE underestimates the
system flexibility which can lead to incorrect planning and unnecessary investments
from the system operator.

In order to overcome this drawback, we utilize the PFD index approach. In par-
ticular, we calculate the flexibility residual, which is the difference between the

36 K. F. Krommydas et al.



available flexibility and the expected net load ramps, for each observation and horizon
and then determine the probability of the flexibility residual distribution being less than
zero. However, in contrast to the PFD approach, we use a non-parametric kernel
distribution to estimate the probability distribution function, which can provide more
accurate and robust results. Furthermore, the proposed metric incorporates the temporal
correlation between the flexibility available and the flexibility required in comparison
to the IRRE index. Overall, the main contribution of this work can be summarized as
follows:

1. The traditional adequacy studies of the Greek power system are upgraded by adding
the flexibility requirements and flexibility resources.

2. Using a Kernel density estimator we estimate the flexibility of the system over
different time horizons and directions and highlight the time horizons of net load
ramping in which the system is most vulnerable.

3. Simulations that use real data for both the flexibility requirements and flexibility
resources are performed for solving the unit commitment optimization problem with
flexibility requirements constraints of the Greek power system for the time period
2020–2024.

The rest of the paper is organized as follows. In Sect. 2, some preliminaries in
flexibility of power systems are introduced. In Sect. 3, the flexibility metrics that are
used in the flexibility assessment study of Greece are presented. In Sect. 4, the unit
commitment problem is formulated as a mixed integer linear program. In Sect. 5
simulation results are shown and, finally, in Sect. 6 some conclusions are drawn.

2 Preliminaries in Flexibility

Before we describe the flexibility metrics, firstly, we present some preliminaries in
power system flexibility as defined in [10]. Also, in Table 1 the nomenclature is
displayed.

2.1 Net Load Ramps

The net load ramp time series NLRt,i for time interval i, at observation t, is defined as
follows

NLRt; i ¼ NLt � NLt�i: ð1Þ

The net load ramps can be positive or negative. Also, the two following variables
are introduced

NLRt;i;þ ¼ NLRt;i 8NLRt;i [ 0 ð2Þ

NLRt;i;� ¼ �NLRt;i 8NLRt;i \ 0 ð3Þ

which denote positive and negative ramping occurrence.

An Improved Flexibility Metric Based on Kernel Density Estimators 37



2.2 Available Resource Flexibility

Given the operating state of a unit g we can calculate the available upward and
downward flexibility it can offer. In particular, the available upward (+) flexibility
(Flext,g,i,+), for a resource g, over a horizon i, at observation t, is defined as

Flext;g;i;þ ¼ RUg � ði� ð1� ugtÞ � SUtimegÞ: ð4Þ

Table 1. Nomenclature.

Symbol Definition

G The set of the 26 generators
S Scenario
T The length of generation planning horizon (24 h)
g Indices of thermal generators
t Time period
SUgt Start up cost of unit g at time t

SDgt Shut down cost of unit g at time t

Lg Minimum ON time of generator g
lg Minimum OFF time of generator g
SUtimeg Start up time of generator g
SDtimeg Shut down time of generator g
NLt The net load at observation t
Pmax
g Maximum power generation capacity for generator g

Pmin
g Minimum power generation capacity for generator g

RUg Ramping up limit of generator g
RDg Ramping down limit of generator g
RSt Spinning reserve requirement at time t
Smax
g Maximum spinning reserve of generator g

Dt Forecasted hourly demand at time t
VOLL Value loss of load (Euro/MWh)
ag; bg Linear coefficients of fuel cost function

a
0
g; b

0
g

Linear coefficients of reserve cost function

ugt Commitment decision for unit g at time t

vgt Binary variable, start up action of unit g at time t

wgt Binary variable, shut down action of unit g at time t

pgt The thermal power generation output of unit g at time t

sgt Spinning reserve of unit g at time t

Dt Load-shedding loss at time t
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Upward flexibility is bounded by the maximum production capacity of the resource.
Also, when the resource is offline, its start up time must be less than the considered
time horizon, and also it must have sufficient time to reach minimum stable production.
These two aforementioned conditions can be expressed mathematically as follows

pgt þFlext;g;i;þ � Pmax
g : ð5Þ

pgt þFlext;g;i;þ 2 R� ð0;Pmin
g Þ: ð6Þ

The downward (−) flexibility available (Flext,g,i,−) from a unit g can be in a similar
manner calculated as

Flext;g;i;� ¼ RDg � ugt: ð7Þ

The downward flexibility available is constrained by the minimum stable produc-
tion level, i.e. the unit must either operate at least at minimum production level or shut
down completely. The constraints for the downward flexibility available can be
expressed mathematically as follows

pgt � Flext;g;i;� � 0 ð8Þ

pgt � Flext;g;i;� 2 R� ð0;Pmin
g Þ: ð9Þ

2.3 System Flexibility

Addition of the available flexibility of each individual unit results in the total system
flexibility

Flext;SYSTEM;i;þ =� ¼
X

8g
Flext;g;i;þ =�: ð10Þ

3 Flexibility Metrics

Now, we are ready to introduce the flexibility metrics utilized in this work.

3.1 IRRE

The available flexibility distribution (AFDi,+/−(X)) can be calculated with the empirical
cumulative distribution function of the flexibility available X. The AFDi,+/−(X) repre-
sents the probability that XMW, or less, of flexible resource will be available during the
i time horizon. The probability that the system has insufficient ramp resources at each
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observation, over each time horizon and direction, are calculated from the cumulative
probability. In order to exclude these cases when the flexibility available is equal to the
net load changes, the net load ramps are reduced to a value just below the net load
value (for example 1 MW). Therefore, the insufficient ramping resource probability
(IRRP) at observation t, over a horizon i, is:

IRRPt;i;þ =� ¼ AFDi;þ =�ðNLRt;i;þ =� � 1Þ: ð11Þ

The sum of the IRRP values over the entire time series, T+/−, for each direction
results in the IRRE, as defined in the following equation

IRREi;þ =� ¼
X

8t2Tþ =�

IRRPt;i;þ =�: ð12Þ

3.2 The Proposed Metric

Given the total available flexibility of the power system and the flexibility requirements
calculated from the net load ramps, we can calculate the flexibility residual of the
system at each observation t and time horizon i, for both directions (upward and
downward) as follows

FlexResidualt;SYSTEM;i;þ ¼ Flext;SYSTEM;i;þ �maxfNLRt;i;þ ; 0g ð13Þ

FlexResidualt;SYSTEM;i;� ¼ Flext;SYSTEM;i;� �maxfNLRt;i;�; 0g: ð14Þ

In order to calculate the probability distribution function of the flexibility residual
time series we fit a non-parametric kernel distribution [12]. This way we avoid making
any assumption about the underlying distribution of the time series. Given a random
sample x1, x2, … , xn from an unknown distribution, the kernel density estimator is
given by

dfhðxÞ ¼ 1
nh

Xn

i¼1

Kðx� xi
h

Þ ð15Þ

where dfhðxÞ the estimated probability density function, K the kernel function, n the
sample size and h the bandwidth. The kernel function and the bandwidth are the
parameters that need to be selected. For this study we selected the Gaussian Kernel,
which is the most often used and is given as follows

KðxÞ ¼ 1
ffiffiffiffiffiffi
2p

p expð� 1
2
x2Þ: ð16Þ
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The parameter h needs tuning in order to avoid over fitting or under fitting the
underlying time series, which was selected according to Silverman’s rule of thumb
[13]. Finally, by calculating the probability of the flexibility residual being less than
zero, we determine the probability that the system has insufficient ramp resources.

4 Unit Commitment Problem Formulation

In this section we provide a brief description of the unit commitment problem and the
constraints included in this study. The problem is formulated as a mixed integer linear
program (MILP), programmed using the YALMIP toolbox [14] and solved with a
commercial solver. To minimize the total generation cost of the system the following
deterministic unit commitment problem for energy and ancillary services co-optimization
is formulated as in [15] where the objective is the following

min
X

g2G

X

t2T
ðSUgtvgt þ SDgtwgtÞþ

X

t2T

X

g2T
½ðbgpgt þ agugtÞþ ðb0

gsgt þ a
0
gugtÞ�

þVOLL
X

t2T
Dt

ð17Þ

which minimizes start-up costs, shut-down costs and generation costs, using a linear
approximation of the fuel cost function. Equations (18) and (19) represent the con-
straints that affect the unit commitment decision. In particular, the minimum ON and
OFF time constraints are given by

ugt � ugðt�1Þ � ugs 8g 2 G; t 2 T ; s ¼ t; . . .;minftþ Lg � 1; jT jg
ugðt�1Þ � ugt � 1� ugs 8g 2 G; t 2 T; s ¼ t; . . .;minftþ lg � 1; jT jg ð18Þ

where s is a possible operating time period starting from time t, while the start up and
shut down action constraints can be expressed as

vgt � ugt � ugðt�1Þ 8g 2 G; t 2 T

wgt � � ugt þ ugðt�1Þ 8g 2 G; t 2 T :
ð19Þ

The level of generation and spinning reserve provided by each unit is determined
by the following constraints 8g 2 G; t 2 T

X

g2G
pgt þDt �Dt ð20Þ

Pmin
g ugt � pgt �Pmax

g ugt ð21Þ

pgt � 0 ð22Þ
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pgt � pgðt�1Þ �Pmin
g ð2� ugt � ugðt�1ÞÞ þRUgð1þ ugðt�1Þ � ugtÞ ð23Þ

pgðt�1Þ � pgt �Pmin
g ð2� ugt � ugðt�1ÞÞ þRDgð1� ugðt�1Þ þ ugtÞ ð24Þ

X

g2G
sgt �RSt ð25Þ

0� sgt � Smax
g ugt: ð26Þ

Equations (20) and (25) are constraints concerning the total system generation and
reserve based on the net load forecast, while the remaining constraints are based on
techno-economic parameters of each plant, including generation output, ramp rate and
reserve provision. For this study we assumed that the net load is perfectly forecasted in
each scenario and that perfect market completion exists, thus the generation bids
represents the marginal cost of each unit. Also, only spinning reserves were considered.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

Time horizon

500

1000

1500

2000

2500

3000

3500

4000

4500

IRRE upward

Expected
95% C.I.

5% C.I.

Fig. 1. The expected value of the IRRE metric and its confidence interval for the time period
2020–2024 for the Greek power system.
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5 Results

For the case study we used data from the Greek power system which are utilized in the
Mid-term Adequacy Forecast conducted by ENTSO-E [16]. The different demand
forecast scenarios examined in the case study correspond to various climate years for
the time period 2020–2024, while the base case scenario both in demand growth and
VRE penetration and normal scenario for hydro production are assumed. These sce-
narios are determined based on the methodology provided in [16].

The operation of thermal generators is modeled in detail, using all the techno-
economic data available (ramp rates, generation constraints, marginal costs, etc.), while
the maintenance schedule of thermal units considered for this study is the same as the
schedule assumed in the adequacy studies of the Greek power system. Furthermore,
commission of new power plants and expected retirement of old plants are also taken
into account based on the Greek ten year network development plan. The operation of
the hydro units is implemented for peak shaving operation for each scenario under
consideration. The contribution of interconnections is regarded as the equivalent of a
thermal unit of 500 MW base load with 95% availability. Although this is a conser-
vative approach, since Greece is highly dependent from interconnections, this will
enable us to remain on the safe side. Finally, the demand side management, since it is
considered a safety measure and does not participate in the market, it is used only in
cases of emergency as a last resort in the simulation study.

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

Time horizon

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

Probability of losing a ramp

Expected
95% C.I.

5% C.I.

Fig. 2. The expected value of the proposed metric and its confidence interval for the time period
2020–2024 for the Greek power system.
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After taking into account all the examined scenarios, the expected values of the
IRRE index and the proposed metric for different time intervals are determined along
with two extreme values of the confidence interval. The results for both metrics for the
case of upward ramps for the time period 2020–2024 are shown in Figs. 1 and 2. It is
evident that the calculated metrics produce similar results, as they both identify the 5-h
time horizon as the most vulnerable to lose a ramping event. By comparing the rest of
the time horizons, the IRRE displays also a larger value in the 16-h time horizon in
contrast to our proposed metric. This can be attributed to the fact that IRRE does not
take into consideration the temporal correlation between the ramping events and the
available flexibility at the particular observation, but rather compares them ex-post,
which in turn may lead to falsely identifying particular time horizons as more in risk
than they actually are. For example, in the time frame from 5:00 am to 9:00 pm the
power system will experience the full extent of variability in the net load, resulting in
very large upward ramps, but also in that time frame the system is able to provide a lot
of upward flexibility since most units at 5:00 am are operating at the technical mini-
mum (base units) or are offline (peak units). This underlines the benefit of modeling the
probability of losing a ramp based on the flexibility residual.

Furthermore, as one can observe from Fig. 1, the expected value of the IRRE
metric (i.e. 4500) is used only to highlight the time horizons that are at most risk rather
than to determine the absolute level of risk. On the contrary, the metric proposed in this
paper provides realistic values of the probability of the system having insufficient ramp
resources in the different time horizons. In particular, our methodology shows that there
is a probability ranging from under 0.012 to over 0.020 of losing an upward ramp in the
5-h horizon for the various scenarios.

