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Abstract: The increasing integration of variable renewable energy sources (VRES) into modern
power systems presents significant challenges in ensuring operational flexibility, highlighting the
need for robust methodologies to evaluate and ensure system reliability. The Insufficient Ramping
Resource Expectation (IRRE) has emerged as a critical metric for quantifying the probability of
ramping deficiencies in power systems. However, its traditional application, designed primarily for
capacity-constrained systems, may not fully capture the operational dynamics of energy-
constrained systems, such as those dominated by hydropower generation. This study critically
reviews the IRRE methodology and proposes enhancements to incorporate additional constraints,
including seasonal and monthly hydrological variability and operational reserve requirements, to
better reflect the flexibility limitations in energy-constrained systems. A case study of the Brazilian
electricity system evaluates these modifications by comparing traditional and enhanced IRRE
results across varying scenarios, including higher VRES penetration. The findings reveal significant
increases in ramping insufficiencies when additional constraints are considered, particularly in
subsystems with constrained hydropower resources. By integrating more realistic and specific
operational constraints, this study advances IRRE's applicability as a planning tool and to guide
policy decisions, ensuring enhanced system reliability in the face of escalating renewable energy
integration specially into energy-constrained systems.

Keywords: power system flexibility; power system planning; variable renewable energy sources;
flexibility metrics; insufficient ramping resource expectation; energy-constrained systems;
renewable energy integration; operational constraints; renewable energy power systems

1. Introduction

The increasing penetration of variable generation sources, such as wind and solar photovoltaic,
has introduced new operational challenges to power systems worldwide. The variability nature of
these renewable energy sources requires a higher level of system flexibility to ensure that generation
can reliably meet demand.

There is a debate regarding the precise definition of flexibility across different sectors, including
the power sector [1]. In general, flexibility is understood as the adaptability of a system to respond to
changes, whether predicted or unpredicted, while maintaining satisfactory performance levels.
Although a universal definition of power system flexibility does not exist, this paper adopts the
widely accepted operational definition used in power system studies. Specifically, in the context of
power systems, flexibility refers to the system's ability to rapidly respond to changes in net load —the
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difference between total demand and available non-dispatchable generation—in a cost-efficient
manner [1-3].

Even though flexibility is often defined in a straightforward manner, it encompasses various
dimensions of power grid operation. These dimensions include the capacity for upward and
downward regulation, energy storage capabilities, start-up and shut-down durations, and minimum
required times for units to remain operational or offline. Additionally, flexibility covers power
ramping capacity and duration, that are influenced by both the system’s power capacity and ramping
capabilities. Each of these elements contributes to a better understanding of grid flexibility
management challenges [1,4].

The analysis of flexibility must also consider various timescales. In the long term, the balance
between supply and demand becomes uncertain due to the challenges in forecasting the expansion
of variable renewable energy sources (VRES), shifts in consumer behavior, economic growth, and
other factors. These uncertainties complicate long-term planning and necessitate a robust approach
to flexibility management [5].

In the medium term (encompassing annual, monthly, weekly, and daily timescales), power
system operators must manage cyclical fluctuations in net load, which is the difference between
demand and VRES generation. In the short term (intra-day operations), system management becomes
more complex due to uncertainties arising from unforeseen incidents and the inherent challenges in
accurately forecasting both demand and VRES generation. These operational constraints demand a
high level of flexibility to maintain system stability and reliability across different time horizons [5].

Traditional power system planning models have primarily focused on capacity adequacy
[14,21]. However, with the increasing penetration of VRES, it has become essential to complement
these analyses by evaluating system flexibility. In turn, integration studies have focused on
understanding how VRES impact the daily operation of power systems and identifying the required
network reinforcements by introducing production cost models. These models are effective in
assessing a system's capability to handle uncertainties related to net load forecast errors in the context
of short-term operational planning.

Despite those advances in short-term operational simulations, there remained a critical need to
evaluate system flexibility in the context of long-term planning. To address this gap, Lannoye et al.
[21] proposed the Insufficient Ramping Resource Expectation (IRRE), a metric designed to assess the
long-term flexibility adequacy of a system in the context of VRES expansion, analogous to how LOLE
measures the capacity adequacy of a power system.

The analysis of power system flexibility requires the definition of several key concepts. One
critical aspect is the flexibility requirement, which refers to the power system's need to adjust its
electricity supply to balance the net load demand within a given time interval. This requirement
reflects the system's capability to compensate for rapid and unpredictable variations in renewable
generation or consumption, thereby maintaining stability and reliability in power supply.
Consequently, the time series of net load changes is considered a flexibility requirement for the
system, as it represents the combined need for flexibility arising from both system load and variable
generation [12].

