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A B S T R A C T

Distributed energy resources can play a crucial role in providing ancillary services at both transmission and 
distribution level, aimed at enhancing load balancing and supporting overall grid resilience and stability. 
However, the effective utilization of these services remains challenging for Balancing Service Providers, as the 
actual capabilities of the regulating distributed energy resources are often partially known. To address this 
challenge, this paper introduces a new and comprehensive statistical framework for flexibility modeling and 
characterization, based on the concept of active-reactive power feasible operating regions that properly account 
for the distributed energy resource technical limits and uncertainty. The proposed novel statistical algorithm 
evaluates the flexibility contribution of both individual distributed energy resources and their aggregation, by 
incorporating into the formulation their service provision costs and reliability information. The derived feasible 
operating regions are particularly valuable for Balancing Service Providers, which can leverage them to assess 
market potential, optimize participation strategies, and design portfolios of contracted resources in an aggre
gated and probabilistic framework. Numerical results, based on illustrative case studies and real-world distrib
uted energy resource data from the city of Milan, confirm the effectiveness of the proposed framework for 
determining, from a probabilistic standpoint, their ancillary service potential.

1. Introduction

The rapid growth of Distributed Energy Resources (DERs), largely 
driven by worldwide decarbonization initiatives such as the European 
Union’s green initiatives [1] and [2], presents significant challenges for 
both Distribution System Operators (DSOs) and Transmission System 
Operators (TSOs). If not effectively managed, DERs can interfere with 
grid operations, which may result in undesirable operating conditions, 
thus hindering the grid operators’ task in maintaining a secure and 
reliable network. On the other hand, if properly controlled, DERs could 
benefit both DSOs and TSOs [3]. In accordance with European and 
Member State regulations [4], [5], [6], both DSOs and TSOs can now 
procure flexibility services offered by DERs to improve quality of service 
and security of supply. In this context, Flexibility Providing Units 
(FPUs), defined as a subset of DERs and Demand Response (DR) units, 
can adjust their operating setpoint to provide flexibility services to grid 
operators such as active power modulation, frequency reserve, and 

voltage regulation [7], [8]. However, DER units are often equipped with 
metering infrastructures that offer limited performance: real-time in
formation, for instance, is frequently unavailable. This limitation may 
prevent the BSP from fully exploiting the potential of DERs, as the actual 
state of the regulating unit remains unknown and, consequently, its real 
capability to respond to a power regulation request becomes uncertain 
[9], [10]. To overcome this issue, it is important to enhance the 
observability and controllability of DERs at Low-Voltage (LV) and 
Medium-Voltage (MV) grid levels, as the number of controllable units 
continues to rise. For this purpose, P-Q charts have been identified as a 
useful mechanism to monitor the amount of flexibility that FPUs can 
provide [11]. These charts are particularly useful because they can offer 
an estimation, based on, for example, optimization [12], neural net
works [13], or statistical procedures [14], of the active and reactive 
power contributions of FPUs connected to Active Distribution Networks 
(ADNs). The concept of P-Q charts has also been proposed as an effective 
tool for information exchange at the TSO-DSO interfaces, especially in 
the context of increasing penetration of DERs and the decentralization of 
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power generation [11], [15].
More recently, P-Q charts have been further expanded to incorporate 

dynamic operating constraints, such as resource capacity, ramp rates, 
and service duration [16], [17], which are referred to as Feasible 
Operating Regions (FORs). In this regard, [18] provides an extensive 
comparison and validation of several random sampling and optimal 
power flow methods for computing FORs in ADNs, with research studies 
being classified into three main categories. The first category includes 
deterministic FORs based on optimal power flow formulations, through 
with feasibility regions being derived from explicit network models and 
static capability limits. For instance, the authors in [19] combine AC 
optimal power flow and cooperative game theory to trace and value DER 
flexibility in ADNs, helping DSOs to identify critical units and avoid 
unreliable operating regions. In [20], FORs are developed using a linear 
optimization model that also considers tap changers at High-Voltage 
(HV)/MV substations. FORs can also account for network constraints 
as in [21] and [22], in which voltage and current violations are 
considered in nodes and branches, respectively. This enables the use of 
FORs for monitoring and controlling ancillary services, thereby facili
tating system operation enhancements, such as congestion management 
[23]. The authors in [24] proposed a decentralized and hierarchical 
approach for the practical implementation of coordinated vertical flex
ibility on multiple voltage levels, considering FORs at the interface be
tween adjacent networks or voltage levels. In all these papers, FORs are 
primarily focused on the flexibility contributions at HV/MV interfaces, 
especially from a DSO’s perspective, where all information about the 
network’s structure is available. However, none of these works examine 
how the concept of FORs can be extended to support BSPs, which 
typically operate with limited observability of DER’s capabilities and 
operational constraints. In particular, existing approaches do not pro
vide BSP-oriented tools for assessing DER flexibility from both aggre
gated and probabilistic perspectives, thereby facilitating their effective 
participation in local and system-wide flexibility markets, as proposed in 
the present study.

