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Abstract—The notion of secure operation of power systems,
with its present semantic, dates back to the last decade. Since
then, tremendous research effort has investigated secure operation
of the power system. Nevertheless, operators are still faced with
security issues, with even larger uncertainty, however, caused by
the integration of renewable energy sources (RES). The system’s
ability to cope with the volatility of RES and load becomes a critical
issue in power system operation. This paper surveys the literature
on the concepts of power system flexibility, indices of flexibility and
implementation of the concept of flexibility in power system security.
The paper proceeds to review the origin of the reserve problem, the
meaning of reserve, its technical classification and related economical
aspects. The paper highlights the effect of renewables on these
aspects, and suggests new research directions.
Index Terms—Reserve, Flexibility, Security, Renewable Energy
System, Regulation, Load-Following, Contingency, Spinning, Survey,
Review.

I. N OMENCLATURE
Set Indices:
i
Generation units: i ∈ I = {1, . . . , I}
k
Contingency scenario. k ∈ K = {0, 1, . . . , K}
System Parameters:
C(·)
Cost function
Bk
The matrix of network susceptance in scenario (k). B changes
only when a contingency involves the failure of a transmission
line
k
H
Network flow sensitivity matrix in scenario (k) (Similar to J
Jacobian matrix)
pk
The probability of occurrence of scenario k
r
Vector of reserve §r is a system parameter in the case of implicit
security only
R
Vector of governor-droop for generation units
∆max {g, d} Vector of maximum ramping (up/down) capability of generation
or demand, respectively.
v
Value of lost load (VOLL)
Decision Variables:
d0 , dk{p,s,t} Vector of demand size in pre-contingency, or in each interval of
post-contingency scenario (k) operation
g 0 , g{kp,s,t} Vector of generation size in pre-contingency, or in each interval
of post-contingency scenario (k) operation
Lk
Vector of involuntary load shedding (decision variable)
u
Vector binary variables denoting whether a machine/unit is
committed (1) or not (0).
System Variables (Byproducts of the solution):
δk
Vector of bus angles in scenario (k)
fk
Vector of transmission line flow limits in scenario (k)
∆F
Post-contingency frequency deviation
µk
The dual variable for the constraint of nodal power balance for
scenario k
Subscripts:
(·){p,s,t} Denotes a vector or variable correlated with primary, secondary
or tertiary reserve
(·){g,d,r} Denotes a vector or variable correlated with generation demand,
or reserve
{min ,max }
(·) up ,dn Denotes a vector or variable correlated with max capacity, min
capacity, up reserve or down reserve.
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II. I NTRODUCTION

T

HE electricity sector is responsible for the largest share of
global carbon emissions [1], [2]. Renewable energy sources
(RES) are being integrated in the power system at a fast rate, pushed
by political pressure to subdue carbon emissions. RES differ largely
from conventional generation units. Thus, the growing penetration
of RES in the power system presses drastic changes on power
system operation. Three attributes compose the main difference
between RES and conventional generation [3]. They are:
1) RES production is strongly dependent on weather conditions,
therefore, it is highly unpredictable, and volatile [4]. At high
RES penetration levels, variations in RES output might have
serious ramifications [5]–[11]. One extreme example of this
problem is voltage collapse in a system with high penetration
of Photovoltaic (PV) generation, due to partial clouding [12].
2) RES has very low generation cost, and government subsidy
programs may also render this cost negative to private RES
owners. Thus, RES will probably be dispatched at their
maximum output.
3) Besides short-term fluctuations of RES output, RES exhibits
medium-term (daily, weekly) and long-term (seasonal)
variations.
Electronically interfaced RES reduce the system’s inertia, which
exacerbates the RES volatility problem [13], [14]. Work in
[15]–[18] highlights the need for sufficient resources characterized
by flexibility, i.e. fast response and spare generation capacity, to
tackle RES volatility. Flexibility in power systems denotes the
ability of the system components to adjust their operating point,
in timely and harmonized manner, to accommodate expected, as
well as unexpected, changes in system operating conditions [3].
According to this definition, flexibility is not exclusively needed
for load and RES variation, but also equipment contingencies. In
general, power system flexibility is a basic prerequisite for allowing
higher RES penetration [14], [19]. Moreover, contemporary power
systems become more decentralized and digitized adopting the
smart-grid concept [20], [21]. These factors call for revisiting the
way these systems are operated.
The literature is rich with studies on maintaining security in
systems with high penetration of RES. Several methods have
been published to determine the optimum reserve size and price,
as enumerated in this paper. However, the literature lacks a
comprehensive review and assessment of these methods. Moreover,
the literature also lacks a framework that reconciles the concepts
of flexibility and reserve. This paper aims to fill these voids. It
also highlights the direct effects of RES on the secure operation
requirements, in terms of flexibility and reserves.
Power system security is not limited to the performance of the
system in short-term, i.e. events taking place within the next few
minutes, hours or days, but also concerns the system’s aptitude in
the medium and long term. Meeting demand in the future means
that the seasonal variation of load and load growth are satisfied
by expanding the system’s generation capacity. It should be noted,
that the increase of RES penetration at the expense of more flexible
thermal units does not guarantee sufficient ramping capability in the
system. This review focuses on short-term security.
This paper is organized as follows. Section III familiarizes
the reader with power system flexibility indices, sources, and
optimization. Section IV discusses the effects of RES on power
system security and flexibility. Section V views power system
flexibility from the perspective of the electricity market, and
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addresses the economic challenges pertaining to flexibility. A smart
RES management strategy is proposed and explained in Section VI.

they suffer from limitations in the number of charge/discharge
cycles.

III. P OWER S YSTEM F LEXIBILITY

3) Dispatchable Distributed Generators (DG)
Distributed generation connected at the distribution level can have
fast or slow response to power mismatches, and thus, provide local
flexibility. The contribution of these units is comparable to the
contribution of DR programs, and can be incentivized in the same
way.