6 Conclusions

In this paper, an index based on Kernel density estimators is proposed that can measure
accurately the flexibility of a power system. Calculating the metric and comparing it
with the IRRE index in the unit commitment problem for the Greek power system, we
showcased that the proposed metric achieves to evaluate effectively the flexibility of the
system in the long term horizon. Therefore it can be a very useful tool for system
operators in the planning phase and can accommodate flexibility studies.
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Abstract. Power systems with renewable sources are undergoing various
changes to safely accommodate higher share of renewables. In this process, they
require different changes ranging from technical characteristics to regulations. In
order to manage technicality of the integration of the renewables, storage units
play an important role. On the other hand, many countries allocate incentives to
the green sources of energy. In this paper, we develop a flexibility-oriented day-
ahead market model that accounts for renewable sources and storage units where
no incentive is provided to the renewable sources. Additionally, a flexibility
indicator (FLEXIN) is adopted to demonstrate the provided flexibility to the
system. FLEXIN is defined by accounting for five sources of flexibility, reserve
from conventional power sources, available renewables, storage units, trans-
mission line availability and active demand. The results demonstrate how a
system can cope with renewable sources with no incentive in the presence of
storage. This paper is part of the Horizon 2020 Flexitranstore project.
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Sets
Xi

‘
Set of all buses connected to bus i

Xi
TH

Set of all thermal generating units connected to bus i

Xi
WIND

Set of all wind generating units connected to bus i

Xi
BESS

Set of all BESS units connected to bus i

Parameters
ag Incremental production cost ($/MWh2)
bg Linear production cost ($/MWh)
cg Fixed operation cost of generator g ($/h)
rg Reserve cost of generator g ($/h)
VOLL Value of lost load ($/MWh)
VOEMS Value of emissions ($/Kg)
EMSg Emissions for generator g (Kg/MWh)
Dal

h;i Proposed active power demand in bus i at time h (MW)

fmin=fmax Minimum and maximum active load variability (%)
Pmax
g Maximum limit of active power generation of unit g (MW)

Pmin
g Minimum limit of active power generation of unit g (MW)

�Rg Ramp-up limit of generator g (MW/h)
Rg Ramp-down limit of generator g (MW/h)
gc Efficiency of charging (%)
gd Efficiency of discharging (%)
Pmax
i;j Maximum active power flow of branch connecting bus i to j

Pmin
i;j Minimum active power flow of branch connecting bus i to j

c Spinning reserve (%)
qg Startup cost of generator g [$]
rg Shutdown cost of generator g [$]
Xi;j Reactance between lines i and j [X]
dmax Maximum voltage angle
dmin Minimum voltage angle

Variables
uh;g Commitment status of generator g (1: on, 0:off)
yh;g Startup decision of generator g at time h (1:up, 0:no change)
zh;g Shutdown decision of generator g at time h (1:down, 0:no change)
Ph;g Active power generated by unit g at time h (MW)
DdrP

h;i Realized demand in bus i at time h (MW)

Rh;g Reserve at time h by generator g (MW)
Ph;i;j Active power flow of branch connecting bus i to j at time h (MW)
DlsP

h;i Load shedding in bus i at time h (MW)

Pc
h;g Active power charge into BESS g at time h (MW)

Pd
h;g Active power discharge from BESS g at time h (MW)

dh;i Voltage angle of bus i at time h (rad)
SOCh;g State of charge of BESS g at time h
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1 Introduction

The current power system is still based on the past technologies where large-scale fossil
fuel based power plants produce majority of the electricity share in the generation mix
and consumers do not have significant participation [1]. Thus, the electricity market of
the next decade will move towards a decentralized structure with more variable gen-
eration and improved technologies and increased consumer participation. On the other
hand, in the balancing markets with centralized and decentralized (self-scheduling)
structures, if there is a security threat to the system due to locational imbalances, the
centralized market can solve such an issue where additional factors such as reserve and
congestion are also simultaneously considered. Hence, there are still some European
countries that consider a centralized system, such as Greece [2].

As renewables’ production continues to increase in Europe, power systems and
electricity markets face multiple challenges in order to successfully integrate large
amounts of non-dispatchable renewable energy sources (RES). Figure 1 shows a
perspective of the electricity generation outlook in the European Union (EU) per
technology in a scenario that incorporates existing policies and announced policy
intentions [3].

The political goals on the supporting mechanisms clearly state that renewable
power plants must be integrated in the electricity market to create an open, competitive,
transparent and non-discriminatory environment among all players [4]. Therefore, the
economic sustainability of renewable generation in the electricity market is critical for
pursuing the new energy policy in the EU. Without further incentives and with the end

Fig. 1. Electricity generation outlook in the EU per technology. Source (IEA/WEO 2018) [3].
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of the contracts for subsidized renewable production (e.g. feed-in-tariffs), renewable
producers will be forced to participate under the same market rules as any other
producer [5].

One key issue associated with RES is the stochastic nature of sources. High
variability of RES requires an analogous degree of flexibility from the available
resources to maintain power balance. At the same time, renewable producers are being
challenged about how they can contribute to the system’s flexibility. Advances in
renewable generation technologies (e.g. smart maintenance [6]) are allowing them to
provide more flexibility to the system. Thus, the provision of flexibility services is a
key, both for renewable producers, as they can sell additional services and increase
their revenue, and for the system operators, as they increase the list of flexibility
sources that are available for the system’s operation.

2 Assumptions and Structure

It is very common to consider that competitive markets without market failures can be
modeled through an optimization programming where market surplus is maximized [7].
The model proposed in this paper for flexibility studies covers a day-ahead market
operation as a social welfare maximization concept. In this regard, system operator
makes the decisions in order to have the lowest operation cost in the next 24 h horizon.
This is achieved by a mixed integer nonlinear programming problem (MINLP) where
the objective is to minimize the operation cost of the system.

Renewables have incentives in many countries where they can receive subsidies for
generation. This reduces the costs and assists them to provide low bids to the market.
One other form of incentive is that renewable sources are prioritized over other types
and this means that if there is any renewable energy available, they must be produced,
regardless of the impact that this decision might have on the system, e.g. increase costs
or create congestion. For this purpose, in this paper, specifically we do not consider any
incentive for renewable sources. As a result, it is assumed that they participate in the
market with their actual operating costs, which could still be lower than other partic-
ipating generators.

2.1 Reserve

There are various methods to model reserve in a power system. Different operators
consider different approaches based on their system requirements and perspectives [8].
In this paper, the secondary control reserve is defined as capability of committed
generators to provide additional production in case it is required. On the other hand, the
minimum reserve is considered as a percentage of system load at any time. Although it
is assumed that the generator must have enough capacity to provide additional support,
this excess support is not limited by the ramp characteristics of the generator. As a
result, if a generator is already running and has free capacity, the free capacity is
accounted for as the reserve. This simplification of neglecting the ramping limitation
and solely considering committed capacity might result in solutions that are cheaper,
easier to solve (due to mathematical difficulties) with unrealistic reserve values.

50 P. Mazidi et al.



2.2 Flexibility Index

Uncertainty, outage and variations can be considered as three main origins that raise the
need for flexibility in a system. Uncertainty in the system can be defined as coming
from various sources such as intermittent renewables. In a similar manner, outages of
generators can significantly impact the system. Finally, variations in the demand could
change the condition of the system. These parameters could show their influence in the
ranges from real-time to medium term and long term. In other words, the system
requires flexibility in control, operation and planning. In this paper, we try to address
the flexibility from operation point of view, Fig. 2.

The three hierarchical levels that the flexibility can come into play are generation,
transmission and distribution. Renewable sources and battery energy storage system
(BESS) can produce at the generation level to provide flexibility. For the distribution,
active load can provide flexibility by shifting the demand from one time to another. In
the same way, a BESS could also play such a role in form of an active distribution node
(ADN). On the transmission level, loading of the transmission lines could be linked to
the flexibility of the lines. For instance, if the lines in an area of the system are mostly
fully loaded, the flexibility of the system from transmission point of view is very low.
Since each transmission system operator is responsible for monitoring its grid, they
calculate such concept as available transfer capability (ATC) [10]. Additionally, the
ATC can be shared with the generation companies so that they can consider such
flexibility in their operation planning as well. Considering these points, we also adopt
the flexibility definition as a flexibility index (FLEXIN) provided by [9] to show the
degree of system flexibility.

Fig. 2. Flexibility factors in a power system [9]
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3 Modelling

The proposed model is formulated through an optimization problem that is explained
below. In the following, the case studies are defined and the input data of the test
system are mentioned.

3.1 Mathematical Formulation

The mathematical formulations for the model have an MINLP form where the objective
is to minimize operation cost of the whole system.

P

h;g2Xi
TH ;X

i
WIND

agP2
h;g þ bgPh;g

� �

þ P

h;g2Xi
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� �
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The operation cost of the system is presented in (1). It includes the production cost
of conventional generators, wind generators and BESS in the first two terms. Cost of
reserve is accounted for as well as commitment, startup and shutdown costs. Final two
terms include the penalty for load shedding and cost of emissions. Subsequently, the
system constraints are formulated as follows:
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Equation (2) shows the demand balance where transmission lines are considered.
As a result, we obtain locational marginal prices in each node of the system as
Lagrange multiplier of this equation.

Equation (3) limits minimum and maximum production level of conventional and
wind generators. (4) and (5) set the upward and downward ramping capabilities of the
generators. (6) provides the link between startup, shutdown and commitment status of
the generators.
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Equations (7)–(13) are related to BESS. (7) shows the relation between charge,
discharge and state-of-the-charge of the BESS by accounting for charge and discharge
efficiencies. While (8)–(10) limit maximum and minimum charge, discharge and SOC
values, (11) considers that the value of the SOC of the BESS should be the same at the
beginning and the end of the simulation period. (12) considers that the amount that the
BESS can be charged at any time should be less than the difference between the
maximum capacity of the BESS and the SOC that is already available at the previous
hour. Similarly, (13) considers that the amount of discharge of the BESS at any time
cannot be more than the available amount of SOC at the previous time.

Equation (14) defines the power flow between the buses to be linearly related to the
difference between the voltage angles of the buses, where (15) and (16) sets the limit on
the maximum and minimum capacity of the lines and the voltage angles of the buses.
(17) assumes that the voltage angle of the slack bus is zero.

Equation (18) considers that participation of each conventional generator in the
hourly defined reserve in this system should be less than the maximum available
capacity of that generator. The reserve should also be greater than some percentage of
the realized load, (19).

Equations (20)–(23) consider the demand side management where moved sum of
the demand in the simulation horizon should be equal to the sum of the forecasted
demand. The demand flexibility degree is also considered as a percentage where the
moved demand can only be a percentage of the forecasted demand, (21), (22). In the
end, maximum load shedding at any time and bus should not be more than the realized
load (23).

The mathematical formulation for FLEXIN is also provided in (24), where con-
ventional generators provide flexibility through their ramping and reserve, BESS
provides flexibility along with renewable sources individually, active demand from the
customer side and ACT from transmission side also deliver flexibility.
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3.2 Case Studies

In order to investigate the performance of the model and analyze flexibility of the the
system, different case studies have been defined and carried out, Table 1. The main
idea to design the case studies was to link the FLEXIN as a metric for evaluating
flexibility of the system and demonstrating influence of various sources of flexibility.
While Case1 considers a basic case without the main flexibility sources, Case5 puts
together all the defined flexibility sources.
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The model is coded in GAMS software v25.0.3 [11] and solved with BARON
solver v17.10.16 [12] on a computer with 64 GB of RAM and i7-7820X @3.60 GHz
Intel processor. As for the test system, we considered modified IEEE 24-bus test system
[13].

3.3 Input Data

Penalty for performing a load shedding is considered by defining the value of lost load
(VOLL) parameter as 10000 ($/MWh). The value of emissions (VOEMS) for con-
ventional generators is considered to have a cost of 20 ($/kg). Charge and discharge
efficiencies of BESS are assumed to be 98%. 0.9 and 1.1 in radian are the minimum and
maximum allowable values for voltage angles at each bus. The reserve has a value of
20% with respect to the demand (c), which means the system reserve at any time should
be more than or equal to the 20% of the system demand. Finally, demand flexibility at
each bus assumed to be 4% (f). The rest of the data about the test system can be found
in [9]. The model considers three BESS units, two wind plants and twelve non-
renewable sources.

It should be reminded that the wind generators are connected to the grid in buses 5
and 9 and the three BESS units are connected to the grid in buses 10, 13 and 18. The
value of demand at hour 20:00 in bus 5, 9, 10, 13 and 18 is 70, 124, 146, 212 and
242 MW, respectively. The connecting transmission lines for the renewable generator
buses are: L3 (b1–b5), L6 (b3–b9), L8 (b4–b9), L9 (b5–b10), L12 (b8–b9), L14 (b9–
b11), L15 (b9–b12). Similarly, the connecting transmission lines for the BESS buses
are: L9 (b5–b10), L10 (b6–b10), L13 (b8–b10), L16 (b0–b11), L17 (b10–b12), L18
(b11–b13), L20 (b12–b13), L22 (b13–b23), L29 (b17–b18) and L31 (b18–b21).

4 Results

A comparison between the maximum and minimum changes of prices and loading of
the lines are provided in Table 2. As it can be seen, addition of reserve in Case2 has
resulted in similar prices as in Case1, where no reserve is accounted for. Two expla-
nations can be provided here. The first explains that in Case1, the system is already
providing enough reserve, which by explicitly considering the 20% reserve, the
operation cost of the system does not change significantly.

Table 1. Considered study cases for the analyses

Cases Reserve Renewable Storage Active demand

Case1 � � � �
Case2

p � � �
Case3

p p � �
Case4

p p p �
Case5

p p p p
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The other explanation is that this type of formulating reserve, (18) and (19), does
not accurately display the impact of reserve on the operation cost of the system. This is
also in line with the previous explanation as this kind of formulation neglects the
characteristics of the generators from ramping perspectives. Therefore, it can be con-
cluded that the reserve formulation in [9] provides a more realistic model for reserve.
However, as mentioned earlier, the current formulation has simpler form as it avoids
the Big-M formulation. The impact of this formulation on the rest of the case studies
should be taken into account when analysing the results.

Another observation from Table 2 is the distinct impact of renewables on the prices
in Case3. One interesting reflection is the reduction in loading of the lines when storage
enters the operation in Case4. Both maximum and minimum loading values have been
reduced, where similar prices as in Case3 are obtained. This shows how adding storage
can relieve some stress from transmission lines in overall. Finally, by bringing in
demand flexibility, although the prices see a reduction, the loading of the lines
increases. It should be mentioned that there is no cost for loading of the lines in the
operation cost.

Figure 3 illustrates different loading levels of the transmission lines at peak hour,
20:00 with the value of 2233 MW. It should be mentioned that in Case1, none of the
flexibility sources are considered and Case5 considers that only four of the flexibility
sources have direct impact on the operation cost. The only flexibility factor that is not
considered in the operation cost is the loading of the lines. Thus, it is not expected that
the loading of the lines are minimized.

Comparing the two cases in Fig. 3 and considering the values in Table 2, it can be
seen that adding the sources of flexibility to the system causes a decrease in the
operation cost and an increase in the loading of the transmission system. Furthermore,
it can be seen that except for L8 and L12, the loading of the mentioned lines increases
by considering new flexibility sources.