The cost of deviation from the current dispatch point may signifi
cantly influence the potential of FORs to participate in various markets. 
In this regard, a second category of studies integrates cost terms into the 
definition of flexibility. Thus, in [25] and [26], the cost of power 
diversion is attributed to several factors, including the additional cost of 
fuel, variable maintenance costs (e.g., ramping fatigue), 
lost-opportunity costs (e.g., limiting active power to supply reactive 
power [27]), and power buyback in the case of storage. The costs that 
DSOs are willing to pay for the activation of flexibility services are 
represented with several overlapping P-Q curves in [28]. A similar 
approach is presented in [29], in which the authors introduce a method 
for monetizing FORs at the TSO-DSO interface by using cost structures, 
applying a mixed-integer linear program for cost-optimal disaggregation 
of flexibility demands among units. However, in these studies, service 

provision cost is treated merely as an additional model parameter that 
further constrains FORs, without accounting for the specific character
istics or operational limitations of individual FPUs, as proposed in this 
work.

In the existing approaches to estimate FORs, it is assumed that FPUs 
are available to fully provide the required flexibility service, regardless 
of the DER’s actual conditions. This is not reasonable in practical ap
plications, as the reliability of each distributed generator to deliver the 
requested active and reactive output is uncertain, especially at LV levels, 
where the acquisition of real-time measurements and operating points is 
often a challenge. Thus, the third category of research work comprises 
probabilistic and uncertainty-aware FORs, which incorporate variability 
in DER behavior in their formulations. In this context, the authors in 
[30] propose probabilistic reactive power capability charts, which 
represent reactive power support limits of distribution systems as fam
ilies of random variables with their associated probabilistic density 
functions. This approach identifies different levels of flexibility with 
related uncertainties; however, the flexibility contribution of each DER 
is concealed in this case. In [31], the reliability of the DERs is described 
as a variable coefficient between 0 and 1 in their P-Q charts; however, 
the paper does not discuss how this coefficient can be identified for each 
distributed resource. Uncertainty is treated as a confidence interval that 
reduces the feasible region in [32], making the aggregation of FPUs 
more conservative. These papers assume that BSPs can monitor all DERs 
in a coordinated and centralized manner during operation, which often 
is not the case in practice. As a result, existing methods that rely on the 
real-time measurement of DER operating points may have a limited 
applicability in real life, particularly at the LV level, which is an issue 
considered in this paper. To further highlight the methodological gaps 
addressed in this work, Table 1 qualitatively summarizes the main dif
ferences between existing FOR approaches and the one proposed here, 
which indicates whether each approach includes or not a given 
modeling feature.

Based on the presented literature review, this paper proposes an 
innovative formulation of FORs, which captures the potential of indi
vidual FPUs to deliver ancillary services. In this regard, existing ap
proaches typically require full network observability or rely on real-time 
operating conditions of DERs, which limit their applicability to BSP 
operational environments. In contrast, this work addresses how DERs’ 
active and reactive flexibility can be represented in a probabilistic and 
aggregated manner under limited DER observability, to support BSP 
portfolio optimization and bidding strategies. To this purpose, the pro
posed FORs incorporate DER’s provision costs and reliability, thereby 
providing a more accurate and comprehensive representation of flexi
bility services, encompassing both active power (upward and downward 
regulation) and reactive power (capacitive and inductive support) ser
vices. To this end, a statistical algorithm is developed to define and 
incorporate a novel reliability index in the FORs computation, 