System operation is continuously faced with the challenge of
maintaining balance between generation and demand. This balance
is perturbed by three types of events of different time frames: rapid
random fluctuations, slow periodical fluctuations and rare abrupt
changes [22]. The variable production of RES combined with
fluctuations from the demand side results in a net-load profile of
high volatility. Flexibility is defined in [3], [23]–[26] as the system’s
ability to accommodate variation in net-load, by modulating the
feed-in or feed-out of power across the grid over time. Flexibility
requirements have historically been fulfilled by central generation
units [25], where the main sources of variation and uncertainty
were demand and equipment failures.
A. Sources of Flexibility
Besides central generation, several potential sources of flexibility
can be recognized at the distribution level [27]–[29]: Demand
response, energy storage, and distributed energy generators
providing ancillary services. Further sources of flexibility can be
provided by grid interconnections and combined-cycle units.
1) Demand Response (DR)
Demand response can be achieved by suitable tariffs aiming to
motivate customers to change their consumption patterns [30], [31].
This possibility involves both generation and demand in mitigating
demand-supply mismatch is the sole responsibility of the generation
side only. DR may involve few large industrial loads, or numerous
small consumers.
Different designs of DR programs have been proposed in the
literature, characterized by different objectives, load involvement
levels, and decision variables. A comprehensive review of DR
programs is provided in [30]. Regarding system security and
flexibility, small loads can respond faster than thermal conventional
units [28]. Industrial loads provide the greatest potential for
DR program applications, since they comprise the largest
consumers in the system. Thus, they are capable of providing
sizable curtailments. In addition, a large industrial complex may
commission its own generation units on-site, while also being
connected to the grid. DR Programs are likely to reduce the price of
electricity through reduction of transmission losses, and the price
of security [32].
It should be noted that the application of DR programs
as a flexibility source faces various challenges. Conventional
meters and non-variable billing policies are not adequate for
implementing time-varying tariffs. Smart meters, secure and
reliable communication infrastructure, and responsive loads must
be available before embarking on this enterprise [9]. Attractive
tariffs must be in place to compensate possible interruptions in
the production process of industrial entities. Practical obstacles of
implementation of demand response are presented by [33]. More
challenges facing the wide implementation of DR programs are
discussed in Section V-B.
2) Energy Storage Systems (ESS)
ESS add valuable flexibility to the power system. They allow
momentary mismatch between supply and demand, such that
this mismatch is resolved over time [28]. Pumped hydro energy
storage (PHES) still represents the highest amount of total
storage capacity worldwide [34], however, smaller ESS are
becoming more popular, too. These technologies include different
types of batteries storage (BESS), ultracapacitors, superconducting
inductors (SMES), flywheels and compressed air (CAES). A
comparison of ESS technologies in terms of nominal capacity
and discharge time is provided in [28], [34]. ESS that discharge
their full capacity rapidly (i.e: within few seconds) contribute to
flexibility in the system’s primary frequency response only.
Among the above technologies, significant effort has been placed
in improving capacity and capital costs of BESS. BESS have
zero or very-low minimum power output limit, short start up and
shutdown times, and no minimum up/down times [35]. However,

4) Grid Interconnection (GI)
Interconnection with neighboring grids enlarges the number of
flexibility sources available to all subsystems [7], [36]. It also opens
the door for electricity trade. Successful implementation requires
investments in transmission infrastructure and policy-making. A
grid extending over multiple time-zones, however, means that the
peak-load period for each time-zone occurs at different times.
Solar irradiance is also strongly connected to the time of the day.
Interconnection reserve is the term used in [37] to describe the
application of neighboring reserves to face wind volatility. The
problem of optimum grid interconnection is approached from a
security and robustness perspective in [38].
5) Multi-Mode Operation of Combined Cycle Units
Exhaust heat from thermal units can be recovered and concentrated
to drive a steam-turbine to generate more electricity. Complex units
are designed for this process, featuring much higher efficiency
than classical thermal units. The heat recovery process applies
extreme physical stress on the equipment in the downstream
cycles. Equipment that withstand such harsh conditions can not
be exposed to fast changes in physical stress [39]. Therefore,
these units have large start-up time, shut-down time, and very
poor ramping capability [39]. Forfeiting the exhaust-heat and
disabling the downstream process allow very short start-up time
and high ramping capability of the upstream cycle. However, these
combined-cycle units must be designed apriori to support this
function. Although they incur higher maintenance cost and reduced
lifetime, these disadvantages are weighed against potential benefits
of providing flexibility to optimum operation in [40], [41].
B. Flexibility in Technical Terms
Power system flexibility expressed by its components has been
defined in the pioneering work of Makarov et. al [11] This
abstract, yet effective, representation opens the door for quantitative
evaluation of flexibility in power systems. Accordingly, flexibility
is characterized by three indices: ramping limit (ρ), power capacity
(π) and energy capacity (). Each index is the time derivative of the
previous index, as described in Eq. (1). The indices are discussed
next:
Z Z
Z
ρ dt dt =
π dt = 
(1)
• Ramping Limit (ρ) is the maximum change a unit can
effect on its operating point in a certain time. This index is
a manifestation of the unit’s internal dynamics. For example,
a coal unit dispatched at its minimum power output Pmin ,
cannot adjust its output to the maximum limit within a short
period of time. Similarly, large industrial loads participating in
Demand-Response have a maximum ramping limit, dictated not
only by device dynamics, but also by production limitations.
• Power Capacity (π) refers to the minimum and maximum
power outputs of any generation source. This index is represented
by inequality constraints in the OPF problem.
• Energy Capacity () concerns the fuel or energy supply of
a power source. In Fig. 3a, supply of power is interrupted after
a period of time, due to depletion of energy supply. The fuel
supply for central generation units is usually secured for weeks
in advance, and can be considered virtually endless. Finite energy
capacity, however, constrains ESS and dispatchable DGs, such
as local diesel engines.
Some studies, such as [24], include ramp-duration as the third index
of flexibility, instead of energy capacity. Ramp-duration denotes the
time period that a unit can continue to change its output. In practice,
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this index is a realization of the power capacity limits and ramp rate.
Therefore, the original classification [11] is considered sufficient.
Flexibility provided by different sources is characterized by these
three indices. For example, large thermal generation units have slow
ramping rate compared to gas turbines. In contrast, battery bank
systems can change their output quickly, but are limited in their
energy and power capacities. Figures 1a and 1b demonstrate the
typical response for a number of sources of flexibility. The limits
of each device in light of the three indices of flexibility can be
inferred from their response. It is important to note that in the
case of DR, the actual response time and power magnitude depend
greatly on the type of device involved.
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system’s contingency response. Regulating reserve is also sensitive
to this attribute, however, to a lesser degree.
The response of a single small load is more random.
A profile of numerous small loads combining the response
characteristics of all its small contributors, can be represented
by a probability distribution function (PDF) which may exhibit
different characteristics and shape. For example, the response curve
of an aggregated load may be non-linear or even non-monotonically
increasing. In the case of residential loads, the response time
of intelligent devices depends greatly on the processing and
communication delays of the devices. In contrast, load curtailment
that requires human response has a response time which greatly
depends on human behavior. For example, commands to delay
the charging of an EV might be delayed, or even declined by
the EV owner. Understanding and tackling this phenomenon is
very important for the success of any load aggregator at providing
flexibility to the system.
The DR of large industrial loads has less uncertainty, however,
this also depends on the particular type of the industrial process.
However, an uncertainty component never seizes to exist in some
cases. For example, industrial load #1 in Fig. 1c responds almost
immediately to a request-for-curtailment, however, the rate of
reduction is small. This is typical for processes like chilling
compressors, electrolysis, mixing and assembly lines [43]. In
contrast, industrial load #2 is able to make large abrupt reductions
but only after a certain period of time. This is typical of industrial
processes such as crushing, grinding and milling [43]. Processes
based on variable speed drives (VSD) exhibit a cyclic consumption
profile as depicted in Fig. 2. In such case, the delay in response
to DR commands can not be determined exactly, however, it is
restricted within a range θ ∈ [0, τ ].
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Fig. 1: Flexibility indices for different sources of flexibility
C. A New Flexibility Index: Response-Time (θ)
Central generation units are equipped with control systems such
that they automatically respond to system contingencies, if they
are online. In this case, the three flexibility indices describe
sufficiently well the available flexibility in the power system.
Considering more decentralized sources of flexibility, e.g. DR,
different ramp-rates, and response times, can be noted, as shown
in Fig. 1c. The response-time is a critical factor in planning the