Moreover, it can also be seen that except for L9, L13 and L22, the loading of the
lines have reduced. As a result, in short, out of sixteen related lines to the flexibility
sources, nine lines have had decrease in their loading values after consideration of
flexibility sources. It should however be mentioned that the overall loading of the
transmission system has increased. Thus, the flexibility sources have provided some
loading relief (congestion management) for the connected buses at the peak hour.

Table 2. Price and line loading summary

Cases Price ($/MWh) Transmission
loading (MW)

Max Min Max Min

Case1 31.24 28.18 1048.74 508.99
Case2 31.20 27.64 1253.20 535.29
Case3 29.66 27.20 1026.62 563.25
Case4 30.88 27.25 942.30 456.63
Case5 30.62 27.22 1209.39 650.41
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Figure 4 illustrates the generation percentage from generators, with G11 having the
highest value. G11 is a conventional generator with maximum capacity of 440 MW.
G11, G9 and G5 are the largest generators having about 60% of the production share.
The 0% for G3 and G4 is due to rounding of the values.

Figure 5 displays the operation of batch of BESS in the system where all sources of
flexibility are considered. It can be seen that the BESS starts charging when there is
large amount of renewables and discharge in high load hours (h9, h10) and near peak
and peak hours (h13, h14, h20, h21) (arbitrage condition). It is also interesting to see
that the BESS is out of operation solely for four hours in the whole day.

Fig. 3. Transmission line loading for Case1 and Case5.

Fig. 4. Production share in Case2.

Zero Renewable Incentive Analysis for Flexibility Study of a Grid 57



Finally, Fig. 6 illustrates the hourly system flexibility provided from the considered
five flexibility sources. It can be seen that on this particular day, the maximum and
minimum system flexibility are calculated to be 2096 MW (at hour2) and 1456 MW (at
hour5). The lowest value of flexibility occurs at hour5 resulting from three consecutive
charging periods by the BESS. Now, this can be considered as a reference study for the
operator. For instance, the operator can later look back, check the operating conditions
on this day, and see whether they were satisfactory. If not, the operator can modify the
system in order to achieve better system flexibility and security. Considering that there

Fig. 5. Operation of aggregated BESS in Case5.

Fig. 6. FLEXIN for Case5.
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are various parameters affecting the flexibility, the operator could particularly ask
BESS to be in standby at hour5 in case there is a contingency.

5 Conclusions

This paper incorporates five sources of flexibility into a day-ahead operation in power
systems where the incentive for renewable sources are ignored. The paper also con-
siders a simplified formulation for the reserve and the results show the impact of such
simplification on the operation cost and flexibility. Finally, the adopted flexibility index
displays how a system operator could investigate flexibility of the grid over a future
operating horizon and make required adjustments to improve the operation and hedge
against contingencies. Future studies could discuss the sensitivity of change in the
operation cost and flexibility of the system with respect to various values of incentive
for renewable sources. Additionally, self-scheduling aspect could also be adapted in
order to demonstrate the possible modifications in case the decentralized approach is
selected.
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Abstract. Nowadays the interest in grid-supporting energy storage systems for
frequency response improvement is spurred to increase the penetration of
renewable energy resources. Operational frequency constraints of the grid code
should be fulfilled in the combined state feedback frequency control provided
through the BESS frequency support and UFLS relays. In this paper, favoritism
and unfairness of the grid-interactive Battery Energy Storage System (BESS)
frequency support is investigated in terms of Rate of Change of Frequency
(RoCoF), frequency nadir, time response, steady-state error, and specifically,
total load shed subject to power balance over the network. Categorizing load
shedding stages into vital and non-vital can measure the appropriateness of the
BESS response. Conflicts of the BESS control parameters, performance mea-
sures and UFLS actions are verified on the modified Cypriot transmission grid,
and the simulation results show that a controller or modulation technique would
be essential to coordinate the BESS and UFLS scheme frequency responses to
handle conflict of controllers.

Keywords: Battery Energy Storage System � Under Frequency Load
Shedding � Dynamic frequency response � Performance measures

1 Introduction

A rising interest to investigate the impact of high penetration of renewable generation
on frequency control of power system and the capability of delivering frequency
support by full Converter Control-Based Generators (CCBGs) is emerged during recent
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years [1]. Decrease of system inertia and conventional spinning reserve and increase of
unpredictable uncertainties imposed by integrating renewables in the generation mix
deteriorates the frequency support. By implementation of the virtual synchronous
machine behavior [2, 3] through the new grid-supporting convertors of storages and
renewables, the frequency support can be improved by means of the provided fast
synthetic inertia and timely generation control in severe conditions [4].

In severe frequency decline situations, Under-Frequency Load Shedding (UFLS)
programs (generally including event-based and response-based UFLSs) as the last auto-
mated measure of power system prevention from collapsing are designed and imple-
mented by Transmission SystemOperator (TSO) through dynamic off-line simulations in
operational planning time-scale. In response-based UFLS programs, the relay settings are
usually pre-defined,fixed, and non-robust whichmay not be a comprehensive solution for
the wide range of combinational/cascading events and operational variability and
uncertainty imposed by high penetration of renewables [5]. Grid-interactive BESS can
support the system operation during inertial and primary response through the inertia and
droop parameters tuning of the SPC (Synchronous Power Controller).

Several TSOs have announced new grid codes requiring Electronically Interfaced
Resources (EIRs) like energy storages, PVs, HVDC links, and wind power plants to
provide frequency response [6]. The mutual interaction of UFLS as a traditional
emergency control action has not been investigated enough under high share of
renewable energy sources with BESS frequency support. The influence of the fast
acting power controller of BESS on UFLS scheme and also mal-operation and read-
justment of UFLS settings in high penetration of wind generation are presented in [7]
and [8]. In [9], a systematic method is presented for controlling an energy storage
system output power for preventing transient load shedding. Existing UFLS schemes
suggested for conventional power systems has not been yet incorporated in grid-
supporting convertors tuning to provide better inertial and primary frequency response.

A SPC-based Battery Energy Storage System (BESS) [10–12] as a linear state
feedback controller could be tuned to control the performance of system frequency
response measured by conflicting multi-dimensional performance measures such as
minimum RoCoF and frequency, steady state error, and settling time. Good perfor-
mance of UFLS schemes as another state feedback controller in conjunction with BESS
frequency response is of great importance considering the fact that frequency support
of the BESS may be harmful to some frequency performance measures or UFLS
scheme performance. On the other hand, UFLS actions as a step change in RHS of the
swing equation declines the BESS frequency response. Although, UFLS scheme has
similar operation horizon as BESS frequency support, they used to be adjusted in
different operational planning horizons, which makes the conflicts more complex and
inevitable. In this paper, it is shown that the gains of the SPC and UFLS relays
parameters need be adjusted in a coordinated manner to compromise between diverse
technical and economic performance criteria of the frequency response.

The rest of the paper is constructed as follows: Sects. 2 and 3 provide an inves-
tigation of the impact of UFLS scheme and BESS inertia and droop characteristic on
frequency response based on the unified discretized system frequency response using
UFLS and BESS frequency responses formulation. Simulation results and discussion is
presented in Sect. 4, respectively. The conclusion is drawn in Sect. 5.
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2 Impact of BESS Inertia and Droop Characteristic
on Frequency Response

2.1 Unified Discretized System Frequency Response

Based on the swing equation, accelerating and decelerating behaviour of the power
system could be studied, when a power disturbance occurs. If the sum of all torques
acting on the rotor shaft of a synchronous machine on the right-hand side of the swing
equation including;

• the mechanical torque (Tm) (power input),
• the electrical torque (Te) (power output), and
• the damping torque (Td) [Nm]

Does not add up to zero, the excess torque accelerates or decelerates the rotor with
moment of inertia J [kg m2], meaning that the rotor angle h [rad] accelerates (non-zero
second derivative). By multiplying the swing equation with the system frequency xb,
the torques turn into power. In a single-area be made of Ng synchronous machine, the
generalized continuous form of Center of Inertia (CoI) swing equation, presented in (1)
is linearized as (2).

2H
f0

df tð Þ
dt

¼
XNg

i¼1
Pmi � Pei ð1Þ

dDf tð Þ
dt

¼ f0
2H

DPim tð Þ ð2Þ

DPim tð Þ ¼DPgov tð Þ � DPc tð ÞþDPsh tð ÞþDPwind tð ÞþDPPV tð ÞþDPESS tð ÞþDPDG tð Þ
þDPTie tð Þ � DDf tð Þ

Terms of DPim tð Þ could be defined as a function of dDf tð Þ
dt and/or Df tð Þ or as a step

input. Generation and load changes which may cause input power imbalance are:
Generation outage ðDPcÞ, Governor action ðDPgovÞ, Wind, PV, and ESS frequency
response ðDPwind;DPPV tð Þ;DPESS tð ÞÞ and load changes is incurred by load shedding
ðDPsh tð ÞÞ, and load damping ðDDf tð ÞÞ. By assuming each term of DPim as X, the
system frequency response could be discretized over time with time step Δt as
DX nDtð Þ ¼ DXn.

Dfnþ 1 ¼ Dfn þDt
f0
2H

ðDPgov
n � DPc þDPsh

n þDPwind
n þDPPV

n þDPESS
n � DDfnÞ ð3Þ

DPgov
nþ 1 ¼ DPgov

n þ �Dt
T

DPgov
n þ Dfn

R

� �
ð4Þ
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The main focus of the rest of the paper is on the BESS influence on system
frequency response and UFLS scheme. According to, other terms of (3) except than
DPESS tð Þ and DPsh tð Þ are ignored in the following equations. However, in simulation
step, all of the resources contributing in the system frequency response are modelled
and reflected.

2.2 System Acceleration Behaviour

The corresponding performance measures of the system frequency response are shown
in Fig. 1.

For a step-wise decrease in DPc from 0 to �DP at the disturbance time t0, system
frequency starts to drop fast with a high RoCoF. Higher RoCoF may activate the
RoCoF relays of DGs and loads. The inertial and primary frequency response of the
generations and loads try to limit the frequency deviation by increasing the system
kinetic energy. At minimum frequency (Nadir frequency) time tm, RoCoF reaches zero
and the frequency deviation Df starts to decrease. Subsequently, Df oscillates and
finally stabilizes at the new steady-state frequency Dfss.

Consequently, as shown in Fig. 2 the frequency response could be divided into
areas in which the power system is accelerating, and others in which the system is
decelerating. In an accelerating area, the frequency deviation Df with respect to the
steady-state frequency Dfss is increasing or in other words Df � Dfss and RoCoF have
the same sign. This can be written as:

Fig. 1. Frequency performance measures illustration.

Fig. 2. Acceleration periods of power system frequency response.
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Accelerating : Df tð Þ � Dfssð Þ: dDf tð Þ
dt

[ 0 ð5Þ

Decelerating : Df tð Þ � Dfssð Þ: dDf tð Þ
dt

\0

2.3 BESS as a State Feedback Controller

The frequency response of storage can be similar to conventional units when partici-
pating in inertia and primary response. When the system is faced with large amount of
power deficiency, ESS can provide FFR (Fast Frequency Response) based on the
following transfer function [13]:

Df tð Þ ¼ DPESS tð Þ
Ke

Ke ¼
� 2Hesþ 1

Re

� �

1þ Tes
ð6Þ

where He and Re are inertia constant and primary frequency constant of control,
respectively, and Te is the time constant of BESS which is ignored in comparison to the
time constants of the other and consistent with conventional units. Therefore;

�2He
dDf tð Þ
dt

� 1
Re

Df tð Þ ¼ DPESS tð Þ ð7Þ

�2He
Dfnþ 1 � Dfn

Dt
� 1
Re

Dfn ¼ DPESS nð Þ ð8Þ

Charging, discharging and power capacity limits of the BESS is assumed to be
considered on the limits of the DPESS, He and Re. Integration of (8) in (3) results in (9).

Dfnþ 1 ¼ Dfn þDt
f0

2 HþHeð Þ ðDP
gov
n � DPc þDPsh

n � 1
Re

Dfn � DDfnÞ ð9Þ

In (9), BESS inertia and droop characteristics turn to be a state feedback on system
frequency. In order to provide a better frequency response, we need to tune the inertia
and damping of the BESS, which is achieved by regulating the converters’ SPC

Fig. 3. SPC-based BESS as a State feedback control.
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parameters (H and R) through a Multi-objective optimal gain-tuning method. A SPC-
based BESS as a state feedback of the system DAEs is shown in Fig. 3 in which x is
[f ; _f ] and K = [H, R] of the controller.

2.4 Discussion on BESS Frequency Response

We may state that feedback can cause a system that is originally stable to become
unstable. Certainly, feedback is a double-edged sword; when it is improperly used, it
can be harmful [14]. Based on the (5) and (6), during accelerating time-intervals, to
arrest the rate of change of frequency the system needs inertia emulated by the BESS.
As soon as the system starts decelerating, inertia should reduce again to prevent
overshoot in frequency response. The unused inertia imposes the frequency to return to
the steady-state frequency slower, which deteriorates the overall frequency response.

Additionally, damping should be increased during decelerating phases to help
decrease the settling time of the frequency deviation. The additional inertia required
during accelerating phases is proportional to the RoCoF and the required additional
damping is proportional to the frequency deviation from the steady state. Without
adaptive damping and inertia control, the BESS response is not canceled out when the
system has sufficiently stabilized which may result in unstable oscillations.

Due to the conflicting influence of the battery inertia and droop responses in
accelerating and decelerating periods of frequency response, conflict of interests
appears between different performance measures of frequency response with respect to
the provided inertia and droop responses of BESS.

3 Response-Driven UFLS as a Non-linear State Feedback
Controller

The response driven based load shedding, widely uses Under Frequency-based Load
Shedding solutions. The inherent closed loop/ feedback based control scheme in
decentralized response driven UFLS system makes them efficient in acting against the
disturbances.

As frequency is a very good indicator of Power Mismatch, the operation based on
under frequency relays has high control precision and robustness with respect to
uncertainties. However, it can have many difficulties and challenges. The setting of the
UFLS is highly complex, which involves many parameters including the number of LS
stages, percentage of load allowed to be shed, the time delay for each stage, real time
topology etc. Together these variables make the UFLS settings a non-linear and multi-
dimensional problem. Secondly, UFLS is triggered after the frequency has already
declined to certain low values causing a time delay, which makes the solution more
reactive in nature and the system stability requires more time.