Nomenclature

Acronyms
ADN Active Distribution Network
BESS Battery Energy Storage System
BSP Balancing Service Provider
CCC Circular Capability Curve
CDF Cumulative Distribution Function
CHP Combined Heat and Power
DER Distributed Energy Resource
DPI Delivery Performance Index
DR Demand Response
DSO Distribution System Operator
FOR Feasible Operating Region

FPU Flexibility Providing Unit
LCC Limited-circular Capability Curve
HV High-Voltage
LV Low-Voltage
MPPT Maxum Power Point Tracking
MV Medium-Voltage
PAR Probability Aggregated Region
PV Photovoltaic
RCC Rectangular Capability Curve
SoC State of Charge
SCC Synchronous Capability Curve
TCC Triangular Capability Curve
TSO Transmission System Operator
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highlighting the probability of individual FPUs or their aggregation to 
provide active and reactive power flexibility services as requested. The 
resulting regions allow modeling DER regulation capabilities without 
the complete knowledge of network operating conditions. For this 
reason, this method is particularly valuable for BSPs, which usually have 
partial or simplified knowledge of network topology and constraints, 
according to which they must estimate the feasible contribution of the 
contracted resources to ancillary services markets. Furthermore, service 
costs of the most common DERs in today’s ADNs are also considered in 
the proposed FORs.

The key contributions of this work can be summarized as follows: 

• A novel probabilistic framework for constructing FORs of individual 
FPUs is proposed, fully data-driven and capable of capturing static 
limits, dynamic operating constraints, and service-dependent costs. 
Unlike existing deterministic or OPF-based feasible-region ap
proaches, the proposed formulation embeds provision reliability 
through probability distributions based on real measurements, and 
associates each point of the region with an explicit reliability index.

• The proposed approach includes an aggregation procedure that 
combines multiple individual FORs into Probabilistic Aggregated 
Regions (PARs), enabling BSPs to quantify the total active/reactive 
flexibility available from heterogeneous portfolios. The aggregation 
is based on a DPI-filtered Minkowski sum that preserves reliability 
information while ensuring computational tractability.

• A practical application is provided of the resulting FORs and PARs for 
BSP operations, such as market-potential assessment, portfolio 
optimization, and strategy refinement, demonstrating how the pro
posed methodology applies to cases where network information is 
limited or unavailable, in contrast with research studies that rely on 
distribution grid models or full observability. Thus, the presented 
technique is applied and validated using real DER data at an HV/MV 
substation of Milan’s distribution network, confirming both the 
practicality and scalability of the approach, and demonstrating its 
effectiveness for large-scale BSP portfolios.

Note that the proposed approach focuses on developing improved 
FORs for BSPs to properly offer flexibility services on local or system- 
wise markets. In this context, the network structure and constraints 
are usually not known by service providers. However, if communicated 
by the DSO to the BSP, these constraints can be considered within the 
presented approach in a simplified manner [33].

The rest of the paper is organized as follows: The statistical algorithm 
used to identify the proposed probabilistic FORs of individual FPUs is 
discussed in Section II. Section III presents the determination of FORs 
considering the technical limits, such as capability curve and costs of 
DERs. In Section IV, the methodology to obtain the probabilistic 
aggregated FORs of sets of heterogeneous resources is presented. Section 
V demonstrates the effectiveness of the proposed framework through its 
application to several real DERs. Finally, the main conclusions and 
contributions of the paper are highlighted in Section VI.

2. Feasible operating region definition

FORs provide a snapshot of the active and reactive power flexibility 
that one or more FPUs can offer to the power system, facilitating grid 
management, as well as improving DER observability and their optimal 
exploitation. The FOR framework offers a significant advancement over 
traditional capability curves by capturing the aggregated flexibility of 
DERs. Indeed, unlike static P-Q curves, FORs can be dynamically 
updated in real time to reflect uncertainty in generation and demand, 
improving system coordination and market participation, and further 
facilitating communication among grid operators and stakeholders [34].