tcontingency

Fig. 2: Cycling load profile, typical of VSDs
In light of this discussion, we propose a fourth flexibility index,
the Response Time, denoted as (θ). This index is applicable mainly
to distributed units. The literature on flexibility and contingency
response, such as [9], [43], incorporate response time in their
classification of load types. However, no work has systematically
investigated its particular effect on the system behavior, and its
economical value at sufficient depth.
Calculating a monetary value for response-delay (θ) would help
Virtual Power Plants (VPP) and load aggregators, who provide
flexibility services, to manage better their profiles, and implement
more effective contracts. Consequently, VPPs and load aggregators
would receive clear and direct incentives to upgrade their response
profiles in the most effective manner. This will be the subject of
future publications by the authors.
Studies such as [30], [44], compare different DR programs, and
investigate the relevant suitability of each load category {industrial,
residential, commercial} for different DR designs. It is interesting
to investigate how the response-time/delay characteristic refines the
suitability of a certain type of load for a certain DR program.
This question has been addressed on a limited scale. For example,
thermostatically-controlled loads are considered the best candidates
for direct load control DR programs [29], [30], since their short
interruption does not cause any discomfort to the consumers.
Other types of loads are, yet, to be analyzed in terms of their
response-time.
An effective technique for extending DR controllability is
Conservation Voltage Reduction (CVR), where the supply voltage
is reduced, within limits, to reduce the power consumption of loads
[45]. Generators excitation control, and FACTs devices are fast
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Fig. 3: Graphical Representation of the Aspects of Flexibility
enough to implement CVR in a time-frame of ms. Power reductions
from CVR are in the range of 1%-2% of total load. CVR also
depends on the types of loads. For instance, fixed power loads
adjust their impedance to restore their original consumption level.
Thus, CVR, alone, is not a sufficient source for flexibility.
D. Visualization of Flexibility
The original three indices of flexibility can be represented
graphically [11], [23], as shown in Fig. 3. These indices reflect
the physical constraints of each flexibility source in the system.
Applications of this depiction are presented in several studies, such
as [23], [24]. Flexibility sources can change their operating points
within a finite range, to support the system in a contingency. This
range is bounded by the power capacity limits, and the ramping
rates. Fig. 3a demonstrates the response of a unit in a hypothetical
situation. The change in the unit’s output is limited by its ramping
±
rate (ρ±
max ) until it reaches its capacity limits (π ).
Fig. 3b depicts the bounds of the operating region of a
hypothetical unit operating in steady state at (P0 ), represented
by the origin. Moving from (P0 ) to point (a) requires a small
increase in power output at a high rate. An example of this is
the start of a small load. Alternatively, moving from point (P0 ) to
(b) requires a large but slow change in power output. An example
of this is the daily cyclic load variations. When the unit moves
to a new operating point, the flexibility region shifts such that the
new operating point is the new origin (0, 0). Hence, the dimensions
of the flexibility polytope are dependent on the present operating
point. New operating points can emerge in the first and third
quadrants only. For example, a new operating point in the second
quadrant requires reduction in the power output, with a positive
rate of change, which is meaningless.
The third index of flexibility, energy capacity () can be added
as a new dimension. In this graphical space, the flexibility polytope
will occupy only two of the eight octants of 3D space. For complex
systems consisting of different units, flexibility regions can be
consolidated to form the system’s overall flexibility region [23].
A contingency event can be described by the flexibility terms