UFLS relays are characterized using incremented/decremented step behavior in
swing equation. For simplicity, the related blocks can be represented as a sum of incre-
mental (decremental) step functions. For instance, as presented in (10), for a fixed UFLS
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scheme [15], the function of DPsh tð Þ in the time domain could be considered as a sum of
the incremental step functions of ΔPk.u(t – tk). Therefore, for L load shedding steps:

DPsh nð Þ ¼
XL

k¼1
DPk:u n� nkð Þ ð10Þ

u n� nkð Þ ¼ 1 if f0 þDfn�nk þ i\f kth i ¼ 0; . . .; nk ð11Þ

(10) and (11) could be linearized using binary and big variables [16]. As stated
above, the relay logic dictates that the block of load DPk be shed when the corre-
sponding timer exceeds nk. When a contingency occurs, for each load-shedding stage
k with f kth, the relay disconnects a block of load after nk time step when the frequency
trajectory [computed using (3)–(4)] violates the frequency set point for a predetermined
time delay.

3.1 Discussion on UFLS and BESS Mutual Effect

Similar to the SPC-based BESS frequency response, a response-driven based UFLS
scheme is affecting the frequency response as a non-linear state feedback controller as
presented in Fig. 4. f(x) is presented in (10).

UFLS action at tfth � tk is a positive step change in generation-load imbalance
which is reflected in system DAEs as a disturbance. Subsequent change in the rocof
and frequency values alter the BESS inertial and primary response and reduce the
BESS frequency support.

In some situations, however, frequency support of EIRs may be harmful to fre-
quency control as they generate an extra energy in a short period of time, which reduces
frequency decay and derivative but could not be maintained over time. Reduction of
frequency derivative through emulating inertia via EIRs looks positive at first sight as
the reduced frequency derivative triggers less under-frequency relays, but in some
conditions, the shedded load is smaller than the amount what the event requires. As the
EIRs cannot maintain extra generation over time, the frequency may continue to decay
until the shedding of the next load step. It is also possible to activate other system and
components protection by resulting in lower steady state frequency.

Fig. 4. SPC-based BESS and UFLS scheme as State feedback controls control.
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Based on (10) and (11), load shedding steps are activated, if the frequency reduces
temporary or recurrently below a certain UFLS threshold. If the steady state frequency
settles at a frequency above the same threshold, load shedding may be considered as
nonvital. BESS can provide fast injection of power with limited energy capacity to
prevent temporary frequency decreases and unnecessary load shedding. On the other
hand, BESS should withdraw from support when the frequency decline is under arrest
and additional load shedding would not be activated.

In order to avoid mal operation of UFLS scheme in the presence of the BESS
frequency support, UFLS schemes should be incorporated in the controller tuning of
the BESS as an economic objective to be optimized in conjunction with other fre-
quency performance measures. In comparison with BESS controller tuning, most
power systems operate with predetermined load shedding schemes and use fixed relay
settings. Hence, resetting UFLS thresholds or changing load shedding amounts are not
often viable options.

Moreover, with the existing supervisory and control capabilities, TSOs are not
tendentious to re-design UFLS scheme for a short while. Then, the frequency thresh-
olds, time delays and shed load percentage could be assumed fixed during the optimal
gain-tuning of BESS. Using synchrophasor measurements for control of grid interac-
tive energy storage system and UFLS relays [17] provide the possibility of coordinated
online control of these resources of inertia and primary frequency response.

4 Studied System

4.1 System Modelling and Characteristics

There are 13 load shedding stages (*68% of the total load) spread over all Cyprus,
which are presented in the following Table 1. This UFLS scheme is implemented in the
system by definition and setting of the under frequency relays in DIgSILENT
PowerFactory. A 50 MW, 100MWh BESS is added to the network equipped by SPC
with tunable inertia and droop parameters of 15 and 60 as the maximum gains, as it is
presented in [18]. The initial values of 0.5 and 0 are assumed for the SOC and power
output states of the BESS, respectively. SOC limits are supposed as 0.2 and 0.8.

Other RHS terms of the swing equation in (2) are enclosed in the system modelling
and control like turbine and governors, and Wind turbine standard controllers accorded
to Grid Code requirements. Load damping effect are not considered in this study. The
coincident disturbance of two generation units with 90 and 60 MW dispatch power is
considered to tune the BESS parameters.
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4.2 Conflict of Interests

In order to investigate the mutual effect of UFLS plan and BESS frequency support,
system frequency response is presented in different scenarios in Fig. 5. As it is shown,
without UFLS relays and BESS (a), with UFLS relays and without BESS (b), and with
BESS (H = 5, R = 20) and UFLS (c) scenarios are studied.

Fig. 5. Effect of UFLS plan and BESS frequency support on frequency response: red (b) and
green (c).

Table 1. Load shedding stages spread over all Cyprus.

Stages Frequency thresholds Time delay Shed Percentage Shed MW

1 49 0.2 4 37.69
2 48.9 0.2 4 37.69
3 48.8 0.2 3 28.27
4 48.7 0.2 8 75.38
5 48.6 0.2 4 37.69
6 48.5 0.2 4 37.69
7 48.4 0.2 4 37.69
8 48.3 0.2 1 9.42
9 48.2 0.2 7 65.95
10 48.1 0.2 6 56.53
11 48 0.2 5 47.11
12 47.75 0.2 9 84.80
13 47.5 0.2 9 84.80
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Comparison of transient responses in these scenarios are summarized as follows:

1. In (a), the system frequency decreases continuously until the system becomes
unstable due to the cascading outage of conventional and renewable resources due
to their under frequency relay activation. Primary and inertia support of conven-
tional generation are not enough to arrest the frequency decline.

2. By activation of UFLS in (b), the first three blocks of the UFLS plan are activated
with 0.2 s delay after the frequency reaches the thresholds (taction = [2.89, 3.15,
3.95]). The non-vital shedding stage is avoided by BESS frequency support. Re-
producing the frequency responses for three different combination of activated
shedding stages in Fig. 6 (red: stage one, green: stage one and two, blue: all stages)
analyses the necessity of the activated stage with respect to steady state frequency.
While two first stages are categorized as vital, third stage is non-vital as the fre-
quency settles above 48.8 without the activation of this stage.

3. Addition of BESS in (c), the first two blocks of the UFLS plan are activated with
0.2 s delay after the frequency reaches the thresholds (taction = [3.24, 3.74]).
Although the non-vital shedding stage is avoided by BESS frequency support, other
performance measures like RoCoF and minimum frequency are improved and
response time and steady state frequency affected harmfully.

As it is presented in Table 2, a conflict of interests appears due to the parallel
activation of UFLS and BESS frequency support in viewpoint of different performance
measures. Undesirable effect of the BESS are grayed out in the table.

Fig. 6. Vitality analysis of activated load shedding stages.
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5 Conclusion

First, it was shown that by considering BESS droop and inertia gains along with the
multistage UFLS plan, the overall performance of the load shedding plan and BESS
frequency support are mutually influenced by each other in the both favorable and
unfair directions. It was also revealed that the BESS droop and inertia gains are
affecting frequency performance measures as a double-edged sword regarding system
acceleration behaviour. Accordingly, the conflict of interests raised with respect to the
UFLS and BESS state feedback controls interference (with similar operation and dif-
ferent planning horizons) should be handled through a gain tuning approach. Enabling
coordinated online control of BESS parameters UFLS scheme using synchrophasor
measurements provides better inertia and primary frequency response considering
demonstrated conflicts of interest.
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Abstract. A secure and reliable supply of electricity is a necessary requirement
of a well-functioning economy. Reducing the likelihood of system disturbances
or, in the extreme, load (demand) shedding is a fundamental objective of
Transmission System Operators during planning and operation of electricity
grids. The integration of new forms of generation - diverse in location and
operation profile – as well as rapidly changing demand from new consumer
technologies powered by breakthroughs in technology, poses a different set of
challenges in their daily business. System flexibility, like many other aspects of
the bulk electric system, can be examined as a supply and demand problem.
A holistic assessment of flexibility examines the resources available to supply
flexibility and the factors driving the demand or requirements for flexibility.
This paper aims to highlight the importance of flexibility assessment studies
alongside capacity adequacy studies being carried out during system planning.
Moreover, the paper will present the challenges facing the electricity networks
for integrating high amount of renewable energy which are well expressed by
the views of the energy stakeholders regarding priorities for innovation tech-
nologies and this is also very well reflected in the research and development
projects. The FLEXITRANSTORE project, which is aiming to implement
innovative technologies of battery storage solutions, smart grid technologies and
market platforms in the SEE region, is briefly presented. Furthermore, a wide
review of flexibility-related research and innovation projects in Europe and
United States has been carried out during the project and their contribution is
presented, analysed and mapped against specific power system challenges.
A detailed survey conducted during FLEXITRANSTORE on identifying
stakeholders’ opinion on electricity networks’ challenges is presented and
commented. Stakeholders’ are stressing that highest priorities for the electricity
networks in their country are renewable energy integration, cross border inter-
connections, grid stability in short- and long-term horizon. These renewables
integration and cross border interconnections answers could be also linked with
the European targets: To sum up, the paper is identifying significant opportu-
nities for future research and innovation in storage and market models, regarding
the inherent flexibility of the electricity networks to host the electrification
‘wave’ of the following decades.
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1 Introduction

Planning and operation of modern electric power systems comprehend several complex
and interlinked tasks. These tasks can be divided in three main groups, depending on
the considered time horizon: (i) Long-term resource and equipment planning, which
targets time ranges from one year to several decades. Examples are investment plan-
ning, transmission and distribution planning and long range fuel planning, (ii) Short-
term operational scheduling, which is used for time intervals from several hours to a
few weeks, or even year(s). Examples are unit commitment (UC) scheduling, main-
tenance and production scheduling and fuel scheduling, (iii) Real time operations,
which consider fractions of a second to several minutes [1, 2].

Concern for the environment and energy security, as well as rising fuel prices, have
led to significant, sustained growth of wind and solar electricity generation capacity in
Europe and worldwide. The difficulty posed by the integration of these variable
resources into existing power systems varies according to the production and scale of
the variable resource, its correlation with system load, and the flexibility of the power
system in question. Flexibility can be defined as the ability of a system to deploy its
resources to respond to changes in net load, where net load is defined as the remaining
system load not served by variable generation [3–5]. The impact of RES on the dif-
ferent time scales is depicted in Fig. 1.

Capacity adequacy studies have addressed the question of how much capacity is
required to reliably meet system load, at a certain point in time, but have not considered
whether the system’s planned resources could be operated in a sufficiently flexible
manner. These studies are key tasks for regulatory bodies, who look to ensure that
market designs deliver in the long run, or for vertically integrated utilities, ensuring the
suitability of a planned plant portfolio before more detailed engineering and operational
analyses are carried out. Investors and plant manufacturers also have an interest in the
cycling requirements experienced by potential investments. Variable renewables
(VRES) integration studies have also required enhanced simulation and modeling tools.
The adaptation of unit commitment to a stochastic [6] and rolling framework, and the
inclusion of VRES forecasts [7] can provide an insight into how systems might operate
under high a variable generation penetration.

This paper aims to highlight the importance of flexibility assessment studies
alongside capacity adequacy studies being carried out during system planning. The
challenges facing the electricity networks for integrating high amount of renewable
energy are well reflected in the views of the energy stakeholders regarding priorities for
innovation technologies and this is also very well reflected in the R&D projects. To
sum up, the paper is identifying opportunities for future research and innovation
regarding the inherent flexibility of the electricity networks to host the electrification
‘wave’ of the following decades.
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2 The Need for Flexibility Assessment

Since the construction of a new generation facility has a multi-year lead time, tradi-
tional long-term planning is required to ensure the future reliability of power systems.
The Capacity Adequacy Forecast (CAF) has been assessing the capacity adequacy of
available supply resources to meet simulated demand scenarios. This annual exercise
provides an overview of the state-of-play across a ten-year time frame, carried out by
national TSOs for each country and ENTSOe for the European network [8]. Ten years
is usually the time frame during which policy makers, investors and market participants
make strategic decisions so as to allow the power system to deliver a targeted level of
adequacy. Such forecasting exercises focus on the likelihood of unusual events dis-
rupting supply. The results are derived from many simulations providing a probabilistic
interpretation of the likelihood of lack of supply. One such metric explored in the CAF
and covered here, is loss-of-load expectation (LOLE). Simply put, it is the average
number of hours per year in which it is statistically expected that there is not sufficient
power supply in the market to cover demand. Note that this is not translated in a
blackout as the analysis keeps security margin for unforeseen events near real time,
since it is a probabilistic assessment based on models.

Adequacy is not only related to the total amount of capacity being installed in the
system, but also to the ability of the installed capacity to adjust to the ever-increasing
dynamics of dispatch events in the system. The latter is defined as flexibility adequacy
and it becomes ever more important, mainly due to the increasing amount of variable
renewable energy present in the power system [1, 5]. Several flexibility services will be
required in order to ensure a smooth transition to high RES penetration, particularly:

– Ramping needs: With the high RES penetration, flexible resources will become
essential to meet the fast change of residual demand i.e. the steep upward ramp
created by the decline in solar output due to the sun setting when demand increases
in the evening.

– Balancing fast reserves: The increase of variable generation along with the forecast
error of wind and PV should be overcome with reserve deployment in order to
secure the supply. Modelling of balancing reserves in the CAF is performed

Fig. 1. Impacts of intermittent RES on different timescales of power system operation [3, 4].
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assuming that a fixed amount of supply is kept available at any time. Despite the
considerable improvements in forecasting variable power generation, for both wind
and solar, in practice, forecasting can never be perfectly accurate, with decreasing
forecast errors as real-time operation moment approaches. Thus, forecasts are very
likely to be updated hours ahead of real time, and the system will require fast
starting and controllable resources (interconnectors, demand side response, storage
and fast response generators). It is easy to imagine that the larger the ramps the
bigger the need for flexibility.

Recent studies in Europe and around the world confirm that flexibility is becoming
a crucial point for system adequacy. Flexibility services and products are growing in
importance and are progressively being integrated into the market. The ramping needs
already play a central role in US electricity markets and flexibility services are being
designed and implemented in European markets. This tendency towards flexibility
services is more than evident in the Research & Innovation efforts in Europe and US [2,
9, 10].