On the other hand, flexibility resources refer to the assets and mechanisms available in the power
system to meet flexibility requirements. These resources comprise a set of elements within the power
system, which may include: (i) Dispatchable conventional generators—these are the primary
providers of flexibility, consisting of units capable of rapidly adjusting their output, such as thermal
power plants and hydropower plants with reservoirs; (ii) Energy storage systems—technologies such
as batteries or pumped hydro storage that can store excess energy during periods of high renewable
generation and release it when needed; (iii) Demand response programs—initiatives that encourage
consumers to adjust their electricity consumption in response to price signals or system needs; (iv)
Interconnections and energy trade—the import and export of electricity between regions or countries
to address local deficits or surpluses; and (v) Distributed resources —smaller-scale generation and
storage units connected to the distribution network, which can contribute locally to system balancing
[14].
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The interaction between flexibility requirements, driven by the variability of net load, and the
available flexibility resources determines the capacity of a power system to operate efficiently and
securely, particularly in scenarios characterized by a high penetration of intermittent renewable
energy sources. Furthermore, the flexibility of a power system is inherently influenced by the
operational policies implemented by the system operator and is therefore contingent upon the
operational state of each generation resource.

A critical factor in flexibility analysis, distinct from traditional generation capacity planning, is
the consideration of the time horizon. Understanding system flexibility across various time horizons,
as permitted by the available data, is essential. The time horizon refers to the duration of net load
variations, which may range from 15 minutes to 1 hour or even 12 hours. Each observation, in turn,
corresponds to a singular data point within a time series, providing specific insights into system
behavior at that moment.

Another fundamental consideration in flexibility analysis is the direction of net load changes.
The magnitude and frequency of these changes, as well as the resources available to address upward
and downward adjustments, exhibit inherent asymmetries. For instance, resources operating at
maximum output can only contribute during periods of decreasing net load, whereas offline
resources may be brought online during periods of increasing net load. This directional distinction
underscores the complexity of balancing flexibility resources to maintain system reliability under
dynamic conditions.

This article thus proposes a critical review of the limitations of the traditional IRRE methodology
while suggesting enhancements to improve its precision and offer a more comprehensive
understanding of operational flexibility, particularly in scenarios of high VRES penetration. Thus, the
objective is to enhance the original IRRE to make it more able to contribute to the planning and
operation of power systems capable of meeting the challenges posed by the global energy transition.

2. Review of the Literature

A variety of measures can be employed to enhance grid flexibility, spanning physical,
regulatory, and market-based approaches. These strategies include expanding grid capacity and
cross-border interconnections, establishing cost-effective balancing and regulation markets, and
implementing demand-side response mechanisms. Additionally, increasing the share of flexible
generation capacity, diversifying renewable energy resources, and improving the forecasting and
modeling of natural fluctuations are crucial. Furthermore, the increased use of communication
technologies to share this critical information between grid operators and markets plays a significant
role in enhancing grid flexibility [1,6].

While defining flexibility is important, it is even more critical to quantify how much flexibility
the power system can currently provide and how much additional flexibility is needed. Evaluating
the supply of flexibility in electric power systems has become increasingly important with the rapid
growth of variable renewable energy. Studies such as Dumar et al. [7] emphasize that flexibility is
essential to managing the volatility of sources like wind and solar. Flexibility assessments are crucial
for determining how systems can respond to unexpected fluctuations in load and generation,
especially during peak demand or periods of low renewable output. Dumar et al. [7] highlighted that
in the Colombian context, hydro generation provides critical flexibility during high net load ramp
events, though challenges arise during periods of water scarcity [7].

A lack of sufficient flexibility in generation resources can jeopardize the economic efficiency of
system operations and potentially endanger overall reliability. For example, a shortage of baseload
cycling capacity arises when the net load —demand minus renewable generation—falls below the
minimum stable generation level of conventional units, leading to the curtailment of renewable
energy. Furthermore, integrating a high share of renewable energy into the system amplifies its
volatility, which directly impacts the net load profile and necessitates greater operational flexibility
[8,9].

The flexibility of a power system is often indirectly assessed by measuring the system’s degree
of inflexibility. Common indicators include system imbalances, frequency deviations, area control


https://doi.org/10.20944/preprints202502.0031.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0031.v1

errors, curtailments of renewable energy and load, as well as positive or negative market prices, price
volatility [10-12], market price violations, challenges in maintaining load-generation balance, area
balance breaches, and the reliance on interruptible load [5,13-15]. These parameters provide insight
into how effectively a system can respond to variations in supply and demand.

Historically, reliability indices such as Loss-of-Load Probability (LOLP) and Expected Unserved
Load (EUL) have been extensively employed to evaluate the reliability of power systems, primarily
focusing on the adequacy of generation capacity [9,16]. Drawing from these traditional reliability
metrics, numerous methods and indices have been developed to assess system flexibility. These
metrics assist power system planners in determining the current and future flexibility requirements,
providing essential insights for ensuring the system's ability to adapt to increasing variability and
uncertainty.

One of the metrics for assessing system flexibility is the flexibility chart, which categorizes all
physically available flexibility resources along with their reserve capacities, based on resource type.
When used in conjunction with the percentage of installed capacity of each generation technology
relative to peak demand, this chart provides a valuable snapshot of a system's overall flexibility
[11,17]. An enhanced version of this tool is the GIVAR III flexibility scoring framework, which
incorporates critical power system parameters such as generation capacity, fuel supply, potential
interconnections, power markets, and grid strength [10]. This framework evaluates system's
capability to integrate higher levels of renewable energy by measuring the maximum feasible
renewable energy penetration [17].