The FOR methods found in the literature require full knowledge of 
available FPUs capacity to assess the flexibility in distribution grids 
[21]; however, acquiring this information in real time is challenging 
and, in some cases, not even feasible. For this reason, this paper proposes 
the innovative concept of probabilistic FOR as a useful tool for BSPs to 
evaluate FPU’s availability and reliability in offering ancillary services. 
A fundamental aspect of this approach is that it is not based on the DER’s 
operational point at a given instant, which may not be available, espe
cially in real time and at the LV level [23], but rather on their historical 
trends of active and reactive power outputs.

In more detail, the procedure proposed for identifying probabilistic 
FORs is based on the FPU’s historical trends and technical limits, i.e., 
capability curves. Five different capability curves are considered in this 
study, defined in orange in Table 2, which are relevant to the generation 
technologies typically available in urban distribution networks [10], i. 
e., Photovoltaic (PV) and Combined Heat and Power (CHP); the green 
areas correspond to the combined limits when Battery Energy Storage 
Systems (BESSs) are considered. All capability regions but the latter 
correspond to inverter-based FPUs, such as PV power plants, for 
different ratings and voltage levels, while the Synchronous Capability 
Curve (SCC) corresponds to CHP plants, in which k1 and k2 are co
efficients that depend on the generating unit’s rated characteristics, i.e., 
maximum excitation current. In this table, Sn is the DER rated apparent 
power, and φlim is the phase angle corresponding to the power factor 
limit; these capability curves are consistent with the technical standards 
in place in many countries in the EU [35], [36]. For example, the 
operating region of a PV power plant at LV levels can be represented by 
the orange Triangular Capability Curve (TCC) illustrated in Table 2, 
which is typical of residential PV systems operating at unity power 
factor, i.e., Q(t) = 0.

The first step of the proposed algorithm consists in identifying the 
maximum active power service that the FPU can provide, either for 
upward ΔPmax

+ or downward ΔPmax
− regulation. To this end, all the input 

active and reactive profiles P(t) and Q(t) correspond to the same data 
streams routinely collected from end users for billing and regulatory 
purposes, which guarantees that the entire measurement chain is subject 
to standard validation, consistency checks and quality-control proced
ures performed by network operators, ensuring an adequate level of data 
reliability for statistical analysis. Furthermore, if power measurements 
are unavailable, the BSP may choose to either discard the FPU, or pro
ceed with reconstruction of missing points (e.g., through linear inter
polation). These steps ensure that the probabilistic FORs reflect the true 
operational behavior of each DER and are not influenced by low-quality 

Table 1. 
Comparison of existing and proposed FOR approaches.

Category References Data- 
driven

Probabilistic / 
reliability

Cost 
integration

Requires full grid 
model

Suitable for 
BSPs

Deterministic FOR approaches [20], [21], [22], [23], 
[24]

N N N Y N

Cost-integrated FOR 
approaches

[25], [26], [27], [28], 
[29]

N N Y Y N

Probabilistic 
FOR approaches

[30], [31], [32] Partially Y N Y N

Proposed Method Current paper Y Y Y N Y
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measurements. Thus, given as an input P(t), ΔPmax
± (t) is calculated as: 

ΔPmax
± (t) = Pmax

± (Q(t)) − P(t) (1) 

where the active power limits Pmax
± are defined according to the FPU’s 

capability curve and other technical limits, such as availability of the 
primary energy source, as a function of the reactive power exchanged 
before the regulation request. Since ΔPmax

± (t) is the maximum active 
power variation that the FPU can provide according to its capability 

Table 2 
FPUs’ capability curves.

Fig. 1. Identification of maximum allowed reactive power variations based on the active power exchanged by the DER and its reactive power limits.
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limits, all variations ΔP± such that |ΔP±| ≤
⃒
⃒ΔPmax

±

⃒
⃒ are also admissible. 