3 Flexibility Research and Innovation in the Horizon 2020
Context: The FLEXITRANSTORE Project

Identifying the aforementioned challenges for, several European R&D projects and
Innovation Actions have been working intensely on the issues of integrating renewable
energy technology into the electricity grids. Looking into the European and US projects
related with RES integration and flexibility issues, as these have been identified in [11],
interesting remarks may come out:

(a) Extensive applications of Distributed Energy Resources (DER) integration are
being developed and implemented in real life scenarios. They focus mostly on the
balancing and congestion challenges, voltage/frequency regulation and stability,
communications infrastructure, smart energy management, micro-generation and
distributed storage. There are very few applications studying market solutions for
integrating DER through providing flexibility services and remuneration
mechanisms.

(b) Among the various flexibility related EU projects, the distribution grids, local
electricity networks and microgrids have been very popular for technology
demonstrations. Large scale technology solutions in transmission networks have
been demonstrated in few European projects, focusing either on improving grid
assets efficiency and promoting HVDC technology (BESTPATHS), or on
developing simulation platforms on market, real time system operation or cross-
border trading (FUTUREFLOW, CROSSBOW). Flexibility assessment frame-
works for transmission networks, bridging technology innovations, system sim-
ulation methodology and market reforms proposals, have not been the main driver
in EU research programs so far.
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(c) Storage related European projects have been targeting mainly to the LV-MV level
i.e., battery storage in building blocks, residential thermal storage or local RES-
storage. Thus, the related flexibility services have been demonstrated at the dis-
tribution level with no clear plan for upscaling to the transmission system

(d) On the other side of the Atlantic, research and innovation projects in the US are
closely related to the new technologies developed by the power equipment
manufacturers. Selective products are chosen to be demonstrated in projects to
promote industrial innovation and focus greatly on developing new business
models and revenue streams. That is to say, while promoting grid operation
benefits for flexibility, the majority of projects depend greatly on the respective
business prospects.

(e) Energy storage plays a key role in the modernization of the US power grid [10].
Several storage projects with variable scales have been implemented in the US
electricity networks, while the US market regimes promote the provision and
remuneration of storage related grid services, such as frequency regulation, power
balancing, black start capability, smoothing, load shifting, ramp management,
energy price arbitrage. An example is the PJM RTO, which structures its fre-
quency regulation market so that energy storage is compensated for the speed and
accuracy it can provide to the system [9].

(f) These energy storage projects include a variety of RES-plus-storage applications.
Significant large scale projects of wind generation coordinated with battery
storage have been commissioned in the US, such as the Tehachapi project [12].
The wind-storage demonstrates the aforementioned services, as well as further
support in the respective area of Southern California with high wind capacity:
load shed deferral for increasing system reliability of supply, renewable-energy-
related transmission optimization, transmission congestion issues mitigation.

(g) Electric Power Research Institute (EPRI) has been developing a system flexibility
assessment tool InFLEXIon, currently version 3.0. This software tool was
developed in the context of a research program led by EPRI and can assist
planners in assessing operational flexibility of electric power systems, analysing
system requirements for supply-demand energy balancing, supporting long-term
generation and transmission planning [13].

(h) Additionally, the International Energy Association (IEA) has developed FAST
and FAST2 tools in the context of “The Grid Integration of Variable Renewables
(GIVAR)” undertaken by the IEA to address the critical question of how to
balance power systems featuring large shares of VRE. Several countries world-
wide were studied and significant results were presented in the respective reports
[14].

The aforementioned review was conducted in the context of an ongoing Innovation
Action Project FLEXITRANSTORE and the results of the survey are mapped in
Table 1. The project FLEXITRANSTORE has launched its activities in November
2017 and will focus on demonstrating transmission grid innovative technologies that
improve flexibility in the SEE power system area.

Grid scale storage at the HV/MV substations and respective efficient controllers
will be demonstrated for two different applications: TSO-DSO coordination, depicting
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Table 1. Flexibility related EU-funded projects and their topics of interest

Objectives/ 
Research Areas

R
en

ew
ab

le
 in

te
gr

at
io

n

E
ne

rg
y 

S
to

ra
ge

Fa
st

/F
le

xi
bl

e 
di

sp
at

ch
ab

le
 g

en
er

at
io

n

S
m

ar
t a

ss
et

 m
an

ag
em

en
t

Fl
ex

ib
le

 a
c 

tra
ns

m
is

si
on

 s
ys

te
m

s

D
em

an
d 

re
sp

on
se

N
ew

 g
rid

 in
fra

st
ru

ct
ur

e 
re

in
fo

rc
em

en
t

P
ow

er
 q

ua
lit

y

G
rid

 s
ta

bi
lit

y

C
ro

ss
 b

or
de

r i
nt

er
co

nn
ec

tio
ns

A
nc

illa
ry

 s
er

vi
ce

s 
re

m
un

er
at

io
n

W
ho

le
sa

le
 m

ar
ke

t

R
et

ai
l M

ar
ke

t /
pr

os
um

er

D
yn

am
ic

 p
ric

in
g

TS
O

/D
S

O
 c

oo
rd

in
at

io
n

M
ar

ke
t c

ou
pl

in
g

PR
O

JE
CT

 A
CR

O
N

YM

SMARTNET √ √ √ √ √
ELSA √ √ √ √ √
FLEX4GRID √ √ √
EMPOWER √ √ √ √
ENERGISE √ √
UPGRID √ √ √ √ √
MIGRATE √ √ √ √ √ √ √
TILOS √ √ √
TRIANGULUM √ √ √ √
SMARTER EMC2 √ √ √ √
IDE4L √ √ √ √ √ √ √ √
GRID+STORAGE √ √ √
VENTEEA √ √ √
NETFFICIENT √ √ √ √ √ √ √
NAIADES √ √
STORY √ √ √ √
FLEXMETER √ √ √ √ √ √
REALVALUE √ √ √ √
SENSIBLE √ √ √ √ √ √
P2P SMARTTEST √ √ √ √
STORE&GO √ √
NOBEL GRID √ √ √

BESTPATHS   √  √ √ √      √ 
INDUSTRE √    √  √ √ √ √  √ 
FLEXICIENCY     √   √ √ √   √ 
FUTUREFLOW  √   √  √ √  √    √ 
DAREED √    √ √  √      √ 
DISCERN √    √ √ √ √       
eBADGE   √   √ √ √       √ 
ANYPLACE √ √  √ √    √ √ √  
ELECTRA √    √  √ √  √   √ √ 
INSPIRE-GRID √     √        √ 
HYBRID-VPP4DSO √  √ √  √ √  √       
BESTRES √ √ √   √   √ √ √   √ 
INTEGRID √    √ √ √  √ √    
PROMOTION √   √  √ √ √      
EVOLVDSO √  √    √  √     √ √ √ 
INTERFLEX √ √  √  √       √    
GRID4EU √ √  √  √  √     √    
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demand side management flexibility potential and Wind-Storage configuration, pro-
moting ancillary services of a ‘near-dispatchable’ nature. Business models and market
platforms will be investigated and demonstrated respectively, and solutions will be
proposed, especially for demand side management flexibility. The benefits of these
projects will be related with flexibility adequacy studies in Greece, Bulgaria and
Cyprus. In Table 1, brief statistics show that most popular topics are new equipment on
the grid, demand response, RES integration, market coupling and grid stability.
However, Cross border cooperation and TSO-DSO coordination need further attention
by R&I community.

4 Stakeholders’ Opinion on Flexibility Challenges: Where
We Are Today and Future Prospects-Aspirations

In FLEXITRANSTORE, a questionnaire was launched to stakeholders asking their
opinion in various aspects of flexibility as well as their interest on the specific tech-
nology innovations promoted in this project. During an almost 3-month period, 47
answers were received across Europe and across sectors including network operators,
regulators and policy makers, market operators, ESCOs, aggregators, energy suppliers,
power producers, manufacturers and research community.

The first 7 questions of the questionnaire cover a variety of issues on power system
flexibility and electricity markets, giving the stakeholders the opportunity to express
their opinions and limitations they face in their national and pan-European electricity
sector. The answers provided excellent information on the current international tech-
nologies and assessment frameworks that are related with operational flexibility, and
identifying the key concerns and misperceptions of the term. All answers stressed the
importance of flexibility, beyond operational reliability, presenting examples of
inflexibility in technical level and market level, emphasizing on the gaps and needs for
flexibility assessment.

In the question 8, asking for the critical topics for the power system and electricity
markets in a short and long term time horizon, with a rate of relevance, where 1 = low
relevance and 5 = high relevance, the stakeholders had the chance to outline the power
system challenges in a qualitative way. The outcomes were averaged and sorted
accordingly in two separate diagrams shown side by side in Figs. 2 and 3. Furthermore,
the answers of value 4 or 5 (meaning high relevance) have been allocated to the critical
topics and the corresponding percentages are presented in Figs. 4 and 5.

According to stakeholders, highest priorities for the electricity networks in their
country are renewable energy integration, cross border interconnections, grid stability
in short and long term horizon. RES integration and cross border interconnections
answers could be also linked with the European targets. Moreover, in short term
horizon (up to 5 years) the wholesale markets and the ancillary services remuneration
(market–related) are highly prioritized as critical topics. In the long term horizon (more
than 5 years), energy storage and demand response are rising higher to the prioritization
list of critical topics, since they are currently considered rather immature in Europe.
Therefore, significant research and innovation are needed on these topics:
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Fig. 2. Average value of relevance, according to stakeholders, on critical topics related to
flexibility, in short (1–5 years) horizon.

Fig. 3. Average value of relevance, according to stakeholders, on critical topics related to
flexibility, in long (6–10 years) horizon.
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Fig. 4. Percentage of number with high relevance, according to stakeholders, over total answers
on critical topics related to flexibility, in short (1–5 years) horizon.

Fig. 5. Percentage of number with high relevance, according to stakeholders, over total answers
on critical topics related to flexibility, in long (6–10 years) horizon.
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(i) EU countries have already agreed on a new renewable energy target of at least
27% of final energy consumption in the EU as a whole by 2030 as part of the EU’s
energy and climate goals for 2030.

(ii) The October 2014 European Council called for interconnection of at least 10% of
installed electricity production in the Member States by 2020, endorsed the 15%
target by 2030 and underlined that they will be both attained via implementation
of Projects of Common Interest in energy infrastructure.

Moreover, in short term horizon (up to 5 years) the wholesale markets and the
ancillary services remuneration (market related) are highly prioritized as critical topics.
In the long term horizon (more than 5 years), energy storage and demand response are
rising higher to the prioritization list of critical topics, since they are currently con-
sidered rather immature in Europe.

5 Conclusions

Power systems will be called upon to host a wide share of RES generation, bringing the
flexibility assessment for needs and resources to the forefront. In the conclusions of the
questionnaire by FLEXITRANSTORE project, stakeholders are stressing greatly on
renewable integration and enhanced interconnections, while they are greatly interested
in energy storage and market incentives for investments and innovation. Wholesale
markets with flexibility services remuneration are also of great interest among stake-
holders. EU-funded project FLEXITRANSTORE is focusing on demonstrating smart
grid and market solutions for increasing transmission grid flexibility joining the efforts
of academics, technology providers, industry, market and networks operators.

Acknowledgment. This project has received funding from the European Union’s Horizon 2020
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Abstract. The introduction of the renewable energy sources in the electrical
network is something necessary in the ecological transition context. This inte-
gration forces the grid operators to change the way to generate electrical power
by favoring sustainable sources against traditional techniques. That means, adapt
the grid code to provide the same energy quality for the end-customer despite
the growing grid instability. Fast acting systems become more and more nec-
essary to stabilize the grid by limiting the frequency, power and voltage swings.
The integration of an electrochemical storage system at different connection
points of the network is a solution technically studied over the last decade. In
this article, the BESS will be connected inside a powerplant with a focus on the
hybridization of the sources. Services as the angular stability and the plant
voltage regulation are described however services concerning frequency regu-
lation or plant design improvement are not approached. The hybridization
concerns the synchronous machine, the associated excitation, the storage and the
control system. The expected benefits for the grid operators are the enhancement
of the flexibility, the robustness and the electrical quality towards a more and
more constraining grid instability.
Different services will be presented describing the integration concept, the

potential connections, the sizing or some operating profiles. These services will
concern the small-signal stability, the transient angular stability, the voltage
regulation and the voltage disturbances (flicker, harmonics…). A simulation has
been done with Matlab/SimulinkTM to show the benefits of the solution under
the technical requirement specification n°6 of the French grid operator.

Keywords: BESS � Thermal power plant � Angular stability � Voltage stability

1 Introduction

The market of electricity is today undergoing change due to the introduction of
renewable power sources. These integrations and environmental challenges result in
strong destabilization of the electricity grid. It can be noticed a loss of traditional
generation groups leading to an increasing active and reactive power variability. A way
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to fight against theses disturbances is to improve the flexibility of the network. This is
defined by Belgian TSO as “the capacity of the system to react towards un-predictable
and predictable grid changes while ensuring the security, the reliability and the effi-
ciency of it” [1]. A mix of flexible sources, as generation units (Combined Cycle Gas
Turbine, biomass, hydraulic, nuclear …), energy storage systems and a predictive
management of the demand at the Point of Connection (PoC) are necessary to ensure
the stability of the electricity network [2].

Many articles explain the benefits of BESS connected at different points of the grid
and whose profitability is demonstrated thanks to grid ancillary services [3–6].
Ancillary services being the technical capacity of the system to meet the optional or
mandatory requirements imposed by the TSO to flexibility sources in the grid code.
These requirements are related to the frequency, the voltage and the angular stability or
the grid restauration in case of failure (black start). The ancillary services provided by
the BESS have the disadvantage to have a limited time duration due to the limited
energy reservoir. Therefore, the historical way of generation like CCGT (Combined
Cycle Gas Turbine) or hydropower stations are mainly used to perform theses grid
services. These sources offer a continuous grid support despite their low reactivity due
to mechanical time constants.