Additionally, the Normalized Flexibility Index (NFI) aims to calculate the flexibility of each
generation unit by considering the difference between its maximum and minimum capacities,
multiplied by the average ramp-up/down rate, and then divided by twice the maximum capacity
[18]. This approach enables the calculation of a total system flexibility index as a weighted average of
the flexibility scores of all individual generators, providing a comprehensive measure of system-wide
flexibility [18].

The Loss of Wind Estimation (LOWE) metric estimates the probability of wind curtailments
occurring over a year and is a valuable tool for assessing system flexibility. It can be particularly
useful for comparing the flexibility of two systems with similar levels of wind penetration or as an
indicator of the maximum permissible grid-connected wind generation [18]. Another operational
metric is the Lack Of Ramp Probability (LORP), which assesses the likelihood that dispatched
generators may lack the necessary ramping capabilities to manage fluctuations in net load. Both
upward and downward LORP calculations can be employed to offer a more comprehensive
evaluation of ramping capacity [17,19].

Besides the aforementioned methods, Lannoye et al. [20] proposed a set of metrics aimed at
identifying flexibility deficiencies in power systems, which include Periods of Flexibility Deficits,
Insufficient Ramping Resource Expectation (IRRE), and Expected Unserved Ramping [5]. Among
these, the IRRE has become particularly prominent as a metric for quantifying the risk of ramping
resource shortages in power systems.

The IRRE was developed to quantify the anticipated frequency of instances in which a power
system is unable to accommodate upward or downward net load ramps. This metric is determined
by calculating the cumulative density function of available ramping resources, enabling system
operators to pinpoint periods where ramping capacity may be insufficient. The IRRE has proven to
be an effective tool in evaluating flexibility, particularly in systems with high penetration of variable
VRES, offering valuable insights for both short-term operational planning and long-term system
adequacy.

In the study by Lannoye et al. [21], the IRRE was employed to evaluate the flexibility of power
systems with significant renewable integration. The results demonstrated the efficacy of the IRRE in
identifying vulnerabilities during periods of large net load ramps, showing that inadequate flexibility
planning could lead to costly emergency operations [14]. Similarly, Andrychowicz et al. [22]
examined the application of IRRE in European power systems, highlighting the increasing
importance of ramping capability as VRES penetration rises [22].
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Abdin et al. [23] used IRRE on assessing operational flexibility in power system planning,
especially as VRES penetration increases. The study suggests that metrics like IRRE are instrumental
in identifying periods of flexibility shortages, helping planners to optimize both investments and
operations. Liu et al. [24] used IRRE to highlight the importance of integrating flexibility metrics into
capacity planning for systems with high renewable energy penetration. Without considering
flexibility, power systems may face increased risks of unreliability, particularly during periods of
high variability in renewable output.

Papayiannis et al. [25] investigates the flexibility and cost assessment of the Greek power system
for the period between 2021 and 2025, with a focus on estimating reserve requirements. The use of
the IRRE metric indicated the time horizons with the highest risks for ramping insufficiency enabling
a more detailed assessment of the system's flexibility needs in the face of growing renewable
integration.

Bai et al. [3] analyzed flexibility in systems with different renewable penetration rates, proposing
the evaluation of “renewable energy flexibility confidence capacity,” a metric that incorporates the
variability of renewables with operational reliability. Their study showed that employing IRRE and
other indices can help optimize the integration of renewable energy without compromising system
stability [3].

Choubineh et al. [26] argue that generation expansion planning must incorporate flexibility
metrics like the IRRE to ensure that new infrastructure investments adequately account for
operational requirements in systems with high VRES penetration. Their findings indicate that
neglecting these requirements can lead to expansion plans that fall short of the actual demand for
flexibility, increasing operational costs and necessitating curtailment of renewable generation [26].

Inspired by IRRE, other flexibility indices have been proposed to address the limitations of
traditional ramping capacity assessments. Gusain et al. [27] introduced metrics such as the Expected
Unserved Flexible Energy (EUFE) and the Expected Flexibility Index (EFI), which provide a more
detailed view of the magnitude and duration of flexibility shortages in renewable-dominated systems
[27]. These metrics complement the IRRE, offering a broader understanding of available system
flexibility under different operational scenarios.

3. Materials and Methods

3.1. Rationale and Formal Definition of the Insufficient Ramping Resource Expectation

The Insufficient Ramping Resource Expectation (IRRE), as introduced by Lannoye et al. in 2012
[21], is defined as the expected number of observations during which a power system fails to meet
net load changes, whether those changes are anticipated or unanticipated. The methodology is built
upon principles similar to those of the Loss of Load Expectation (LOLE), but with a distinct focus.
Instead of modeling the distribution of unavailable generation capacity, the IRRE framework
develops a distribution of available flexibility resources for each direction and time horizon. This
adaptability has led to IRRE becoming a widely accepted metric for assessing flexibility in systems
with high VRES penetration, as demonstrated in various studies [24,25,28-32].

From the Available Flexibility Distribution (AFD), the probability of insufficient ramping
resources is evaluated for each observation across the relevant time horizons and ramping directions.
This probability is then aggregated to compute the overall IRRE metric. By extending the analysis
across all selected time horizons, the IRRE methodology offers a detailed perspective on a system's
capability to deploy its flexible resources effectively, ensuring its ability to respond to the variability
inherent in net load dynamics.