The sum of ΔP± and P(t) determines the FPU power exchanged as a 
result of the activation of an active power regulation, as follows: 

P̃±(t) = P(t)+ΔP± (2) 

based on a generation sign convention, with ~ representing power ex
changes after flexibility activation. The maximum allowed reactive 
power variations ΔQmax

± (t), based on P̃±(t) and FPU’s reactive power 
limits Qmax

± , can then be determined as follows, as illustrated in Fig. 1: 

ΔQmax
± (t) = Qmax

±

(
Δ̃P±(t)

)
− Q(t) (3) 

Consequently, the FPU is able to supply a maximum reactive regu
lation ΔQ±, so that |ΔQ±| ≤

⃒
⃒ΔQmax

±

⃒
⃒. The total amount of reactive power 

exchanged by FPU with the grid is then equal to: 

Q̃±(t) = Q(t)+ΔQ± (4) 

It should be noted that the proposed approach prioritizes active 
power flexibility regulation over reactive one, given its higher value, as 
per [23]. Furthermore, the distribution of the admissible ΔP± is modeled 
through data-driven probability density functions fP

±, constructed 
directly from historical measurements over the ranges [0,ΔPmax

+ ] and 
[ΔPmax

− , 0]. A similar approach can be used to obtain the probability 
density functions fQ

± over the intervals [0,ΔQmax
+ ] and [ΔQmax

− , 0]. These 
functions represent the likelihood of a FPU in providing a specific 
amount ΔP± (ΔQ±) of active (reactive) power regulation without 
imposing any parametric assumption on the probability distribution. 
This data-driven choice is motivated by the behavior of DERs, whose 
variability largely depends on seasonality, weather conditions, and 
operational schedules. By relying on data-driven probability distribu
tions, the proposed approach avoids assumptions that are not supported 
by the physical behavior of the resources, ensuring that probabilistic 
FORs reflect realistic operating patterns. In contrast, models based on 
representative user behavior may fail to capture the specific operating 
characteristics of individual resources. Finally, both fP

± and fQ
± can then 

be integrated to get the following Cumulative Distribution Functions 
(CDFs): 

CDFX
− (x) = 1 −

∫ − Δx

0
fX
− (t)dt (5) 

CDFX
+(x) = 1 −

∫ Δx

0
fX
+(t)dt (6) 

where ±Δx represent the amount of active or reactive power related to 
the corresponding service. CDFs are equal to 100 % if ±Δx=ΔXmax

± , i.e., 
ΔPmax

± or ΔQmax
± . Thus, CDFX

± describes the probability of a FPU 
providing a specific regulation ±Δx. For example, Fig. 2 depicts the 
CDFP

− of a PV system for a downward regulation service, where CDFP
+ =

0 given that PV units usually do not provide upward regulation, since 
they operate in Maximum Power Point Tracking (MPPT) mode.

Finally, active and reactive CDFX
± can be combined to compute the 

probabilistic FOR, as follows: 

FOR =

[
CDFP

+ • CDFQ
− CDFP

+ • CDFQ
+

CDFP
− • CDFQ

− CDFP
− • CDFQ

+

]

(7) 

where each block represents the matrix product between active and 
reactive CDFs, corresponding to the combined probability of providing 
active and reactive flexibility services. Thus, the probabilistic FOR, 
formulated as a matrix product of active and reactive power CDFs, 
represents a comprehensive and data-driven map of the FPU’s capability 
to deliver flexibility services under uncertainty. Each element of the 
matrix quantifies the joint probability of the FPU providing a specific 

pair of active and reactive power variations, thereby enabling the 
assessment of not only whether a flexibility request is technically 
feasible, but also how likely it is to be successfully delivered. This 
approach allows BSPs and grid operators to move beyond deterministic 
representations and integrate probabilistic guarantees into their opera
tional strategies.

3. FPU’s technical limit modeling

As previously highlighted in Table 2, the technical limits of each FPU 
need to be accurately modeled to define their maximum contribution to 
flexibility services. To this purpose, the power measurements are 
collected at the point of common coupling between the prosumer and 
the external network, and at the generation and BESS terminals. Hence, 
PM1 and PM2 in Fig. 3, respectively, can be used to characterize the FPU’s 
behavior from a probabilistic point of view.

Furthermore, depending on the type of resource and its operating 
conditions, the relevant flexibility service costs vary, which can signif
icantly influence the FPU’s potential to participate in the market. In the 
proposed formulation, the cost associated with each FPU represents the 
minimum remuneration required to enable a specific power variation to 

Fig. 2. Example of CDFP
− for downward regulation of a PV panel.