(π ∗ , ρ∗ , ∗ ) required to mitigate it. The power system can safely
handle a contingency scenario if the system’s flexibility polytope
encloses the resulting operating point.
Dvorkin et. al [24] develop the mathematical model for
optimizing flexibility requirements. Maintaining a large flexibility
polytope requires substantial infrastructure investments and
high operation cost. The objective of optimization is, hence,
minimization of the volume of the flexibility polytope, which
encloses at least a certain number of points (contingency scenarios).
One of the shortcomings of the model proposed by [24] is the
assumption that the flexibility polytope takes the shape of a
right rectangular prism. Although this assumption simplifies the
calculation of the region’s volume, the polytope of flexibility for
a system with numerous different components may not even be a
convex shape.
The graphical representation of system flexibility inspires the
development of metrics to quantify this critical trait. Such
metrics would facilitate incorporating flexibility in operation and
optimization. Zhao et. al [26] classify metrics into deterministic and
stochastic. Deterministic metrics report crisp features of the system
such as: the amount of reserve available, whether or not the system
is secure against a predetermined set of plausible contingencies,
and well-being assessment [25]. Stochastic metrics of flexibility
report system’s flexibility in terms of statistical probability of
failure. Furthermore, Zhao et. al [26] and Lannoye et. al [47]
distinguish between flexibility metrics used for long-term planning
of system expansion, and flexibility metrics used for short-term
(daily operations) planning.
Evaluating a system by the worst contingency it can handle,
is neither simple nor accurate. The largest values of each of the
three indices (i.e: π, ρ, ε) may belong to different contingency
scenarios. One event is not representative of the system’s ability to
accommodate other plausible events. In contrast, different metrics
for system flexibility can be derived from the concept of the
polytope of flexibility, such as the volume of the polytope, the
vertices or the extreme points of the polytope, and the number
of contingency points the polytope encloses. In fact, the number
of enclosed points was used in [24]. The polytope of flexibility
maps the system’s flexibility and security status to mathematical
probability. This indirect mapping is valuable for comparing
different power systems, with different designs and structures.
Network design and transmission congestions will always be a
major constraint over contingency mitigation plans [48]–[50]. At
the same time, some units may have some power and ramping
capacity, however, this capacity is locked for accommodating
anticipated load changes in the next time period [51]. Because of
this, any metrics developed to evaluate specific flexibility aspects
should only be used to compare between different situations for the
same power system. For example, comparing the same system at
different time periods, with different loads and dispatch schedules.
Similarly, such metrics are useful, even necessary, for the purpose
of investigating different flexibility solutions.
The generation adequacy metric evaluates the total generation
capacity in the system, with disregard towards the deliverability
of this capacity [47]. One of the earliest metrics to quantify
deliverable flexibility, for long-term planning, is the insufficient
ramping-resource expectation (IRRE) [25]. Lannoye et. al [50]
reported the realizable flexibility (RF) of a system as the maximum
factor by which the existing loads around the grid can be scaled up
while also maintaining the system’s security against contingencies.
A case-study by the national renewable energy laboratory (NREL)
[27] evaluated the impact of flexibility on the system, via the
economic carrying capacity index (ECC). With the flexibility
sources in the system fixed, ECC is the RES penetration level
where it is not economically feasible to add any more RES to
the grid. At this point, the levelized cost of energy from RES is
equal to the present cost of electricity in the grid. The cost of
additional necessary flexibility would outweigh the benefit from
cheap RES energy. This index accounts for transmission limitations
by allowing RES to be integrated anywhere in the grid.
Alternatively, the authors in [26] propose a framework where
flexibility is measured in terms of four aspects: cost, uncertainty
level, time-horizon for acting, and the set of available actions.
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IV. P OWER S YSTEM R ESERVE
System flexibility depends on reserves, made available through
ancillary services (AS). AS are defined as the services which
support the grid and facilitate delivery of more energy [22].
Therefore, AS are essential for power system security. This section
reviews the definitions and classifications of reserves and outlines
the inherent effect of RES penetration on flexibility.
The concept of reserve is analyzed in [52] from the physical
and economic perspectives. Based on the conclusions of this work,
several studies have been performed aiming to investigate further
the concept of reserve. It is unfortunate that the nomenclatures
have not been standardized, and many terms are used in the
literature interchangeably [53], [54]. A common definition is the
accumulated capacity of resources that enable the implementation
of preventive and corrective security control actions. This definition
provides a false impression that reserve is used exclusively for
contingency events. This is caused by the nature of reserve services
and the fact that they are provided by the same units. We believe
that distinction should be established between services employed
in normal-conditions (regulating reserve), and services employed
in abnormal-conditions (contingency reserve). Hour-Ahead (HA)
adjustment, load-following (LF) and regulation are part of the daily
challenges in operating the power system in normal conditions.
Operating-reserve is required to accommodate deviation from
the Unit-Commitment (UC) schedule to cover load forecasting
inaccuracies. Plans to deploy them are set shortly before their
actual deployment. On the other hand, contingency-reserve is made
available as a pre-emptive security measure, in order to ensure
power system security.
An anticipated event, such as the solar eclipse of 2017 in
USA, allows ample time for planning mitigative actions and
availing the necessary flexibility [55]. NREL reports that this
event was accommodated, and did not pose any threat to the
grid. Alternatively, in the event of an unexpected contingency,
if the flexibility is not availed for the system beforehand, the
security of the power system will be in jeopardy. Without sufficient
flexibility resources, maintaining system’s security might impose
curtailment of RES output [27], such that the conventional units can
remain online (i.e: P > Pmin ) to provide the necessary flexibility.
Operating RES below their maximum rating is also known as
RES curtailment [13]. For example, 1,100GWh of wind energy,
worth between 110M$ and 240M$, was spilled in Spain in 2005
[53]. Another possible scenario is selling the energy surplus, from
conventional units and RES, at a negative price [3]. Concerns over
system security and flexibility motivated setting strict operating
limits for wind farms in [56], [57].
The following taxonomy for the different types of reserve is
proposed by [53]. The characteristics of both types of reserve
are loosely connected to the three indices of flexibility. This is
discussed in more detail, next.
Normal-Conditions: Rapid random and slow periodical
fluctuations are common, and do not take the system out
of its secure state. Generation capacity that is fast enough
to accommodate the deviation of load from the most
recent forecast (5-15 minutes ahead), in real-time, is termed
”Regulation”.
This type of reserve handles the first type of fluctuation.
Regulation is necessary to maintain grid frequency. Regulation
is usually provided by small and fast online units. The ability of
these units to respond quickly to demand fluctuations is ensured
by their controllers’ design, known as automatic generation
control (AGC). The deviation between the dispatch schedule
and the 5-15 minutes ahead forecast requires generation
capacity of larger magnitude, but a bigger time-frame for
response, compared to regulation reserve. This is known as
”Load following” reserve, and handles the second type of
fluctuations.
Load-following services, too, are provided by online but
slower units. This definition aligns with the taxonomy proposed
in this paper. The two types of reserve required in normal
conditions are better understood in light of the timeframes of
operations planning, demonstrated in Fig. 4.
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P(MW)

Regulation
Load Following (LF)
Hour Ajdustment (HA)

Actual generation
5-15 Minutes Forecast
Hour Ahead Forecast
Day Ahead Forecast
(Unit Commitment UC)

T(h)

Operating Hour
Fig. 4: Demonstration of Timeframes of Operation
Abnormal-Conditions: Rare abrupt perturbations of the
power balance jeopardize the grid’s security. Although these
contingencies are rare, they might have serious economic
implications on the system. For example, in U.K., they
amounted to 50% of total cost of ancillary services
in 2013-2014 [58]. Containment of these events requires
generation reserves with fast response and large capacity for
an extended period of time. These characteristics cannot be
provided by one type of device. Therefore, navigating the
system through a major contingency is a multi-stage process.
As soon as slow units become available, part of the generation
duty is shifted gradually from the fast units to the slow units.
Therefore, the time-intervals defining each type of reserve in
[22], [28], [59] are overlapping. This can also be observed
in Fig. 5 around the 5-minutes checkpoint. Regardless of this
overlap, the key aspect in this classification is the starting time
of a unit’s response, which is the time-period before a unit can
start contributing to the system’s collective efforts to contain a
major contingency. The response-time criterion is not equal to
the ramping rate limit.
Response time divides contingency reserve into classes:
spinning, and non-spinning reserve. Spinning reserve breaks
further down to primary and secondary reserve, while
non-spinning reserve breaks down to tertiary reserve and slow
reserve. Different classifications of contingency reserve are
presented in [28], [53].
Different time milestones are used by different ISOs to define
reserve requirements, illustrated in Fig. 5. The data in the figure
details the taxonomies of [9], [28], [60], [61]. The classification by
Ma et. al [9] is for reserve in a DR program.
The proposed classification of reserve is illustrated in Fig. 6.
Distinction is held between services deployed during normal
conditions and services deployed during contingencies.
A. Power System Operation & Planning
The security of the power system can be taken into account
during operational planning in two ways [62]. The mathematical
formulation of both methods is presented in Table I.
• Explicitly: In the first approach, each contingency is
explicitly represented in the optimization model, known as
the security-constrained optimal power flow (SCOPF). This
approach guarantees the availability and deliverability of reserve
during all time periods of the plan. The representation of
contingency scenarios can be implemented in a deterministic or
stochastic way. In the deterministic representation, the system
must remain stable for all plausible contingencies without load
shedding, therefore, deterministic methods are also referred to
as robust methods. Deterministic methods provide conservative
solutions, leaving little space for optimization and incurring
high energy costs [63], or renders the problem infeasible. On
the other hand, stochastic optimization weighs the cost of each
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contingency scenario by the probability of its occurrence.
Stochastic models tolerate the possibility of load shedding
below a certain level [15], and replace the constraint on
maximum load-shedding with penalties incorporated in the
objective function [63]. This also improves the convergence
speed of optimization algorithms. However, tuning the penalty
function is a challenging task, since improper choice of the
penalty weight may result in unnecessary load shedding [63].
It is fair to assume that the cost of load shedding is higher than
the cost of scheduling more reserve, within certain limits.
• Implicitly: In the second approach, the operation schedule for