The methodology for calculating the IRRE is structured into 11 steps, which systematically
analyze the interaction between net load and available flexible resources.

Step 1is based on time series data for production, system load, and wind generation input. This
data forms the core elements for all subsequent calculations. A crucial component of the analysis
involves the time series of energy production and availability for each flexible resource. These time
series, which may be based on historical records or simulations, are essential for determining the
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flexibility limits in both upward and downward directions. Upward flexibility is constrained by the
difference between the current production level and the maximum rated capacity, while downward
flexibility is limited by the gap between the current output and the resource’s minimum stable
generation or offline state, assuming sufficient ramp duration to reach these operational boundaries.
Operational parameters, such as the maximum and minimum rated outputs, ramp rates (up and
down), start-up times, forced outage probabilities, and current production levels, are required to
assess the contribution of each resource to system flexibility.

In Step 2, specific time durations of interest, such as 1 hour, are selected to evaluate flexibility
requirements across multiple operational timeframes. The selection of ramping duration is guided
by various criteria, including the magnitude and frequency of ramping events observed within each
timeframe or the operational characteristics of prevalent generation technologies in the system. They
may also correspond to critical operational milestones, such as forecast update intervals, ensuring
that the analysis captures the dynamic interaction between system operations and ramping
requirements across meaningful temporal scales.

Step 3 involves the calculation of net load ramp time series, derived from the difference between
system load and variable renewable generation. This step quantifies the changes in net load over
time. Considering the time interval i, at observation f, the net load ramp (NLR) is defined
mathematically in Equation Error! Reference source not found.:

NLR;; = NL, — NL,_;
, @)
1<t<|NL|-i
where |NLI| represents the number of observations in the net load time series.

In Step 4, the net load ramp series is divided into positive and negative ramps, corresponding to
upward (NLRUP) and downward (NLRDN) changes in the net load. This separation is essential for
assessing the directional flexibility requirements of the system and can be calculated as presented in
Equations Error! Reference source not found. and Error! Reference source not found.:

NLRUP,; = NLR,; VNLR.; >0 )

NLRDN,; = NLR,; VNLR.; <0 )

Next, Step 5 identifies the production levels of each resource at the specific observations where
net load ramping occurs in the studied direction. These production levels are used to evaluate the
contribution of each resource to system flexibility. The dispatch levels are categorized by the direction
of net load ramps to accurately capture the relationship between available flexibility and ramping
requirements.

In Step 6, the available flexibility of each resource is calculated, considering its operational state
and constraints, such as ramping rates and capacity limits. Upward flexibility is limited by the
resource's maximum production capacity and constrained by factors such as ramp rates and stable
operating ranges, including maximum and minimum generation levels.

This way, it is possible to compare the maximum or minimum generation capacity of each power
plant in each period with its dispatched generation level (in MW). The difference between these
values is defined as the Ramping Reserve, expressed in MW/h. The Ramping Reserve can be classified
as either Upward Ramping Reserve (RRUP), calculated by subtracting the dispatched generation
from the plant’'s maximum generation capacity for each period, or Downward Ramping Reserve
(RRDN), obtained by subtracting the plant's minimum generation capacity from its dispatched
generation for each period.

Step 7 aggregates the available flexibility series from all resources to create a unified series
representing the system’s total available flexibility. The Total Upward Ramping Reserve (RRUP) is
determined by summing the individual Upward Ramping Reserves of all power plants i that
constitute to the system's flexibility resources, whether they are hydroelectric plants (RRHUP:),
thermoelectric plants (RRTUP;) or any other flexibility resource (RRxUP). This is mathematically
represented by Equation Error! Reference source not found. for Total Upward Ramping Reserve
(RRUP):
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n
RRUP = Z RRxUPi (4
i=1
where x refers to the type of resource and n represents the total number of plants in the system. This
calculation ensures a comprehensive assessment of the flexibility resources available for upward
ramping in the system.
Similarly, the Total Downward Ramping Reserve (RRDN) is determined by summing the
individual Downward Ramping Reserves of all power plants i and it is mathematically expressed in
Equation Error! Reference source not found.:

n
RRDN = Z RRxDNi (5)
i=1

In Step 8, the AFD is calculated, providing a statistical representation of the probabilistic
availability of flexible resources under varying system conditions. The AFD is derived from the
empirical discrete cumulative distribution function of the available flexibility, calculated from the
system's flexibility time series using the Kaplan-Meier estimator [33]. This method captures the
cumulative probability of different levels of flexibility being available within the system.

In Step 9, the AFD is compared to the net load ramps for each direction and duration, for
calculation of the insufficient ramping resource probability (IRRP). This step provides a probabilistic
assessment of how well the system's flexibility resources line up with its ramping requirements. The
IRRP is determined for each observation in the net load ramp time series, with calculations made
separately for upward and downward directions and across the selected durations. These
probabilities are based on the Ramp Balance, defined as the difference between the Ramping Reserve
and the Net Load Ramp for each period. The Ramp Balance for upward ramps (RBUP) and
downward ramps (RBDN) is calculated as represented in Equations Error! Reference source not
found. and Error! Reference source not found.:

RBUP = RRUP — NLRUP (6)

RBDN = RRDN — NLRDN (7)

This balance quantifies the available flexibility, indicating surplus or deficit at each observation,
enabling a detailed evaluation of the system's capacity to meet its ramping requirements under
varying conditions.