A stable quality of service should be maintained, defined as the capacity to stay and
return at a stable operating point, with the ancillary services, which are retributed and
structured in 3 categories:

The angular stability: The synchronous generator is connected to the grid and rotate at
the synchronous speed due to an elastic torque created by the electrical values [2].
Some events could disturb this synchronization leading to a trip of the production units.
The angular stability is the capacity to be and stay connected to the grid. In other words,
to maintain the internal load angle of the machine within certain limits depending on
the active and reactive power. The de-synchronization, which is nothing more than a
loss of control of the internal angle, can be caused by severe load variations called
transient stability or small disturbances, called small-signal stability [7].
The voltage stability: The grid equipment is defined for one single voltage value, and
the variation outside the nominal operating range involves material destruction, early
ageing, additional losses, … This variation can be induced by the imbalance between
the power consumption and the power generation (like the frequency regulation) or
some changes of the network topology. To reduce the imbalance, a primary, secondary
and tertiary reserves are used [3].
The frequency stability: The frequency stability aim is to maintain the balance between
the power generation and the power demand, different control loops have been
implemented for this purpose. These regulators avoid, first, the frequency collapse
(frequency containment) then re-establish the frequency to its initial value (frequency
restoration), and finally restore manually the reserve (replacement reserve).

This document proposes an improvement of the grid flexibility by combining two
complementary sources of flexibility which are a thermal power plant (CCGT) and the
battery energy storage system. The powerplant reference chosen in the article does not
impact the way to use the BESS as long as the services focus on the angular and
voltage stability. Indeed, the equipment concerned by these functions are the
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synchronous machine and its excitation system, the storage system and the control
which are comparable for different powerplants. Only the single line diagram or the
PoC might be modified.

The hybridization of a BESS and a combined cycle power plant is not achieved yet.
Indeed, the West Burton power plant integrates a Li-ion storage system to provide
EFR. However, no software integration has been performed to hybridize the gas turbine
and the BESS. Another example can be the hybridization of an aero-derivative gas
turbine in Norwalk, California with a BESS by General Electric. The system can
provide frequency response, voltage support, spinning reserve and blackstart. In this
example, the power ratio between the BESS and the gas turbine is important (20%)
compared to our application in which the ratio will be less than 5%. The hybrid
solution presented in this paper proposes a complete control integration, a battery
optimization size and known services, but provided by both systems.

After a brief description of each system, services achievable by the hybridization
are explained in detailed with different topologies and control philosophies. Finally, a
hybrid service is simulated under the French grid codes rules.

2 Hybrid System

2.1 Combined Cycles Gas Turbine

The CCGTs are composed by a Gas Turbine (GT) associated with a Steam Turbine
(ST). The concept of this plant is to improve the overall Power Plant efficiency by using
the hot exhaust gas to boil water in a Heat Recovery Steam Generator producing steam
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to feed the ST. The electricity is produced with synchronous generators driven by the
turbine(s) shaft(s). One can approximate that, the power delivered by the ST is roughly
the half of whole GT (Fig. 1).

On the electrical side, the generator is directly connected to the grid by means of a
HV bus called the Insulated Phase Bus and the Generator Step-Up Transformer
(GSUT). All auxiliaries as pumps, motors, water tanks or inverters are fed via the Unit
Auxiliary Transformer (UAT) and the auxiliary buses (MV, LV or DC Bus) connected
to the HV.

2.2 Battery Energy Storage System

Concerning the electrochemical storage, the lithium technology is chosen for its high
cycling capacity and for its fast charge and discharge possibilities. To manage this
electrical flux, the BESS needs power electronics to drive, to convert and to regulate the
transferred energy. The other main elements of the storage device are the BMS (Battery
Management System), the MV/LV or HV/LV transformer depending of the point of
connection and the controllers which shall manage set-point signal, communication and
dispatch instruction interfaces for battery, converter and grid system.

The integration of a BESS into the CCGT in term of layout, connection and control
shall be designed carefully as it has an influence on plant equipment. Difficulties is
even worse when the BESS is added to an existing plant.

3 Angular and Voltage Stability Services

Depending on the point of connection of the BESS, the provided services are different.
A stand-alone BESS due to its location will improve either the distribution or trans-
mission grid whereas the PI-BESS will improve the distribution services and the plant
operability.

A non-exhaustive list of services is presented in a paper under acceptance, the
services discussed here focus only on the angular and voltage stability as shown in the
next table. Their aims are to enhance the operability of the generator by avoiding the
disconnection or by supporting the auxiliary bus (Table 1).

Table 1. Services concerning angular or voltage stability

Services names

QE1 Transient angular stability
QE2 Small-signal stability
QE3 Voltage regulation
QE4 Disturbances reduction
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3.1 QE1: Transient Angular Stability

The transient angular stability is a deviation of the internal load angle of the machine
due to a severe and temporary disturbance. Criteria considered is a voltage dip or a
sudden fall of the voltage greater than 10%. The consequence of the voltage dip is the
reduction of the resistant electrical torque. Without brake, the generator will accelerate
up to the default suppression threshold and then suddenly decelerate trying to stabilize
the rotational speed. Sudden accelerations of the generator shaft will increase the
internal load angle with the risk to desynchronize the synchronous machine from the
grid and force the generator to disconnect. In that case the synchronous torque between
the grid and the generator must be maintained by the excitation system by boosting or
damping the flux in the generator air-gap.

In case of a stator voltage dip, the PI-BESS can improve the angular stability by
providing or by absorbing an instantaneous additional reactive or active power. The
principle is the equal area criterion which aim is to have a “net-zero” energy balance [7].

The integration of such a control needs to operate in combination with the exci-
tation, without bringing power oscillation between the two different regulators. In the
case of new units, a centralized and common controller should be implemented to
manage both systems at the same time to propose better robustness of the whole
system. In the case of powerplant retrofits, the communication cannot be easily
implemented. The decentralized control, which aim is to maintain the global stabi-
lization by locally support the grid, will be the adequate solution to use. For instance,
General Electric has implemented decentralized control with an aeroderivative turbine
and a BESS in California.

In any case, the PI-BESS power supply will be limited by the converter size and a
voltage regulation loop must be implemented to support locally the generator and
increase the LVRT (Low Voltage Ride Through) compliance. The point of connection
will be either on the MV bus close to the UAT with limited power or on the HV bus to
obtain a better impact on the transient angular stability (Fig. 2).

Another way to integrate the PI-BESS, is to replace the excitation system by the
BESS, with DC/DC converter between the exciter and the battery. In that case, the
conventional excitation bridge (one way) is substituted by a bidirectional AC/DC
converter to charge and discharge the battery and an additional DC/DC converter to
provide the DC field current to the generator. This configuration could allow the
stabilization by providing at the same time, an over boost of the excitation and a
damping power with the inverter. This deep integration will contribute to have a better
response of the entire system but will force to change a lot of equipment and usage,
which cannot be easily provided on plant retrofit (Fig. 3).

[3] estimates a high-power BESS, around 10% of the generator nominal power to
get a significant impact on the distribution lines. However, a hybrid solution with a
capacity of 2% of the generator nominal power, for the 1st integration case (retrofit) is
impacting as shown in the last section. No study has been achieved for the second case.
The mechanism of valorization does not exist yet and the economic profitability for the
angular stability cannot be considered. It is the primary difficulty during a commercial
bid, to translate this technical benefit in economic value.
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3.2 QE2: Small-Signal Stability

Unlike the transient angular regulation, the small-signal stability must be insured
continuously and is induced by small oscillating instabilities (0.2 to 2 Hz) around the
operating point. These oscillations, apparent on the voltage, are normally smoothed by
the damping torque of the synchronous machine. [8] explains that the modern exci-
tation systems usually increase the synchronism torque (smoothing the severe distur-
bances) however it reduces the damping torque. In doing so, the machine is more
sensitive to small-signal disturbances. A supplementary control layer, called Power
System Stabilizer (PSS), is generally added to the Automatic Voltage Regulator
(AVR) to deal with the inter-area oscillations using a damping torque.

The damping torque can be produced, as explained in the previous section, with a
control loop of the excitation system (PSS) or with FACTS. The FACTS systems
(Flexible AC Transmission System) are used to improve the voltage quality on
transmission lines by providing only reactive power with power electronics devices.
Similarly, to the FACTS, the PSS loop could be implemented in the PI-BESS to
generate the appropriate power to smooth the rotor load angle oscillations.

The use of this service must be carefully adapted to the location. Indeed, a wrong
location can amplify the small signal disturbances. To avoid this, fast communications
between the excitation system and the storage system are justified. The power needed
for small signal disturbances is unknown. Especially if the PSS control loop is dis-
patched both in the excitation system and the BESS, which will highly complexify the
stability study.

As the service QE1, the storage system can be integrated either on the HV bus or
the MV bus depending the amount of the power transfer needed. Further study will be
driven to size the storage system and study the control stability. The benefit of the
solution cannot be remunerated but proposed for a better energy quality.

3.3 QE3: Voltage Regulation

As is it usually the case in the transmission grid, the voltage regulation is based only on
reactive power control for inductive load. The regulatorwill control the amount of reactive
power and the response time. In the case of PI-BESS, the reactive power is essentially
provided by the generator due to the power limitation of the converter characteristics. The
reactive power is produced with phase shift between the current and the voltage on AC
side. The battery energy used will only compensate the loss in the converter and globally
stay at the same state of charge (SoC). It is the reasonwhy the limiting factor for this service
is the maximum converter power and not the stored energy.

The battery will support the local MV area (i.e.: voltage dip caused by pump start)
or help the transient response of the synchronous machine by providing faster reactive
power (<100 ms). Indeed, the small power of the BESS compared to the synchronous
generator MVArs limits its effect on the generator stability. The PI-BESS can be used
as a boost to complement the excitation system, as shown Fig. 3. This topology will
bring better and faster control than the actual technology without problem of voltage
drop. The replacement of the actual robust and controlled excitation system by a new
system with battery is useless without merging battery services.
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[3] proposes a sizing method for the converter around few MVARs but it has to be
considered that the cost of the solution is not competitive compared to the passive
solutions (capacitors banks, tap changer, AVR in the synchronous machine) for dis-
tribution lines. In our case, the passive solutions are not relevant since the excitation
system itself is enough to solve this issue. The integrated asset will focus on all aspects
of the quality of energy by doing multiple services and not only QE3.

The used of the storage system and the way to connect and control it is like QE1–
QE2 services. In that case, the magnitude can be different depending on the wished
effect on the plant. Indeed, 20% of rated generator power is needed to impact the
overall plant but 2% is enough to support pump start on the MV bus.

The added value of this service is limited since the synchronous generator is
designed to provide or absorb an important volume of MVARs. However, the addi-
tional MVARs can be an extra-service without costing more during the sizing.

3.4 QE4: Disturbances Reduction

The stability of the electrical grid depends on the generation units, the transmission and
distribution operators and the consumers. Indeed, disturbances can be created at each
level of the grid. This energy quality is assessed with electrical factor such as the
voltage continuity (long or short power interruptions) and the quality of the voltage
(amplitude or frequency variation, distortions or unbalances). At local level, the gen-
eration assets help for the voltage continuity, but their main usage is to maintain the
quality of the grid according to the applicable grid code. In France, EN50160 and
IEC61000 are the standards which define criteria for normal operation conditions for
the voltage quality.

The disturbances which deteriorate the voltage quality are the flicker, the voltage
drops, the harmonics, the overvoltage and the voltage phases unbalances. The usual
methods (passive filters, AVR and PSS, capacitor banks, …) to compensate the dis-
turbances can be replaced by power electronics or in that case a BESS. For instance, in
the case of harmonic distortions the converter will be used as an active shunt com-
pensator injecting the adequate harmonic current. As every consumer on the grid, the
auxiliary bus has the duty to manage the quality of the voltage. With the connection on
the transport grid, the short circuit power is large enough to insure a good voltage
quality. However, on islanding mode (weak grid), the local installation needs to have
harmonic filters to provide the correct operation due to a small short circuit power. The
PI-BESS is a solution to regulate the power quality.

The benefit of this service cannot be directly financially estimated but needs to be
translated in an improvement of the grid operation (losses reduction) or a decrease in
grid quality financial penalties. An investment shift can be another benefit, using the
asset instead of installing passive solutions.

The BESS sizing depends on the point of connection and the level of disturbances
to damp, it will be in the order of few MVA for few minutes of use. This hybrid
solution can be used for blackstart service which is usually ensure with diesel generator
and harmonics filter. The challenge will be to size and control correctly the storage
system.
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4 Sizing and Benefit of the Solution

The benefit of such a system is difficult to understand and to evaluate without a
retribution from the TSO. The interest of the BESS support can come to the spotlight
with the increasing penetration of renewable energy, asking for more stringent Grid
Code requirement. To demonstrate the interest to implement this solution, a simulation
on the transient angular stability has been achieved demonstrating the technical benefit
of such a solution.

The French grid operator RTE imposes different technical requirement specification
which need to be respected by the installation connected on the transport grid (>50 kV)
[9]. The sixth specification concerns the dynamic voltage regulation and the transient
angular stability. After a robustness evaluation with margin calculation on different
operating points, a SMIB (Single Machine – Infinite Bus) model is tested for a variation
of 2% on the voltage set-point injected in the excitation system. This model needs to be
tested with two different values of the grid impedance and pass the compliance criteria
(response time, overshoot, …). The assessment of the excitation system had been
achieved under these conditions.

The model is built with the Simscape library on MATLAB-SIMULINK. The
synchronous machine, the three-Phase Transformer (Two Windings) and the Three-
Phase Series RLC Branch models are the Simscape models. A small-signal low-
frequency linear circuit model is implemented for the inverter. It models the average
behavior of the inverter and the control loops (Power, Current and DC Voltage) using
Concordia and Park transformation as explained in [3] (Fig. 54). The battery is sup-
posed as a constant voltage source due to the small simulation time (few seconds).
Finally, the excitation system is model by a ST4B presented in the IEEE 421.5. The
simulation is validated with the 6th specification of the French grid code.

Considering the overall controller philosophy, no control loop of it has been
considered in this paper. The reference of the storage system controller is immediately
the power variation measured on the generator shaft. The detailed design of the control
loop will follow in a further article.

The parameter use for the simulation are taken from a 2 � 1 7HA.02 powerplant of
General Electric loaded at 65%. The short circuit power is around 10 000 MVA with a
lagging power factor at 0.9 pu, a grid voltage at 95% and a generator voltage around
103% of the nominal value.

To prove the benefit of the PI-BESS, the behavior is checked without the storage
system, with active power control and with active and reactive power control. The test
consists of adding immediately 20 MVAr on the grid side. Without hybridization, the
generator voltage reaches 105% and the angle have 2 degrees of deviation. The power
control of the battery allows to smooth the transient variation of the angle. However,
the 6 MW deliver cannot change the voltage deviation. Using the battery with active
and reactive control, the variability of the electrical variables is damped. Indeed, the
angle deviation is only 1 degree and the generator voltage reaches 104%. The reactive
power profile is a step of 8MVAr absorb by the BESS.