each time period is planned for one scenario only representing
normal-conditions or pre-contingency scenario. Security against
contingencies is incorporated by adding a reserve constraint for
each time period [25], commonly referred to as the reserve
requirement. This constraint is satisfied by the sum of reserves
provided by each unit. Reserve requirements are decided ex-ante,
beforehand, and for each time-period separately [51], [64].
This secure planning approach is widely used due to its lower
complexity, and computational efficiency.
This approach ignores transmission bottlenecks in the
provision of reserves. [37], [65] demonstrate scenarios where
transmission system congestion limit large wind installations.
The choice of reserve requirement size has been a subject of
numerous studies, and will be discussed next.
B. Reserve Requirement
The high cost of reserves [15] impose the need for their
optimization. In the past, power system operators defined reserve
requirements heuristically [53], [66]. E.g. the available reserve
should be sufficient to replace the largest online generation unit [63]
whose outage is considered the worst (N-1) contingency scenario.
Another criterion was to set reserve as a fixed percentage of demand
[67]. An optimization formulation by [35] constrained the spinning
reserve to comprise more than half of total reserve. The regulation
reserve is also constrained to a minimum of 2% of total load size.
Reserve requirements of different ISOs are presented in [60].
The amount of reserve available in the system determines the
probability of load shedding, also known as loss of load probability
(LOLP). LOLP is used to calculate the statistical expected amount
of load shedding, denoted as expected energy not served (EENS).
The optimum reserve requirement can be determined by weighing
its cost against the cost of load shedding [53], [66]. The unit-cost
of load shedding depends on its socioeconomic consequences, as
obtained from ISO’s surveys [17]. This is known as the value of
lost load (VOLL), [68], or the interrupted energy assessment rates
(IEAR) [51].
The same concepts of LOLP, EENS, and VOLL are used in the
stochastic SCOPF formulation of [15], [63]. In [49], the relation

between the optimal reserve requirement and transmission line
congestions, wind fluctuations, load forecast error, and VOLL
are analyzed. In fact, reserve requirements depend on system
characteristics [69].
Fig. 7 illustrates the optimum reserve requirement as a function
of demand, assuming a fixed VOLL. In segment (a), online
generation units increase their actual output to meet the rising
demand. The remaining generation capacity (margin) in these units
decreases. It is not economically justified to bring new units online
to provide reserve, therefore, the optimum amount of reserve
reduces, and LOLP increases until EENS justifies the dispatch of
a new unit. This appears as a step increase in optimum reserve
size, depicted in segment (b). Finally, when the available amount
of reserve is not limited by the capacity limits, but by the ramping
constraints, the optimum amount of reserve remains flat while
demand size rises. This is depicted in segment (c).
1) RES Penetration and Contingency-Reserve Requirements
Large RES fluctuations that qualify as contingencies are rare events.
Therefore, RES do not increase the probability of contingency
events, but require more regulating reserve. This is discussed in
the next section.
Power system inertia depends on the online capacity of
rotating governor-based generators in the system. Integrating
more inverter-based RES, and consequently de-commiting thermal
generators, reduces the system’s inertia and increases the risks
of system insecurity. Such contingencies are not caused by RES
themselves, but the system’s ability to handle contingencies is
reduced when the available amount of contingency reserve is
reduced as well.
2) RES Penetration and Regulating-Reserve Requirements
The penetration of RES reduces the net-load seen by the system
and increases the volatility by combining load and intermittent
generation.. RES outputs have the greatest toll on regulating-reserve
requirements. Spectral analysis of wind speed variations was
carried out in [16]. A power spectral density (PSD) analysis of wind
speed profiles by [70] discloses that the output of a wind power
plant can drop by 0.05pu of the plant’s rating within 1 minute,
by 0.25pu of the plant’s rating within 10 minutes, and/or 0.3pu
of the plant’s rating within 30 minutes. However, these extreme
events occurred 2% of the time in an 11-months period. The
reported fluctuations are more probable when a wind power plant is
operated near its rating. Geographically concentrated wind power
plants exhibit more fluctuations, too. A diverse portfolio of RES
technologies features lower overall volatility, too [71], [72]
The effect of wind generation on regulating-reserve requirements
directly depends on its forecasting accuracy [17]. High forecasting
accuracy is realizable only for short-term forecasts (30minutes 5minutes ahead) [4]. Therefore, response decisions are made within
a very small window of opportunity, bounded by the available
regulation and load-following services.
When RES are integrated in the system, uncertainties are
consolidated either by convolving the probability distribution
functions of different sources, or finding the total standard deviation
of the combination of sources [73]. Therefore, setting reserve
requirements, with RES in the picture, becomes more complex. One
approach is to assign a fixed reserve requirement for all scenarios
of RES output. In this case, conservative RES forecasts will be
adopted as the benchmark for the reserve requirement calculation.
Alternatively, the reserve requirement can be defined dynamically,
as a function of the system’s operating condition and RES output.
This approach offers more economical and efficient use of system
resources; however, this approach is computationally intensive.
A number of heuristic rules are listed in [8], [17]. E.g. the
reserve must be large enough to cover 99.7% of the probability
distribution function (PDF) of wind variations [17]. In [74], [75],
decision trees (DTs) are applied for on-line setting of reserves for
ensuring dynamic security of islanded power systems with high
wind penetration. In [8], a comprehensive reserve management tool
is presented. The effect of reserve on the PDF which combines
RES output, load variations and equipment failures, is used to
determine the reserve requirements, given a predetermined level
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of risk tolerance.
In [36], it is pointed out that the control and physical
characteristics of some RES technologies support faster response
in comparison with conventional thermal units. This implies that
in this case, spinning reserve provided by RES can meet the
flexibility requirements. This scenario is only realizable at very
high penetration levels of RES, such that surplus in generation
exists. A number of studies, summarized in Table II, analyze the
effect of RES on regulating reserve requirements.
V. F LEXIBILITY E CONOMICS
A. Economic Value of Reserve
The exchange of products and payments in the electricity market
takes one of three forms. The first two forms are reviewed
thoroughly in [76]:
•Auctions: Each generator submits a number of offers, each offer
is for the supply of a fixed amount of power at a certain price.
The stack of offers which meet the demand at the lowest cost
is chosen. Generators with winning offers dispatch to supply
the amounts of electricity offered, and are remunerated at the
price of the last winning offer, called the marginal cost. This is
known as ”uniform pricing” [76]. Reserve requirements are not
calculated by solving the SCOPF problem with explicit models
of plausible contingencies, but are estimated to facilitate trading
reserve and flexibility in auctions. This model can not incorporate
transmission constraints.
•Integrated Model: Each generator submits a complex bid,
stating the generator’s marginal cost of production, start-up
& shutdown costs, and its minimum & maximum generation
capacity, etc. The system operators run a complex optimization
algorithm to find the cheapest generation schedule that fulfills
the demand requirements. The algorithm can be augmented with
the physical network model, to incorporate transmission limits.
•Bilateral agreements: Generators negotiate directly with large
load entities to arrive at a mutual agreement on prices and
quantities, without involvement of the ISO.