The IRRP values are aggregated in Step 10 by summing them across all observations, providing
a comprehensive assessment of ramping deficiencies for each duration and direction. This step
consolidates the probabilistic evaluation from previous analyses to form a clear picture of the
system's overall capacity to meet its ramping requirements under varying conditions.

Based on the Ramp Balance for each interval of the analyzed period, it is necessary to determine
whether there is a surplus or a deficiency in ramping capacity in a given interval. If a surplus exists,
a value of 0 is assigned to that interval; otherwise, a value of 1 is assigned. These assessments define
the Upward Ramping Deficiency Indicator (RDUP) and the Downward Ramping Deficiency
Indicator (RDDN), which can take on values of 0 or 1 for each hour within the period under
consideration.

As the 11% and final step in the IRRE methodology, the Upward Insufficient Ramping Resource
Expectation (IRREUP) and the Downward Insufficient Ramping Resource Expectation (IRREDN) are
calculated. These metrics represent the probability that the system is unable to meet the required
upward or downward ramping capacity, respectively, through any given period. The probabilities
are then summed across all hours to derive the IRREUP and IRREDN, which quantify the number of
observations where the system lacks enough flexibility, either upward or downward. The
dimensionless formulations for IRREUP and IRREDN are presented in Equations Error! Reference
source not found. and Error! Reference source not found., respectively.
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_1
IRREUP =~/ nT % 5 DRUP (8

_1
IRREDN = */NINT % S DRDN €

where: NINT represents the total number of intervals within the analysis period. For instance, for a
one-year hourly analysis, NINT is 8,760.

Finally, based on the definitions of IRREUP and IRREDN, the total IRRE metric can be
calculated. The total IRRE is also a dimensionless indicator, derived as the sum of these two partial
metrics. The formula for the total IRRE is expressed in Equation Error! Reference source not found.:

IRRE = IRREUP + IRREDN (10)

with the condition: 0 < IRRE <1.

This formulation provides a comprehensive measure of the system's inability to meet ramping
requirements in upward and downward directions, offering a clear and quantifiable metric for
evaluating system flexibility deficits.

3.2. Enhancing the IRRE Methodology: Addressing the Challenges of Energy-Constrained Power Systems

Energy-constrained power systems, such as those dominated by hydroelectric generation with
significant seasonal and operational constraints, differ fundamentally from capacity-constrained
systems, where the primary limitation is the instantaneous delivery of electrical power to meet
demand. These distinctions highlight the need to adapt the IRRE methodology when applied to
energy-constrained systems to capture their unique operational challenges and how they impact the
system's flexibility.

In capacity-constrained systems, the IRRE methodology effectively evaluates ramping
deficiencies by modeling the availability of flexible resources based on technical parameters such as
maximum and minimum generation capacities, ramping rates, and start-up times. These systems
generally assume that generation capacity is consistently available, with constraints arising mainly
from equipment, grid or market limitations. The probabilistic approach employed by IRRE aligns
well with the characteristics of capacity-constrained systems, addressing variability in net load ramps
and the instantaneous balance of supply and demand [21].

However, energy-constrained systems introduce complexities that the traditional IRRE
methodology does not fully address. In these systems, such as those dominated by hydroelectric
generation, constraints are not only defined by mechanical or ramping limits but also by the total
energy availability over time. Factors such as seasonal reservoir inflows, water management policies,
and environmental restrictions significantly impact the operational flexibility of hydroelectric plants.
For example, even with sufficient installed capacity to provide ramping, low inflows during dry
periods may limit energy availability, rendering these resources less effective in responding to net
load variability [21,34].

The traditional IRRE methodology assumes fixed maximum and minimum generation
capacities, which can lead to inaccuracies in energy-constrained systems. This approach risks
overestimating flexibility during periods of low hydrological availability or underestimating the
impact of energy constraints on ramping capabilities. As noted in flexibility studies [34],
incorporating variable constraints such as seasonal and monthly hydrological limits is essential for
accurately evaluating flexibility in energy-constrained systems.

To address these challenges, enhancements to the IRRE methodology should include the
integration of variable generation limits that account for temporal hydrological variations,
operational reserve requirements tailored to energy constraints, and consideration of energy-related
operational constraints. These improvements would enable the IRRE framework to reflect the
temporal and operational intricacies of energy-constrained systems, offering a more accurate and
actionable assessment of their flexibility needs and supporting effective planning and operational
strategies.
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Specifically, the proposed enhancements focus on incorporating dynamic maximum and
minimum generation limits for hydropower plants, adjusted to reflect seasonal and monthly
hydrological conditions. These adjustments aim to better capture the availability of flexibility
resources under real-world operational scenarios. Additionally, an operational constraint is
introduced to account for system reliability and unforeseen operational demands. Together, these
refinements allow for a more precise evaluation of the ramping capacity of hydropower plants, the
primary source of flexibility in energy-constrained systems.