These logical results prove an effect of the battery for the grid stabilization and
allow to estimate the active and reactive power involved. With an adequate control, this
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benefit can improve the size of the battery and help the plant operator to meet stringent
grid requirements (Fig. 4).

5 Conclusions

Enhancements of the grid voltage quality and angular stability with an integration of
BESS in a combined cycle are proposed in this article. These improvements concern
the transient angular stability, the small-signal stability, the local voltage regulation and
disturbances attenuation. The PI-BESS integration inside a power plant induce hard-
ware and software development which will be plant specific and will be fine-tuned to
avoid instability in case of large grid disturbances. As currently, there is no remu-
neration associated to the functionalities proposed by the article, we have decided to
perform the first set of study via computer modelling only considering the French grid
code specifications. Operation with and without PI-BESS has been shown. The first
simulation results allow to validate these concepts and to estimate the appropriate
capacity of the battery that would be needed to reach a significant impact on the
generator dynamic services.

Acknowledgment. This paper is part of the FLEXITRANSTORE project. This project has
received funding from the European Union’s Horizon 2020 research and innovation program
under grant agreement No. 77440.

Fig. 4. Synchronous generator load angle, HV bus voltage and battery power variation under a
20 MVAr load shedding
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1 Introduction

Power systems all over the world are facing significant changes by different drivers that
are changing the conditions of system operation. The significant increase of renewable
resources is one of these drivers [1]. Due to their intimate nature, they induce more
uncertainty to the grid, which needs more severe operation. The other game changer is
the evolving of modern distribution networks. These systems become more compli-
cated, regarding their new role in generation. Today, these grids can be known as key
infrastructures both in consumption and generation because of the large presence of
low and medium voltage connected distributed energy resources (DERs) and pro-
sumers such as electric vehicles and energy storage systems (ESSs) [2].

On the one hand, in order to cope with these changes, distribution and transmission
system operators (DSOs and TSOs) should incorporate different controllable equipment
(CE) into the grid [3]. Generation units, FACTS devices, phase shifting transformers
and ESSs are examples of these controllable resources. On the other hand, for guar-
anteeing the flexible operation of the grid, maintaining the system reliability and
exploiting the efficient use of sustainable energy, the development of advanced mon-
itoring solutions and control frameworks is necessary both for distribution and trans-
mission grids [4].

In [5], an active/reactive power control strategy for ESS is proposed that takes into
account the required profile of power for electrical grid by using local measurements.
The authors of [6] propose a hysteresis-based PI-state control scheme for solving the
problem of the limited fault ride-through capability of grid-connected DFIGs during
faults and disturbances. They use local measurements for controlling the converter,
which is connected to the ESS. The authors of [7] propose a novel parallel control for
modular ESSs through the comparative analysis of various conventional parallel types
of control by using local measurements for their proposed control scheme. Further-
more, in [8], the authors consider a distributed ESS-based control paradigm for
enhancement of the power systems transient stability. They use local measurements
(sensors) in a multi-agent control framework that includes both synchronous generators
and ESSs. Kiaei and Lotfifard propose a model predictive control (MPC) method to
improve the power systems transient stability by controlling the state of charge and
discharge of ESS installed throughout power systems by using local measurements [9].

In [10], the authors use ESS for the transmission grid congestion management. In
addition, they assess the effects of transmission congestion on the profitability of
arbitrage by ESS in the electricity markets. Authors of [6] propose a scalable wide area
coordinated control scheme by using distributed MPC on ESS to improve the rotor-
angle stability in cases of large disturbances of the power system. Furthermore, they
implement a local measurement system for the controllers of ESS in each area; how-
ever; the controllers are just able to perform coordinated control schemes. This coor-
dinated control scheme is based on data exchange links.

The presented monitoring structures for control of ESS in previous works have just
focused on a single control scheme; however; it is essential for grid scale ESSs to
participate in different power services to make them financially feasible [11]. Therefore,
this work takes advantage of wide area measurement system (WAMS) to present a
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configurable monitoring schemes for control of grid interactive ESS (GI-ESS). This
will empower GI-ESS to participate in different power services in flexibility market, as
well as, cover the drawbacks of decentralized, distributed and hierarchical control
architectures.

In this paper, GI-ESS is referred to a grid scale ESS that is installed at primary
substation. Therefore, it could be a representative for a single node in the well-known
concept of active distribution networks [12]. Regarding the position of active substa-
tions as the interface with the transmission and distribution grids, they can participate in
real-time operation enhancement of both girds. Overall, the main contributions of this
paper are described as follows:

1. This works presents a monitoring scheme for the control of GI-BESS based on the
synchrophasor measurements gathered by WAMS.

2. The provided situational awareness over the grid will enable the GI-BESS to par-
ticipate in different power services in the flexibility market.

3. A basic power damping oscillation (POD) function is presented as an instance for
power services that can be delivered by the GI-ESS.

The rest of this paper is organized as follows. Section 2 presents the main ideas
behind the work and the proposed WAMS-based monitoring system for GI-BESS. The
detailed design of the proposed monitoring system for POD function is illustrated in
Sect. 3. The simulation results are presented in Sect. 4, and finally, Sect. 5 concludes
the paper.

2 Synchrophasor Measurements Integration into Control

Monitoring systems are essential parts of every closed-loop control system. As it
discussed in [11], many works can be found that take advantage of synchrophasor
measurements into their control schemes; however; limited works can be found which
have focused on the architecture of the monitoring system.

2.1 Synchrophasor Measurement Technologies

Synchrophasor Measurement Technologies (SMT) and their applications are encour-
aging solutions for the monitoring of emerging power system [13]. SMT can provide a
wide range of real-time, online and offline applications such as stability assessment,
congestion management and model validation for all monitoring, protection and control
of the grid [14–16]. Generally, SMT includes phasor measurement units (PMUs),
WAMS, and their applications in power systems monitoring and control.

PMU is an advanced technology in terms of measurements in power systems. This
device is capable of gathering real-time measurement of voltage and current phasor
(magnitude and angle), as well as, frequency and rate of change of frequency in a time
synchronized manner. Precise time synchronized measurements characterized by GPS
time tags and hybrid frequency and phase estimation algorithms are the major aspects
that represent a substantial improvement in the concept of AC quantity measurement
and provide power system operators many useful applications. Today, operation and
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planning of large power systems are enabled by the use of operation infrastructure,
advanced measurement technology and information tools that WAMS provides. Typ-
ically, power system operators use WAMS as a standalone system. Therefore, these
days, WAMS defined as a complimentary monitoring system beside SCADA, which is
the conventional tool for power system operation and control.

For this purpose, the main function of WAMS is enhancing the real-time “situa-
tional awareness” of grid operator’s that is essential for safe and reliable operation of
the system. Furthermore, WAMS also supports post-event analysis for significant
disturbances that occurs in the system. It is expected that WAMS and SMT become
integrated into grids’ real-time control centres (CC) in the near future [17].

Unlike conventional monitoring systems such as SCADA, energy management
system (EMS) and substation monitoring system, SMT can be used in wide variety of
control schemes including communication-based (centralized, decentralized and dis-
tributed) and autonomous (or local) control schemes, as well as, any hybrid combi-
nation of these schemes. Figure 1 shows different monitoring systems regarding their
applications in control schemes and phenomena monitoring window. Regarding this
figure, it could be note that:

• SMT can detect phenomena within the range of milliseconds to some minutes;
however; there are modern PMUs that supports slow mode recording to detect
phenomena with much lower occurrence frequency.

• Local measurements, such as substation monitoring systems are designed to provide
measurements for local control loops. In addition, they can provide measurements
for protective relays in substations and log the switching events, as well as, faults
waveforms in the substation logging data centre.

• A typical RTU can gather and send electrical quantities such as voltage magnitude,
active and reactive power in range of 1 to 5 s. The SCADA system receives and

Fig. 1. Monitoring systems regarding time response and available control schemes.
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archives these values. In addition, visualization part of SCADA system provides
information about the status of the grid and its equipment for the operators in the
CC.

• Generally, EMS uses the data gathered by SCADA system and smart meters for
managing the energy production and consumption in the grid.

2.2 General Structure of SMT Integration into GI-ESS Control

In this paper, PMU and WAMS are taken into account as the local and wide area
sources of synchrophasor measurements in concept of SMT.

The results of measurements-based algorithms such as oscillation detection, online
transient stability assessment, online voltage stability assessment which can be
implemented in local PDCs within power substations or CCs [18] are the sources of
developed knowledge for SMT. This knowledge is extracted based on the syn-
chrophasor measurements collected by WAMS or any other hybrid source of data. This
integration provides situational awareness over the grid for the GI-ESS controller to
enable it participation in dynamic stability improvement.

General structure is presented for SMT integration into control of GI-ESS in Fig. 2.
This general structure shows how the local GI-ESS Controller can control the ESS
Converter within the active substation, and how it can receive data from different
monitoring systems to set the reference values for injecting/absorbing active and
reactive power of the ESS.

Regarding this general structure, different autonomous and communication-based
control schemes can be implemented for the GI-ESS controller [12]. In this general
structure, it is possible for GI-ESS to participate in inter-area interaction such as inter-
area oscillation damping because of the available communication link between different
Regional CCs.

Active substation 01

GI-ESS 
Controller

ESS 
Converter

Substation 
Monitoring SystemRTU PMU

Communication Network

PDC Active Substation 
n

CT, VT or 
Merging Unit

PMU

CT, VT or 
Merging Unit

Control Center (CC)

Super PDC SCADA/ EMS

RTU

Regional CC

Regional PDC

Fig. 2. General structure of SMT integration into GI-ESS control.
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2.3 Proposed WAMS-Based Solution for Monitoring System

Figure 3 shows the structure of WAMS-based solution for monitoring system.
Regardless of the implemented WAMS architecture (hierarchical, centralized or
hybrid), in the presented design, WAMS provides a historical database and a real-time
stream of synchrophasor measurements of whole system.

In Fig. 3, CTs and VTs provide suitable signals for PMU, then, the PMU sends the
synchrophasor measurements to the local PDC (if applicable) or Super PDC. Wide area
applications in CC or local synchrophasor measurement-based applications such as
oscillation detection and online transient stability assessment on local PDC provide the
knowledge over the grid status. This extracted knowledge over the grid is transmitted to
ESS local controller through the communication link.

The communication protocol between PMU, Local PDC (if applicable) and super
PDC is IEEE C37.118. It should be noted that, regarding the results of PMU placement
studies, PMUs are located on specific substations to make the voltage and current of
specific lines observable, consequently, there could be some substations in the area
(e.g. Substation M) without any installed PMUs.

ESS local controller can send the reference values for exchanging active and
reactive power to the ESS converter regarding the grid and ESS status. For instance, the
received knowledge over the grids identifies a local oscillation mode in the area of the
GI-BESS, which enables the controller of GI-BESS to calculate the exact amount of
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Fig. 3. WAMS-based solution for control.
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active power, which is needed to be injected for damping of that specific mode. If the
storage can provide that amount of active power, regarding the status of stored energy,
the GI-BESS can participate in flexibility market for this power service.

One of the outmost aspect of this design is the need for implementation of real-time
Ethernet protocol. The reason for this protocol selection is the need of deterministic
communication link implementation in the closed-loop control systems. Because of this
reason, it is essential to implement the real-time deterministic communication channel
between each active substation and CC.

In addition, strict time stamping of PMU data can be used in control algorithms to
suppress variations in communication channels for synchronization of local control
loop to (global) WAMS measurement.

3 WAMS-Based Power Oscillation Damping

Low frequency inter-area oscillations can limit the power transfer between areas of
power system [19]. Therefore, it is essential to increase the maximum power transfer
(PMax) between areas. Below, the structure of proposed controller for POD function is
discussed.

Based on [20, 21], the objective of the Control Lyapunov Function (CLF) is to
choose the value of a control variable in such a manner to make the output of the CLF
non-positive. This is to ensure the stability of the system.

In this study, the WAMS delivers system-wide frequency and voltage angle
measurements to the POD controller of the GI-BESS (di;xi). These values are directly
measured by phasor measurement units (PMUs) installed at generation substations of
the system and sent via communication to the regional/super phasor data concentrator
(PDC). Hence, it is essential to establish a communication link between PDC and the
GI-BESS. For generation plants with more than one generation unit, an equivalent
generation unit is assumed, therefore the i-index indicates the number of generation
plant.

It is essential to note that in this study and for the sake of simplicity, all the
communication links are assumed to be time deterministic without any possibility of
data collision and delay.

The control diagram which is depicted in Fig. 4 shows the control scheme of a
simple POD controller. The main idea behind this controller is taken from [21], which
has implemented an POD for SVC. In [21], the generations of the system are divided
into two critical and non-critical groups using coherency analysis, then, based on the
principles of generalized one-machine infinite bus (GOMIB) system, the dGOMIB and
xGOMIB are calculated for each sample of measured di and xi. These calculations are
done by wide area damping controller (WADC) as an application at the control center
of WAMS.
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The POD block uses CLF as a representative for energy function of the system to
mitigate the power oscillation by applying a change in the active power reference of the
BESS Converter, ΔPref.

The single machine equivalent (SIME) method from [21] is used to obtain the
proposed P-based control laws for the POD function, yielding

iq ¼ �kPODq � cosðdGOMIBÞ xGOMIB ð1Þ

id ¼ kPODd � sinðdGOMIBÞ xGOMIB ð2Þ

where, iq and id are q- and d-axis currents, kPODd and kPODq are time-varying tuneable
gains that should be tuned optimally for different operational scenarios, and dGOMIB and
xGOMIB are the angle and angular velocity of GOMIB. The xGOMIB and dGOMIB are
calculated as

xGOMIB ¼ ðRi2CmiÞ�1Ri2Cmixi � ðRi2NCmiÞ�1Rj2NCmjxj ð3Þ

dGOMIB ¼ ðRi2CmiÞ�1Ri2Cmidi � ðRi2NCmiÞ�1Rj2NCdjxj ð4Þ

Where subscript C indicates the machines inside the critical group and subscript NC
indicates the machines inside non-critical group in the concept of SIME.