In the integrated-model, the cost of delivering electricity to
each node separately is calculated, thus, allowing targeted pricing.
Difference in the electricity price within one grid arise mainly due
to network congestions. In the OPF solution, the marginal price
of energy (λ) at a certain node (n), is the Lagrange multiplier, or
the dual variable of the power balance constraint. As discussed in
Section IV-A, the explicit approach for secure-operation planning
adds several constraints to the OPF model, to formulate the SCOPF
model. The difference of the marginal cost of electricity between
the SCOPF solution, and the OPF solution is always positive, and
can be perceived as the security cost.
An infinitesimal increase in the demand at node (n) in the SCOPF
problem perturbs the power-balance constraint of each scenario.
The effect of this demand increase is the sum of the Lagrange
multipliers of all the power-balance constraints for node (n). This is
perceived as the cost of the secure energy supply at this node [52],
[59]. Perturbing the size of either up or down reserve at one bus
changes the available amount of the other reserve type (down/up).
In other words, the available amounts of different reserves are
interlinked, and the Lagrange multipliers for up reserve, and down
reserve can not be perceived independently. Therefore, charging
separate prices for up and down reserve at the same node has little
meaning [52], [77]. For example, consider the system in Fig. 8.
Area 1 exports an amount of power (PA1→A2 ) to area 2 over two
transmission lines. The capacity of each transmission line is:
I
X

PT L(i) < PA1→A2

(2)

PT L(i) ≥ PA1→A2

(3)

The generation capacity in area 2 is sufficient to supply the loads
in area 2, but generators in area 1 are cheaper. Failure of one of the
transmission lines forces the generators in area 1 to reduce their
output, because the transmission capacity to Area 1 is reduced. At
the same time, the generators in area 2 must raise their output to
support the load in their area. This scenario affects significantly
the cost of operation, and the prices of electricity. This scenario
also features a large gap in the electricity price between the two
areas. Such a price gap should alert the system operators towards an
impending security crisis, and reserve shortage [50]. Private sources
of reserve lose an opportunity to sell their service, and make profit.
Such scenarios discourage potential investors in Area 1. At the same
time, generation units in Area 2 are faced with less competition,
and grow their influence over the market.
Using the economic interpretation of Lagrange multipliers, a
price for uncertainty is derived as the cost of immunizing the
system against uncertainty at node (n) [78]. These sources of
higher uncertainty should be motivated to upgrade their assets.
Analysis of the day ahead unit commitment model discloses that
the available ramping capability of some units exceeds the ramping
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TABLE I: Formulation of the Secure System Operation Problem
Objective Function
Deterministic Function:
The cost of operations before the contingency, including
reserve

min{𝐶𝑔 (𝑢, 𝑔) + 𝐶𝑟 (𝑟) − 𝐵(𝑑)}

Probabilistic Function:

𝐶𝑔 (𝑢, (𝑔 + ∆𝑔𝑡𝑘 )) −
min {𝐶𝑔 (𝑢, 𝑔) + 𝐶𝑟 (𝑟) − 𝐵(𝑑) + ∑ 𝑝𝑘 [
]}
𝐵(𝑑 + ∆𝑑𝑡𝑘 − 𝐿𝑘 ) + 𝑝𝑘 𝑣 𝑇 𝐿𝑘
𝑘=1

𝐾

The cost of operations before the contingency + weighted
cost of operation during contingency (including load
shedding)

Constraints
Power balance at each node (DC Power Flow), precontingency

𝑔0 − 𝑑 0 − Bδ0 = 0

(𝜇0 )

Units’ Static Capacity Constraints

𝑓 k,min ≤ 𝐻 𝑘 𝛿 𝑘 ≤ 𝑓 k,max
𝑑𝑖𝑎𝑔(𝑢)𝑔min ≤ 𝑑𝑖𝑎𝑔(𝑔) ≤ 𝑑𝑖𝑎𝑔(𝑢)𝑔max

Line flow capacity limits
Generation capacity limits

Units’ Dynamics Constraints
𝑘
𝑑𝑖𝑎𝑔(𝑢)𝑔k,min ≤ 𝑔{𝑝,𝑠,𝑡}
≤ 𝑑𝑖𝑎𝑔(𝑢)𝑔k,max

Generation limits during post-contingency intervals

𝑘
𝑑𝑖𝑎𝑔(𝑢)𝑑 k,min ≤ 𝑑{𝑝,𝑠,𝑡}
≤ 𝑑𝑖𝑎𝑔(𝑢)𝑑 k,max
Demand limits during post contingency intervals
Implicit Security: Sufficient Reserve §

Reserve Requirement: rrequired
is determined beforehand extrinsically

∑ min{𝜌up

up
, 𝑔max − 𝑔} ≥ 𝑟required

∑ max{𝜌dn

dn
, 𝑔 − 𝑔min } ≥ 𝑟required

Explicit Security: Robustness Against Plausible Contingencies
𝑘
𝑘
𝑘
Power balance at each node, each contingency
𝑔{⋅}
− 𝑑{⋅}
− 𝐵𝑘 𝛿{⋅}
= 0,
𝑑𝑖𝑎𝑔(𝑢)∆

Generation ramp limit

max,dn

g≤

∆max,dn d ≤

Demand side ramp limits
frequency nadir constraint, and governor droop.
(Primary period only)

g − g k{p,s,t}
d0 − dk{p,s,t}
0

𝑘
𝑔𝑖0 − 𝑔𝑖,𝑝
=−

∆𝐹 𝑘
,
𝑅𝑖

∀𝑘 = 1, . . , 𝐾
max,up

≤ 𝑑𝑖𝑎𝑔(𝑢)∆

𝑔

(𝜇𝑘 )
(𝜇 𝑢𝑝

, 𝜇𝑑𝑛 )

(𝜇 𝑢𝑝 , 𝜇𝑑𝑛 )

≤ ∆max,up d
𝑖 = 1, … , 𝐼; 𝑘 = 1, … , 𝐾

Dual Problem
𝑘

𝜆contingency =

𝜕𝐶
𝑢𝑝
= 𝜇𝑠 + 𝜇𝑠𝑑𝑛 + ∑(𝜇𝑝𝑘 + 𝜇𝑡𝑘 )
𝜕𝑆
𝑘=1
𝑘

Results of the dual or the KKT conditions
𝜆Electricity

𝜕𝐶
𝑢𝑝
=
= 𝜇0 + 𝜇𝑠 + 𝜇𝑠𝑑𝑛 + ∑(𝜇𝑝𝑘 + 𝜇𝑡𝑘 )
𝜕𝐸
⏟
𝑘=1
𝜆contingency

Area 1

PA1→ A2

Area 2

G1

G3

G2

G4

Fig. 8: Transmission Line Congestion & Reserve
requirements for meeting the hourly load variation. The value of
this ramping capability is greatly affected by its deliverability,
which is determined by the transmission network.
In the implicit approach of Section IV-A, the constraint for
reserve requirement is added in a single scenario. An infinitesimal
increase in the size of reserve-requirement causes the value of the
objective function to change by an amount equal to the Lagrange
multiplier of the reserve constraint. This can be perceived as the
marginal cost of reserve requirement. If the reserve constraint is
binding, an infiniteseimal change in the direction of the binding
reserve (demand increase vs. binding up-reserve constraint, demand
decrease vs. binding down-reserve constraint) renders the problem
infeasible. This situation has to be faced by the start-up of a new
generation unit. Bringing a new generation unit online changes the
whole dispatch schedule, if this unit has a non-zero minimum power
output Pmin , which reduces the price of reserve at the expense of
raising the price of energy.
An explicit representation of the flexibility indices can provide
operators with an explicit price for the binding flexibility index.