Building on this premise, this study conducts a case study within the Brazilian power system,
which is a prime example of an energy-constrained system due to its reliance on hydroelectric
generation and the associated variability in energy availability. This study aims to evaluate whether
incorporating additional constraints, such as dynamic hydrological limits and reserve requirements,
significantly impacts the IRRE results and enhances the assessment of system flexibility conditions.
By testing these proposed methodological improvements in a real-world energy-constrained context,
the goal is to determine their relevance and effectiveness. The findings will provide valuable insights
into whether such enhancements should be systematically adopted for better-informed planning and
operational decisions in similar power systems.

3.3. Application of the Enhanced IRRE Methodology: Insights from the Brazilian Power System

Given the limitations identified in the previous subsection regarding the original IRRE
methodology, particularly in energy-constrained systems, it becomes evident that incorporating
additional restrictions is necessary to more accurately reflect the operational realities of power
systems. This study focuses on constraints that directly affect the availability of power plants to
provide the required flexibility on an hourly basis, specifically by introducing new maximum and
minimum generation limits adjusted to hydrological conditions and inflows across different periods,
as well as the consideration of a reserve margin for operational security.

The Brazilian Electricity System (SEB) offers a unique case for analysis, featuring an evolving
energy matrix with significant growth in VRES. Hydropower plants play a central role in the
Brazilian energy supply and, more notably, in providing the flexibility required to balance system
variability, largely due to their reservoir storage capacity, which enables the regulation of water flow
and the rapid adjustment of power generation to meet fluctuations in demand and variability in other
energy sources.

Due to the strong correlation between ramping capacity and hydropower generation, this study
considers only hydropower plants as flexibility resources. While thermal plants can provide
flexibility, this role in Brazil is predominantly performed by hydropower plants, justifying the
exclusion of other flexibility resources from the analysis [35].

Energy-constrained systems like the Brazilian grid face specific challenges that significantly
impact their ability to meet ramping requirements, influencing both system flexibility levels and IRRE
calculations. As the primary source of generation and flexibility, hydropower plants make the
Brazilian electricity system highly dependent on hydrological conditions. Variability in inflows,
driven by seasonal changes and climate effects, can limit water resource availability, thereby
compromising the system's response capacity.

Moreover, the cascading structure of Brazilian hydropower plants impose additional
operational restrictions. These plants must adhere to multi-use water policies, including human
consumption, irrigation, navigation, and environmental preservation, leading to specific hydraulic
constraints set by the National System Operator (ONS). These restrictions aim to balance diverse
water uses while ensuring the safe and efficient operation of the electricity grid.

Another critical element is the Operational Reserve Power Requirements (ORR), representing a
portion of generation capacity maintained as a safety margin by the ONS. This reserve, determined
through operational and regulatory decisions, is essential to preserve the quality and security of
electricity supply. The ORR ensures that a buffer of generation capacity is available to manage
contingencies and unexpected variations, thereby reinforcing the reliability and stability of the
Brazilian electricity system.
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Within this context, the study evaluates the impact on IRRE calculations by adding various
operational constraints, using historical hourly operational data from 2023. This year was chosen
because the use of historical data eliminates the need for future simulations and ensures a precise
representation of real system operations. Real data also implicitly incorporates the operational
constraints faced by the system during the analyzed period, as it reflects the centralized dispatch
managed by the ONS, resulting in outputs closely aligned with reality.

Error! Reference source not found. presents an overview of the applied methodology. The
analysis begins with the calculation of the original IRRE, without methodological alterations, serving
as the baseline case where no additional constraints are applied. In this scenario, the IRRE is
calculated as per its original formulation, following each of the steps outlined in subsection 2.1.

Table 1. Description of the methodological steps applied.

Methodology Step Description
Baseline scenario without additional constraints.
IRRE is calculated using its original methodology.

1. Original IRRE Calculation

Adjust maximum/minimum generation for
2. Seasonal Limits hydropower plants based on observed quarterly
hydrological data (2018-2023).
Apply maximum/minimum generation limits based
3. Monthly Limits on observed monthly data, reflecting detailed
conditions for each month.

Introduce a 5% generation restriction to reserve
capacity for unforeseen operational demands,
ensuring system reliability.

4. Operational Reserve Power
Requirements (ORR)

Analyze impacts of 30% and 100% increases in
5. VRES Expansion Scenarios variable renewable energy sources, reflecting future
expansion scenarios.

Subsequently, variations in maximum and minimum generation limits for each hydropower
plant and the inclusion of ORR are tested to better reflect the system's real conditions. Three main
variations are analyzed, as follows:

Seasonal limits: Maximum and minimum generation for each plant are adjusted to reflect their
observed values for each quarter encompassing the period between 2018 to 2023, accounting for
typical hydrological conditions and hydraulic restrictions of each season.

Monthly limits: Even stricter constraints are applied by using the maximum and minimum
observed monthly generation for each hydropower plant, providing a more detailed representation
of specific conditions for each month.

Operational Reserve Power Requirements (ORR): An additional 5% generation restriction is
applied, representing the capacity reserved by the ONS to ensure system security. This reserve
reduces the available generation capacity for providing ramping flexibility in response to the net load
curve.

Beyond these restrictions, the study also examines the impact of VRES expansion under
scenarios of 30% and 100% growth, projections aligned with expectations for the coming years in
Brazil. This analysis is justified by the current planning scenario, which does not foresee significant
increases in installed hydropower capacity but anticipates accelerated growth of VRES.
Consequently, existing hydropower plants are expected to remain the primary providers of flexibility
to address the operational complexity arising from the expansion of renewables.