Finally, the amount of reactive power to be exchanged by GI-BESS for POD
(PPOD = ΔPref) is calculated using PPOD = vq.iq + vd.id, which is added to the Pref

which is scheduled for the GI-BESS.

4 Simulation and Results

To validate the proposed controller, the IEEE 39-bus system is used. The grid is
implemented in DIgSILENT Power Factory and it is assumed this network comprises
three principle areas, where a 200 MW/200 MWh GI-BESS with an initial state of
charge (SoC) level of 50% is installed at Bus 14. The GI-BESS scheduled power is set
to inject active power to the grid.
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Wide-area Measurements
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Pref (Scheduled)
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Fig. 4. Proposed wide area controller scheme for POD functionality
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Regarding the installed capacity of this test system, the capacity of GI-BESS is
almost 1% of total installed capacity (16800 MW) which is an acceptable range for a
grid scale BESS.

In order to obtain good POD performance, it is necessary to find the optimal values
for kPODd and kPODq . In this paper, a hybrid optimization based on combination of DE

and L-BFGS-B optimization techniques is applied to find the optimal value for kPODd

and kPODq .
As, the main focus of this paper is on the measurement system, the formulation of

optimization problem is out of scope and will be discussed in future works. In addition,
in this paper and for the sake of simplicity, it is assumed that kPODd ¼ kPODq ¼ k. The
optimal value for k is 381.92.

It is essential to note that, the optimal value for k changes regarding the system’s
operation point. Therefore, it is recommended to update the gain value based on the
grid status. However, in this paper and for an instance of power service for GI-BESS,
just a single operation scenario is discussed.

In this operation scenario, the system undergoes a three-phase short-circuit event on
line 14–15 at t = 1 s, which is cleared after 100 ms, causing an inter-area oscillation on
the tie-lines 09–39 and 14–15.

As it depicted in Fig. 5, the FFT analysis of lines flow during the fault indicates the
frequency of this oscillation. The modes shapes of this system after modal analysis for
f = 0.645 Hz shows that two major groups of synchronous generators oscillate against
each other.

Figure 6 depicts the active power of Line 14–15, for three different cases: without
GI-BESS, with GI-BESS, and GI-BESS with the proposed controller. However,
installing a GI-BESS improves the POD, this figure clearly shows the excellent

Fig. 5. FFT analysis of active power for all lines of IEEE 39 bus test case system.
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performance of the proposed controller in regards to shaving the peak and increasing
the damping ratio of the system.

For making GI-BESS available to participate in both energy and power services, it
is important to assess the amount of stored energy, which could be injected to the grid
and the available capacity for absorbing energy from the grid. The SoC can be defined
as a good measure to find the effect of power oscillation damping enhancement as a
power service on regular energy services of the GI-BESS. Therefore, to assess the
effect of the proposed controller on the SoC level of the GI-BESS, a comparison is
presented in Fig. 7.

Clearly, the impact of the proposed controller on the SoC level is negligible. This
indicated that the GI-BESS was delivering the active power to the grid regarding the
dispatch and participating in power oscillation damping simultaneously.

Fig. 6. The active power oscillation of Line 14–15, without GI-BESS and with GI-BESS with
and without proposed POD controller.

Fig. 7. SoC level versus the GI-BESS active and reactive power exchange.
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5 Conclusion

This paper presents a practical scheme for integration of SMT into the control of GI-
ESS by delivering real-time situational awareness over the status of the grid. Fur-
thermore, a basic CFL based POD function is implemented as an instance to assess this
integration. This integration enables the GI-ESS to participate in both power and
energy services of flexibility market, simultaneously. The simulation results prove the
efficiency of the proposed monitoring system by showing the negligible impact the
participation in power services has on the SoC of the GI-BESS, as well as, the excellent
ability of GI-BESS to mitigate low frequency inter-area power oscillations.
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Abstract. FLEXITRANTORE as a HORIZON 2020 project aims to develop
an integrated platform for the next generation flexible electricity transmission
system. During the project the investigation and implementation of state-of-the-
art technologies will be realized, like storage systems, new market designs and
business models, Dynamic Line Rating (DLR) technology or de-icing
methodologies. The objective of FLEXITRANTORE’s WP7 work package is
to develop a DLR based anti-icing technology for transmission lines, therefore
make the grid more reliable [1].
The aim of this paper is to present the investigation of complex icing system

for transmission grid. The introduced investigation forms a two-level method,
which in the first stage gives a warning for system operators, when the envi-
ronmental factors are appropriate for ice formation on conductors. Then a
mathematical model forecasts the radius and mass of the expected ice-layer. The
second level of the system monitoring the ice-formation on the phase conductors
with line-monitoring sensors, thus the system operators get real information
about the line condition. The operation of the methodology is also investigated,
which are also presented through case studies.

Keywords: Flexitranstore � Overhead line � DLR � Ice prediction � Ice
detection

1 Introduction

An Integrated Platform for Increased FLEXIbility in smart TRANSmission grids with
STORage Entities and large penetration of Renewable Energy Sources (hereinafter
referred to as FLEXITRANSTORE) is a project supported by the European Union’s
Horizon 2020 research and innovation programme. The main purpose of FLEXI-
TRANSTORE is to improve the pan European transmission network to a high level of
flexibility with high interconnection levels [1].
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The aim of FLEXITRANSTORE’s Work Package 7 is to develop a de-icing
method for transmission lines based on Dynamic Line Rating (DLR) calculation pro-
cess. DLR is a weather-based calculation methodology for uprating transmission
capacity of existing power lines, thereby which can be used as lines with high tem-
perature conductors. DLR offers temperature tracking calculation of the wires for the
safety operation during extreme conditions, which can be reached as the result of
prediction of local thermal overloads. On the other hand, ice layer can be formatted on
the conductors in the winter extraordinary weather conditions, which should be also
handled. A complex ice prediction model under development on the basis of DLR’s
environmental monitoring function. In the first stage, one of the demonstration lines
was investigated based on the collected field data, which gives the principle of the
method [2, 3].

2 BME’s Ice Prediction Model

Besides the geometry of the conductor, local environmental conditions, such as rainfall,
ambient temperature, humidity, wind speed and direction, also play an important role in
the formation of ice layer on the surface of the conductors. These parameters determine
the structural properties of the resulting ice layer and thus its properties. Based on these
environmental factors, three types of ice can be distinguished, which can cause high
mechanical extra load to the conductors through high-adhesion and density. These
three ice types are wet snow, glaze and hard rime.

BME’s ice type determining system is established to predict the expected ice type
based on environmental parameters, on which based the ice layer diameter and extent
of extra mechanical load can be calculated according to the actual ice type. The
algorithm takes into account the ambient temperature, precipitation type and intensity,
relative humidity and also the temperature of the conductors in order to determine the
expected ice type. The results of the system can be the following: wet snow, mixture of
wet snow and glaze, glaze, mixture of glaze and hard rime, hard rime or ice formation
is not expected. Ice can only shape when conductor temperature below 2 °C, but due to
the uncertainty of the conductor temperature calculation model and the deviation of line
monitoring devices, this threshold value was set to 3 °C in the model, which appears as
a safety factor while it can be also increase the number of false alarms [4].

The structure of the ice layer deposited on the overhead line conductors largely
depends on the type of precipitation, which through several parameters - water
droplet/snowflake velocity and mass concentration, collision efficiency, adhesion fac-
tor, deposition factor - influences the forming ice layer. In this way, the ice layer will be
accreted differently for different types of ice, so the calculation of the thickness of the
resulting ice sleeve and the consideration of the extra mechanical load caused by it
should be calculated in different ways depending on the type of ice. BME’s ice
determining system use Lacavalla et al. model [5, 6] for wet snow calculation, Pytlak
et al. model [7] for glaze computation and Shao et al. model [8] for hard rime
estimation.

108 D. Szabó et al.



3 Ice Detection System of OTLM

3.1 Development of OTLM Line Monitoring Sensor

Severe ice storm was observed in Slovenia in 2014, which indicates the demand for
new safety measures during overhead lines operations. For this purpose, one of the
additional safety precautions was to inspect the overhead lines when received infor-
mation from national weather service that ice storm is possible in the given region.
Based on this forecast information the TSO should check if ice storm is affected the
overhead line or not. Unfortunately, some overhead lines are located high in the hills
and approach is nearly impossible in case of snowy winter time. These facts encourage
the manufacturer to build a camera into OTLM line monitoring sensor, which can be
used for monitoring overhead lines and to check the ice status on overhead line
conductors.

Beside the presence of the ice, operator can check what kind of ice is present - glaze
ice, wet snow, etc. In case of icing event system operator is able to heat the conductor,
then the critical point will be the tower. Thus, OTLM’s camera was turned towards the
tower to check the conductor and the tower at once. This feature enables the operator to
check the status of overhead lines in real-time without the presence of maintenance
personnel and act accordingly on the real status.

Fig. 1. OTLM line monitoring sensor

Icing Analysis of Kleče-Logatec Transmission Line 109



3.2 OTLM’s Ice Detection Function

This chapter presents the concept of the application and the relation between the
geometry and load parameters on the catenary curve when ice or heavy snow builds up.

Mathematical model has been developed for sag and horizontal force calculation.
The model includes installation conditions and conductor characteristics and determi-
nes the interdependence between conductor sag and horizontal force for actual con-
ductor temperatures based on mechanical and physical characteristics of the conductor,
conductor weight and sag size. Combining measurements of conductor geometry and
sag at several conductor temperatures with software are used for calibration of the sag
and angle function. Ensuring conformity is crucial for the implementation of the ICE-
ALARM function, since a continued growth of discrepancy between the measured and
calculated angle in ambient conditions is a sign of glaze ice on the conductor.

The parameters of the catenary curve at the temperature of the freezing rain rep-
resent the initial state of the activation of the ICE-ALARM computer algorithm. If
favorable conditions for the formation of ice appear during the continuous monitoring
of the conductor condition and condition on the route in the surroundings of the
meteorological station, then it is possible to estimate the amount of additional loading
and the ice thickness on the basis of the change in the angle of inclination and by
knowing the tension-deformation behavior of the conductor at increased loading.

Figure 2 shows the change in the angle in accordance with the model and the angle
measured by the inclinometer. White circles present actual average angles as a function
of average temperature of conductor measured in the time interval of 30 s. Red circles
presents the expected behavior of the conductor and/or a change in the angle due to the

Fig. 2. Change in an angle at the OTLM device position depending on temperature
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build-up of the ice on the conductor. The continuous red line represents the angle of
inclination depending on temperature according to the mathematical model. If an angle
significantly increases in the meteorologically favorable ice conditions and the tem-
perature inversion and if the calculated angle significantly differs from the angle
measured by inclinometer, the application informs the operator that ice has built up on
the conductor [9–11].

4 Two-Level Icing Model

Based on BME’s ice prediction model and OTLM’s ice detection function a two-level
model was established and under implementation for Kleče -Logatec transmission line.
In this way the ice accretion can be predicted based on weather forecast according to
BME’s ice type determining system co-operated with national weather service
(ARSO). The accreting ice layer can pose a threat if the sleeve radius exceeds 10 mm
or if the extra mechanical load caused by it exceeds 1 kg/m during the icing event.
Therefore, the threshold values for ice alarm settled to be according to these limitations.

Furthermore, if ice alarm was sent to the system operators, they can monitor the real
field conditions of the conductors with OTLM device, which can not only measure the
inclination of the monitored span, but also the conductors state can be observed with
the built-in camera. Therefore, the ice prediction model’s results can be compared with
the actual conditions, and the required intervention can be determined according to the
growth rate of the ice layer.

5 Case Studies

To illustrate the operation of the two-level icing model, some case studies are presented
here. Although, there was a “green winter”, which means there was no considerable
icing, only some snowing events occurred, nevertheless the operation of the model can
be showed through these snowing events. Case studies was made for Kleče-Logatec
110 kV single circuit transmission line equipped with 240/40 mm2 ACSR conductors.

5.1 20 November 2018

BME’s model predicted wet snow and glaze ice types based on weather forecast for
different grid points. The expected ice thickness was 5 to 6 mm for glaze and 10 to
14 mm for wet snow. Figure 3 shows the accretion of glaze ice depending on pre-
cipitation intensity.
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On the other hand, as Fig. 4 shows the image captured by OTLM device, there is a
slight ice layer can be seen on the bottom of the wire.

5.2 18 January 2019

A mixed type of ice from wet snow and glaze was anticipated according to BME’s ice
prediction model with a thickness between 9 to 12 mm for the different forecast grid
points. The expected ice formation is shown in Fig. 5.

Fig. 3. Glaze accretion according BME’s model - 20 November 2018

Fig. 4. Real state of a phase conductor - 20 November 2018
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The real field conditions are shown in Fig. 6, where a huge snow deposit can be
seen front of the camera, and a layer of ice on the tower.

5.3 Summary of Case Studies

The operation of the model was investigated in 2018–19 winter time, when only slight
ice formed on the conductors mostly form wet snow. BME’s ice prediction model
forecasted properly the ice formation, while the quantitative estimation should be fine-
tuned, when significant ice sleeves will occur. On the other hand, OTLM device offers
an appropriate solution for real-time monitoring of the conductors, which can be the
basis to the intervention for system operators.

Fig. 5. Glaze accretion according BME’s model - 18 January 2019

Fig. 6. Real state of a phase conductor - 18 January 2019
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6 Conclusion

According to FLEXITRANSTORE’s project this paper presented the development of a
two-level ice prediction and detection model for high voltage overhead lines. The first
level is a weather-based system, which aims to predict the possibility of different ice
types – wet snow, glaze, hard rime – accretion on conductors. The model is able to
calculate the radius of the ice sleeve and its mechanical extra load based on the
accreting ice layer’s type. On the second level a computer algorithm was developed for
re-calculation of the sag and tensile strains in the conductor. It takes into account the
actually measured form of the catenary curve of the conductor on the presented span at
the conductor temperature measured by OTLM. Based on the knowledge about the
change in the sag of the catenary curve and the tensile forces dependence on the
temperature of the conductor and monitored weather conditions, it is possible to
determine the moment of activation the ICE-ALARM application. Furthermore, OTLM
sensor is able to monitor the actual state of the conductors with its camera.

The essence of the two-level system is the prediction opportunity combined with
the real-time monitoring function. System operators get a forecast of the seriousness of
the icing event in this way, while the intervention can be made according to the danger
factor, therefore the number of unnecessary interventions can be reduced.
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