Units capable of providing this particular flexibility criterion should
be remunerated accordingly. For example, a demand response offer
to provide large but slow curtailments, has little value to the
grid when ramping rates are the binding flexibility index on this
node. Such directed pricing and remuneration is very effective in
motivating investors, and achieving the objectives of preserving
system security.
B. Market Design & Flexibility
Section IV-B demonstrates how reserve requirements are set.
Procurement of this reserve is still a subject of debate. Security
of the system is the responsibility of ISOs, who enact hard-rules to
avail the needed flexibility [54], [79]. The increased penetration of
Distributed Energy Resources (DER) connected at the distribution
networks have two direct effects on system flexibility. Primarily,
DER, mostly based on RES, displace the traditional sources of
flexibility, i.e. large thermal units connected at transmission level
and secondly, increase the flexibility requirements. The system
operators need to exploit all possible forms of flexibility in
including the one provided by DER in the form of distributed
generation, storage and demand response. The way the market is
organized to achieve DER contribution to flexibility varies among
various countries and is still an open discussion between TSOs
and DSOs. It is clear that the employment of very large number
of flexibility sources in the central market model faces many
practical difficulties and besides might cause constraint violations
and security issues on the distribution networks. Distribution system
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TABLE II: Survey of Impact of RES on Regulating Reserve Requirements
Persaud et. al
[5], [6]
Huber et. al [7]

Matos et. al [8]
Ma et. al [9]
Holttinen [10]
Makarov et. al
[11]

Wang et. al [14]
Holttinen [53]

Veda et. al [55]

•Wind energy requires increase in ramping capability by 4%-5%
•Wind energy reduces required total system capacity by 20% at peak-load time, and
43% at off-peak load.
Required ramping capability, as a percentage of total generation capacity is:
•30% for a single region
•22% for a European country
•11% for interconnected-Europe
Wind energy does not increase primary reserve requirement, but increases
Load-Following reserve requirement.
Contingency reserve is not linked to the RES penetration. RES require more
regulation reserve
At 10% wind penetration, required reserve rises by 1.5%-4%

Geographically dispersed plants
have less volatility. Required SR
depends on forecast accuracy
Study analyzes the European grid
only. The authors do not clarify
whether RES penetration is the same
for the three cases.
RES do not require additional
primary reserve, because RES
do not fluctuate at the
timeframe of primary reserve.

Study compares four scenarios:
Year 2006 without wind, year 2006 with 5% wind penetration, year 2010 without
wind, year 2010 with 12% wind penetration.
Results:
•2006: small increase in flexibility indices at 5% penetration
•2010: At 12% penetration, small increase in ramping requirements (ρ), huge rise
in both load-following and regulation requirements
Only above 25% penetration of RES, contingency events of severe under-frequency
become possible.
Wind variations are:
•Smaller than the largest contingency (outage of largest unit). Spinning-reserve
requirements are not affected by wind.
•Slower than demand variation, hence, they do not increase ramping requirements
or contingency reserves.
•Will affect ”non-event” reserve: Load-following and Regulation.
•The 2017 solar eclipse event was anticipated ahead of time, and due to the nature
of this event, the change in solar power output was smooth but fast.
•The greatest challenge to the system operators was securing enough ramping
capability to cope with the fast decrease in solar output.

Study is based on CAISO grid
model
Study
is
theoretical,
not based on actual operation
logs Persistence model used for
short-term forecasting of wind 1.5%
annual load growth between 2006
and 2010.
Study on whole European system.

operators (DSO) running local markets to satisfy TSO requirements
is another model which provides promising results [80]. The
participation of DSO in flexibility management and provision is
discussed in [54]. In any case, close collaboration between TSOs
and DSOs to exploit flexibility efficiently is indispensable for the
secure modern power systems.
In the implicit approach, we can distinguish two forms of trading
[59], [76].
•Sequential/Unbundled: Reserve services of different types and
quality are offered after clearing the energy-only market. This
type of trading adopts the auctions trade model. A review of the
US electricity market [76] points out that this approach exhibits
inefficiencies and problems. One of the drawbacks of this topology
is price-reversal [76], where low quality ancillary services are
priced higher than high-quality services.
•Bundled: In this approach, energy and ancillary services are
traded simultaneously. Adopting the auctions model requires prior
knowledge of the reserve-requirement. This model is widely
adopted in the US electricity sector [81].
In the explicit approach, the integrated trading model requires
co-optimizing energy and ancillary services, including flexibility.
This approach is deemed the most efficient and robust [3], [76]. Its
main drawback is the model’s complexity and long convergence
time.
It should be noted that the role of market design is key in making
the flexibility potential accessible, and easy to use [3], [27], [54],
[61], [76]. The design of a market for AS is not a trivial task
[66], made more complex by the existence of an energy market.
For example, although mitigation mechanisms of RES variability
are already established in various countries, economic incentives
for flexibility remain an open issue [3]. These following studies
recommend specific modifications in market design, and operators
practices:
1) More frequent dispatching of the power system units (shorter
operating periods) [3], [61]: Generators are often paid based
on their average output over the operating period (1 hour).
This practice does not reward units providing regulating
reserve for a highly volatile net-load. Shorter operating periods

Results from different studies
reported from six countries. Results
are NOT reported as reserve size
requirements, but as Risk of reserve
shortage.
Capacity of utility-scale PV plants
is well-known to system operators.
Urban installations of PV plants are
invisible to the system operators.