Methodologically, VRES expansion is incorporated into the IRRE calculation as a direct shift in
the net load observed in 2023, accentuating the positive and negative ramping requirements in system
operations. For these renewable expansion scenarios, the IRRE is analyzed with the combination of
adjusted monthly limits and ORR considerations. This approach aims to evaluate how hydropower
plants would respond to the additional flexibility demands imposed by increased VRES penetration.
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The analysis is conducted separately for each Brazilian subsystem (North, South, Northeast, and
Southeast/Central-West), allowing for a detailed assessment of regional characteristics and isolating
the effects of interconnections between subsystems. While transmission capacity between subsystems
is a relevant factor that could impose additional constraints, this aspect is not addressed in the present
study but is highlighted as a potential avenue for future research.

With this approach, the study seeks to demonstrate how incorporating more realistic restrictions
into the IRRE methodology can provide a more accurate assessment of system flexibility, offering
valuable insights for planning and operating energy-constrained power systems in a context of
growing penetration of variable renewable energy sources. The results of these analyses are
presented and discussed in the following section.

4. Results and Discussion

The application of IRRE was carried out separately for each of the Brazilian power subsystems.
This approach facilitates evaluation since it isolates aspects related to the transmission capacity
between subsystems, making it possible to understand how each subsystem characteristics might be
impacting results. At the same time, it is a conservative analysis because it is not considering the
possibility of subsystems interconnections to provide rampability.

Error! Reference source not found. shows the hourly supply and demand of negative and
positive ramps by subsystem for the baseline scenario. The demand by ramp is defined based on the
hourly net load variation, while the offer is associated with the reserve of ramp that hydropower
plants can provide based on its minimum and maximum capacity and considering the generation
output in the previous hour.

By evaluating Error! Reference source not found. it is possible to observe that Southeast (SE)
and North (N) subsystem are more relaxed in terms of positive and negative ramp supply; there is
no insufficiency of ramp in the first of them; in the second, ramp deficit is observed in 0.02% of the
year. In the South and Northeast subsystem, the ramp supply is more constrained. There are a few
more moments where demand by ramp (positive and negative) cannot be attended by hydropower
plants margin capacity. It happens 15 times in the Northeast, all of them related to negative ramps,
and in the South the ramp deficit occurs in 19 hours of 2023.

These occurrences are observed considering the original IRRE methodology, with no additional
constraint. This work aims to explore how and whether further restrictions could impact the IRRE
analysis, since, by adding more system aspects, it is possible to obtain a more accurate outcome from
the applied indices, especially for power systems that increasingly need more flexibility due to higher
penetration of variable renewable sources.

In that sense, the work proposal is to have a better representation of the ramp supply capability
provided by hydropower plants, the generation technology considered in the case study, that can
only dispatch its full capacity if there is enough water in the reservoirs.
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Figure 1. Hourly supply and demand of negative and positive ramps by subsystem for the baseline
scenario.

The water availability depends on the natural inflows and on reservoirs operating strategies.
The first of these follows seasonal or monthly trends that influence precipitations values and
consequently inflow amount. The second is associated with the system’s operator decisions which
are related to several operational constraints.

To reproduce the hydropower generation capacity considering the above variables, two
elements were added to the original IRRE analysis: a seasonal and a monthly limit for minimum and
maximum generation. Error! Reference source not found. shows their impacts on IRRE values for
the Northeast subsystem.

A stricter constraint regarding the ramp capacity of hydropower generators increases the
number of ramp insufficiency occurrences in the South and Northeast subsystems. In the second one
it is where the impact is more prominent; the IRRE value escalates eight times and more than eleven
times when setting the minimum and maximum hydro generation capacity based on the historical
values for each season and month, respectively.
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It is noteworthy that in the Northeast, in the seasonal approach, all additional deficits are caused
by an insufficiency to attend negative ramps. Positive ramp deficits start to be observed in the
Northeast when monthly restriction is applied, nonetheless on a marginal level: two events in a year.
In the South the opposite situation happens: positive ramps were impacted by the new restrictions
while the inability to provide negative ramps did not change.

In the North and in the Southeast, subsystems where the ramp offer capacity is more relaxed
when compared with the ramp demand (Error! Reference source not found.), the addition of
restrictions to the hydropower generators capacity does not cause ramp deficits.

Since the monthly restriction is the more constrained one, the following analysis will focus solely
on this case.

175 IRRE
IRRE Season
IRRE Month
150
125
100
3+
75
50
25
0 x _ _ _—
Southeast South Northeast North

Subsystems

Figure 2. Number of positive and negative ramp deficits for scenario basic.

Besides the power generation capacity to reduce or increase its generation, hydropower plants
must provide reserve to the system. Therefore, the consideration of reserve operation requirements
(ORR) is important to fully understand the ramp capacity of the system.

The addition of a new constraint, by definition, will impact ramp deficits in a way that will be
probably greater for the case that considers reserve when compared with the analogous case in which
reserve isn't.