Fig. 3. Measurements used in the proposed approach.
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deliver the required flexibility service. This definition is consistent with 
the internal operational constraints of each distributed resource (e.g., 
fuel consumption, thermal limits, efficiency losses, or battery degrada
tion) and ensures that the cost dimension of the FOR reflects the true 
economic feasibility of delivering flexibility. In addition, note that, 
although the detailed design of local flexibility market remuneration 
mechanisms is outside the scope of this study, the proposed formulation 
is fully compatible with such schemes, as the flexibility service cost term 
has been defined to match the remuneration schemes offered in current 
DSO- and TSO-led procurement processes applied across Europe. These 
procurement processes are typically remunerated through activation- 
based rewards, and in some cases complemented by payments based 
on availability [37].

3.1. PV+BESS system

An illustrative diagram of this system is provided in Fig. 4, where the 
PV system is assumed to operate in MPPT mode, while the BESS is used 
to store the surplus PV production to deliver it later based on the user’s 
demand (self-consumption maximization): 

PM2(t) = PBESS(t) +PPV(t) (8) 

P̃BESS(t) = PBESS(t)+ΔPBESS± (9) 

P̃PV(t) = PPV(t)+ΔPPV− (10) 

ΔP± = ΔPBESS± +ΔPPV− (11) 

Pmax
− ≤ P̃M2(t) ≤ Pmax

+ (12) 

Pcha
max ≤ P̃BESS(t) ≤ Pdis

max (13) 

Hence, in this case, PM2 is given by the mutual active power contri
bution of the BESS and the PV system, PBESS and PPV , respectively in (8). 
The flexibility service ΔP± is provided by the BESS in (9), but, if cost- 
effective, the PV power plant can also provide downward regulation 
through curtailment in (10). Thus, both regulating resources can coop
erate to supply the service required by the grid in (11). Eq. (12) describes 
the FPU’s power limits Pmax

± during flexibility activation, depending on 
the specific capability curve of the power plant depicted in orange and 
green colors for TCC, RCC, LCC, and CCC in Table 2. Finally, in (13), the 
maximum charging and discharging power of the BESS Pcha

max and Pdis
max, 

respectively, are considered.
Besides active power limits, the BESS energy constraints must be 

considered as follows: 

Δ̃E =

⎧
⎪⎨

⎪⎩

P̃BESS(t)
ηBESS

Δt ∀P̃BESS(t) ≥ 0

P̃BESS(t) ηBESS Δt ∀P̃BESS(t) < 0

(14) 

S̃oC(t+1) = S̃oC(t)+
Δ̃E
En

(15) 

SoCmin ≤ S̃oC(t+ 1) ≤ SoCmax (16) 

where (14) represents the energy flexibility provision of the BESS Δ̃E as 
a result of a behind-the-meter service request (self-consumption in
crease). The S̃oC after the activation of the flexibility service in (15)
cannot exceed its minimum and maximum limits SoCmin and SoCmax, 
respectively, as per (16). In these equations, En is the BESS net energy 
capacity, ηBESS is the charging/discharging BESS efficiency, and Δt is the 
flexibility service duration; for the sake of simplicity, the same efficiency 
is assumed for both charging and discharging.

Assuming a worst-case scenario for the BESS in which both upward 
and downward regulations lead to a reduction of the PV power self- 
consumed by the prosumer, the cost for the user resulting from the 
BESS service provision is equal to the loss of earnings associated with the 
decrease in PV power. In addition, the effects on battery degradation 
must also be considered, since, depending on the circumstances, the 
ancillary service provision would impact the BESS life compared to the 
scenario in which no regulation is provided. Thus, the service provision 
costs can be modeled as follows: 

Cu = |ΔP±|
(

pbuy − psale

)
+CBESS (17) 

where CBESS accounts for the BESS energy charge/discharge costs, which 
can be calculated as follows: 

CBESS = sign pBESS

⃒
⃒
⃒

⃒
⃒
⃒P̃BESS(t)

⃒
⃒
⃒ − |PBESS(t) |

⃒
⃒
⃒ (18) 

sign =

{
1 ∀t : ΔP± PBESS(t) ≥ 0
− 1 ∀t : ΔP± PBESS(t) < 0 (19) 

pBESS =
CAPEXBESS

2 CycleBESS En
(20) 

where CAPEXBESS is the BESS cost, while CycleBESS is the number of 
charge-discharge cycles the storage system can endure before its end-of- 
life. Therefore, participation in the ancillary service market can entail 
additional costs for the FPU if the BESS use is increased with respect to 
self-consumption (CBESS > 0), or savings if the BESS usage is reduced 
(CBESS < 0).