would also provide the operators with better RES forecasts.
Furthermore, King et. al [61] report that frequent dispatching
reduces the ramping requirement at the first place.
2) Upgrading the transmission network [27]: This eliminates
transmission congestions, reduces the cost of flexibility
and may even release some depressed flexibility potential.
European operators [54] indicated that customers might
be interested in providing funding for network expansion
projects, rather than enduring their own energy curtailment
due to network congestions.
3) Lowering the minimum power rating Pmin of combined-cycle
units [27]: This allows combined-cycle units to stay online,
and reduce the number of start-up and shutdown events.
4) Administrative price setting [3]: When the actual RES output
during system operation is very far from the forecasted output,
the system operator might need to raise the price of flexibility
to an artificially high value to motivate providers to cover
the possible flexibility deficit. Since the size and price of
flexibility is obtained as an output of an optimization process,
this practice is only justified in cases of unexpected high RES
variability.
5) Make-whole payment [3]: Compensate generators committed
(online) for the sole purpose of providing flexibility. The cost
of operating at this point might surpass the electricity price,
therefore, incurring financial losses. A compensation scheme
is discussed in [64].
6) Identifying distinct ancillary services, and trading them as
independent products [3], [79]. For example, trading primary
frequency response, and ramping capability . A framework is
proposed by [51] to evaluate and set the price for ramping
capability as a product in the AS market. A market design
specific for primary frequency response is also presented in
[81].
7) Profit-guarantee [3]: RES variability causes larger difference
between the generation schedules planned one day ahead or
one hour ahead, and the actual generation plan. The actual
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revenues might be lower than the anticipated revenue, because
of their commitment to providing down-reserve for example.
C. Implementation Obstacles
Concerns exist about the way flexibility is incorporated as a market
product, i.e. which actor is responsible for management of DER,
what policies should regulate and govern this interaction, the
efficiency and reliability of communication operated independently
or with distribution system operators (DSO) acting as mediators
[79], [82]. Tools and policies to regulate a swarm of DER have
already been proposed, albeit their efficacy and practicality need to
be proven in practice. The smart grid is inherently dependent on the
information and communication infrastructure, which raises serious
concerns over the cybersecurity and the security of the whole grid
operation.
Further concerns are addressed in [79], for grid-interconnection
as a potential provider of flexibility. These concerns include: special
versus standard metering equipment, strategies to attract investors,
rewards for entry and for long-term commitment, penalties for
non-compliance and premature termination of agreements, diversity
versus homogeneity of the devices providing flexibility, exclusion
of certain parties or devices from participation. Furthermore,
flexibility providers are likely to have a finite window of
availability, and a limited number of activations within a given
period of time (i.e: one week).
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provide other types of ancillary services, such as dynamic VAR
support, voltage regulation and power-factor correction. This risk
interval can be divided further based on the risk level tolerable by
each type of ancillary service. Finally, operating RES near their
maximum possible output is considered high risk, and unreliable.
The boundaries of the three main categories of risk (unreliable,
non-dispatchable and virtually-dispatchble) depend on factors such
as VOLL. A spare margin of RES output for reserve is an addition
to the sources of flexibility in Section III-A.
As mentioned in Section IV-B2, a diverse RES portfolio exhibits
lower volatility in comparison with the volatility of each individual
RES technology. At the same time, DR and ESS can augment such
a diverse RES portfolio to create a smart RES profile with lower
risk levels, as illustrated in Fig. 9. In fact, the groundwork for this
concept is laid in [71], where the optimum mix of different RES
types is found, and supplemented with optimally sized BESS. In
fact, a BESS whose energy capacity is 5% of the total RES mix
power rating is sufficient to reduce fluctuations enough to create
a virtually dispatchable source able to participate in the electricity
market. The statistical traits of RES output are analyzed, as well, to
create an envelope of RES forecasts with 90% confidence interval
rather than point estimates. Such statistical analysis would yield
less conservative and more efficient RES curtailment. This concept
can be extended further in a VPP which spans a large geographic
area such that scattered RES plants are installed, and a VPP which
features responsive loads (i.e. DR) as well.

VI. R ENEWABLE E NERGY M ANAGEMENT S YSTEM
Section IV-B2 demonstrated that operating RES at their maximum
output (determined solely by weather conditions) exposes the
system to high RES volatility. As RES penetration increases,
power system operators will be faced with a difficult choice
between power system’s security & reliability on one side, and
RES integration targets on the other side. Fast thermal units have
poor fuel efficiency, and high operating cost. Reliance on these
units to provide flexibility corresponds to high GHG emissions,
which annihilates the goal of RES integration at the first place.
The rise of operation cost and the consequent hike in energy prices
will question the RES operation philosophy. Several factors will
determine the optimum RES operation point (below maximum).
Some of these factors can be: volatility of a particular RES type,
location of RES unit with respect to the grid, grid structure, and
RES response speed.
The curtailed RES output is not necessarily wasted, but can be
treated as reserve. The works of [48], [83]–[86] suggest operating
wind stations below their maximum power point, such that this
spare-margin serves as virtual inertia [85], or as regulation reserve
against large forecast error. The curtailment margin can be set
to a fixed value (in MW) or as a percentage of the available
wind energy [87]. A fixed margin, whose size depends on the
total reserve requirements of the system, is spared from RES
output in [84]. The study shows significant cost savings and price
reduction from a 5% curtailment in wind energy. Alternatively,
a curtailment factor is optimized online in [86], and compared
with scenarios which were optimized offline. These operation
philosophies aim to provide regulation reserve. In contrast, primary
response contingency reserve is obtained from wind power plants
in [48], [87]. Due to wind volatility, the actual margin size over a
short time period is slightly lower than the planned margin size. The
authors in [48] treat only 90% of the margin width, as guaranteed
reserve. The authors in [87] declare the minimum size of this
margin, over a short period, as firm reserve. The analysis is based
on ex-ante data, thus, incorporating volatility but not uncertainty.
The results of the study show that planning a fixed margin size
is more efficient. Different types of RES in an islanded grid are
operated such that they provide down reserve, in [88].
The output range of a RES plant can be divided into three
intervals, according to the risk correlated with operating at this
interval. These intervals are: high risk, medium risk, and low risk.
In principle, as RES operate further below their maximum output,
the risk level is lower and the RES profile’s output can be perceived
as dispatchable. At medium risk levels, this power output can not
be taken for granted, however, it can be used to provide ancillary
services such as flexibility. Furthermore, inverter-based RES can

VII. C ONCLUSION
This paper reviews the concepts of power system reserve and
flexibility. The power system needs different types of reserves,
to accommodate the variety of challenges in its planning and
operation. These types of reserve come from various sources
characterized by their power capacity, ramping capacity and energy
capacity. Recent work has been done on optimizing system
flexibility. Little work has been done on trading ramping capability
independently. An additional index of flexibility is proposed in
this paper, for DR units, denoted as the response-time (θ). Two
questions are posed on this regard: What is the price of response
time in a certain scenario, and which DR design and load type are
best suited for contingency reserve.
The paper enumerates the different classifications, methods
and forms of flexibility. In fact, secure operation of the power
system can either explicitly incorporate the plausible contingency
scenarios, or require the availability of a lumpsum of reserve
in the system without guarantee towards deliverability. Explicit
representation automatically determines the sources of this reserve,
its deliverability, and its economic value. The explicit representation
model can either be solved deterministically, or stochastically.
Alternatively, if a fixed amount of reserve is required, this reserve
is obtained from the market traded jointly or independently from
energy. Consequently, the electricity market witnesses the exchange
of different competing products: energy and ancillary services.
Trading these products in order of their importance have been
shown to be inefficient and erroneous. This approach gives rise
to an accurate price for energy and security, as biproducts of the
SCOPF problem.
Focus this paper is in the impact of RES on power system
flexibility, attributed mainly to RES volatility. RES devices replace
large thermal generators and reduce the flexibility available at
the transmission level. This also reduces the system inertia.
The main impact of RES is higher requirement of regulating
reserve, specifically, load-following services. RES increase the
total generation capacity in the system, however, induces a
ramping-capability crisis.
While various methods have been proposed to optimize reserve
requirements, the most efficient use of flexibility resources
connected at distribution level remains an open issue. This
imposes several questions on the feasibility, practicality and
business-sustainability of such solutions. Determination of the
actual cost of flexibility from transmission side, distribution side,
and the optimal mix is an active area of research. Modification of
market mechanisms and ISO codes & standards appears necessary
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to exploit the full potential for flexibility provision.
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