The combination of reserve requirements with minimum and maximum generation capacity
restrictions are the cases in which more ramp deficits are observed (Error! Reference source not
found.). The IRRE ORR Month in the Northeast is the one in which inability to provide ramp reaches
5.0% of a year. It is equivalent to 438 hours out of 8760. It is more than twice greater than the values
obtained when reserve is not considered.

Despite the greater deficit occurring in the Northeast subsystem, the South subsystem is the one
more impacted by ORR inclusion. The IRRE observations varies only from 19 to 33 occurrences by
considering solely monthly generation restriction, but it steps up to 321 when combining monthly
and ORR constraints.

The only subsystem not impacted by the proposed implementations is the Southeast subsystem.
It is the most important subsystem of Brazilian power system; it is there where most of hydropower
reservoirs are found which offer a great generation and flexibility capacity to the grid. However, the
potential of other subsystems to take advantage of Southeast flexibility is constrained by transmission
limits which were not evaluated in this article.
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Figure 3. Number of positive and negative ramp deficits for scenario basic.

The previously analyzed values indicate the importance of including further restrictions to the
IRRE methodology. The IRRE itself provides good, but myopic, insights into system capacity to deal
with ramp requirements. If the original IRRE is used as an index to support power system expansion
or operation planning, it can have negative consequences once some valuable elements might be
hidden by not being considered by IRRE methods.

The growing penetration of variable energy sources will much likely boost the need for
flexibility, including rampability requirements. Therefore, it is expected that the impact of not
implementing the adequate constraints on IRRE analysis might be more harmful for ramp flexibility
evaluation.

Based on that assumption two extra scenarios were developed in which the total generation of
VRES expands by 30% and by 100% compared to values observed in 2023. The idea is to check if the
incorporation of additional elements into the IRRE analysis becomes more important as the
participation of VRES evolves.

Error! Reference source not found. is plotting the IRRE index obtained for the three different
scenarios considering the monthly maximum and minimum capacity restriction combined with the
ORR demand. It is possible to observe that a 30% growth in the VRES generation makes the number
of ramp deficit increase much more than 30%. The 30 scenario is 56 times bigger than in the basic
scenario in the North. When comparing the 100 scenarios with the basic one, the magnitude of
absolute ramp deficits is even greater, reaching more than 66%, 26% and 14% of the time in the
Northeast, South and North subsystems respectively.

In a scenario with twice VRES participation, even the Southeast subsystem is impacted. It
becomes clearer when further restrictions are added. Error! Reference source not found. shows 418
deficits occurrences in the Southeast in the 100 scenarios, for the same scenario, the original IRRE
approach indicates no ramp insufficiency.

It is also important to note that the previous values were obtained assuming that the operation
strategy of 2023 would be kept. The operation management could, for sure, reduce the number of
IRRE occurrences, however, despite this simplification, there is the understanding that it does not
jeopardize the analysis since it is very unlikely that a modification in the dispatch could reduce this
much the amount of expected IRRE cases. The addition of flexibility to the system is crucial for the
maintenance of power grid stability and capacity to deal with ramp demand in a scenario with very
high participation of VRES.
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Figure 4. Number of positive and negative ramp deficits by scenario.

5. Conclusions

This study highlights the importance of incorporating additional constraints into the traditional
Insufficient Ramping Resource Expectation (IRRE) methodology to more accurately reflect the
operational realities of energy-constrained systems, such as the Brazilian Electricity System.

Given Brazil's reliance on hydropower as its primary source of generation and flexibility, the
inclusion of seasonal, monthly, and operational reserve constraints in the IRRE analysis proved
essential for capturing the unique challenges faced by this system. The Brazilian case exemplifies the
relevance of these enhancements, given its complexity and energy-constrained characteristics,
making it a valuable benchmark for applying the improved methodology.

The findings underscore the robustness of the proposed adaptations, as demonstrated in the
Brazilian case study. These results are not only relevant to Brazil but also offer broader applicability
to other energy-constrained systems globally. The analysis revealed that higher penetration of
variable renewable energy sources (VRES) amplifies the demand for ramping flexibility, challenging
the system's ability to reliably balance supply and demand. This highlights the critical need for
accurate flexibility assessments to inform operational and expansion planning in systems undergoing
significant renewable energy growth.

Moreover, the results emphasize the necessity of properly considering operational constraints
in flexibility analyses. While this study focused on specific constraints, such as hydrological
variability and operational reserve requirements, future research could explore additional factors,
including interconnection capacity and transmission limitations, to further refine flexibility
evaluations. These aspects, while outside the scope of this work, represent important areas for
subsequent investigation.

The methodological enhancements proposed in this study also raise important regulatory
considerations. As hydropower plants increasingly provide ramping services to accommodate the
variability of VRES, their operational profiles may shift, leading to reduced capacity factors and
potential economic impacts. This calls for discussions on the potential need for remuneration
mechanisms for ramping services, ensuring that hydropower plants are adequately compensated for
their essential role in maintaining system reliability and flexibility.

In conclusion, this study demonstrates that adapting the IRRE methodology with more realistic
constraints significantly improves its ability to evaluate system flexibility, providing a robust
framework for planning and operational decision-making in energy-constrained systems. These
findings offer critical insights for addressing the growing challenges of renewable energy integration
and ensuring the long-term reliability and stability of power systems worldwide.
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