It is worth highlighting that ΔQ± regulation costs have not been 
considered, since these services are not yet addressed in the experi
mental initiatives motivating the present work [38], [39]. However, 
these costs could also be accounted for by using a framework similar to 
the one proposed here for ΔP± regulation services.

If PV production curtailment is used to provide flexibility services to 
the grid, the cost of the regulation ΔP− would correspond to the power 
exchanged with the grid PM1(t) at the time of the service provision. In 
this case, the flexibility cost would be a combination of the unsold PV 
production ΔPsale at a price psale and the amount of energy purchased Δ 
Pbuy at a price pbuy, as follows: 

Cu = psale ΔPsale + pbuy ΔPbuy (21) 

ΔPsale = max(PM1(t), 0 ) − max
(

P̃M1(t), 0
)

(22) 
Fig. 4. PV+BESS system.
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ΔPbuy = min(PM1(t),0 ) − min
(

P̃M1(t), 0
)

(23) 

Note that this model also works for a stand-alone PV system, without 
a BESS connected to it, in which case, PBESS(t) = 0 with the FPU just 
providing downward regulation by PV curtailment, i.e., ΔPmax

− (t) = −

PPV(t) and ΔPmax
+ (t) = 0, as per the corresponding capability curves in 

orange in Table 2.

3.2. CHP system

This system, illustrated in Fig. 5, produces electricity and heat in a 
cascade process, where the thermal energy qin used to generate power 
PCHP in the turbine (upper cycle) yields high-temperature heat, which 
can be recovered as useful energy qout through a heat exchanger (bottom 
cycle) to supply thermal energy.

In this case, the flexibility potential of a CHP plant can be determined 
by assuming that qin and PCHP are known in advance. Thus, P̃CHP can then 
be calculated as follows: 

P̃CHP(t) = PCHP(t)+ΔPCHP± (24) 

Pmax
− ≤ P̃CHP(t) ≤ Pmax

+ (25) 

where Pmax
+ can be defined according to the capability curve of the tur

bine as illustrated in Table 2, while Pmax
− is defined by the efficiency of 

the upper cycle ηel, which significantly decreases if PCHP is low. 
Assuming that ηel monotonically increases with respect to PCHP [40], the 
thermal energy variation Δqin after an active power flexibility service 
can be defined as follows: 

Δqin(t) =
P̃CHP(t)

ηel(P̃CHP(t))
−

PCHP(t)
ηel(PCHP(t))

(26) 

On the other hand, qout depends, within limits, on the bottom cycle 
efficiency ηth, ηel, and qin as follows: 

qout(t) = ηth (1 − ηel(PCHP(t) ) ) qin(t) (27) 

qmin
out ≤ q̃out(t) ≤ qmax

out (28) 

Hence, flexibility service activation impacts both qin and qout , where 
qmin/max

out are chosen considering the user thermal comfort.
Assuming that before regulation, CHP covers the local electrical load, 

the system can provide both upward and downward regulation. For 
upward flexibility services ΔP+, an increase in PCHP results in a gain for 
the FPU equal to the difference between the price of the power delivered 
to the grid psale and the cost of the gas pgas required to generate the 
additional qin. On the other hand, for downward services ΔP− , a 

reduction in PCHP results in lost income equal to the power bought from 
the grid pbuy and the savings on gas. The CHP regulation costs can be 
defined as follows: 

Cu :

{
|ΔP+| [pgas − psale] ∀ ΔP+

|ΔP− | [pbuy − pgas] ∀ ΔP−
(29) 

4. Probabilistic aggregated regions

Once probabilistic FORs of each FPU are identified, these can be 
aggregated to quantitatively evaluate the amount of flexibility that a 
heterogeneous set of resources can provide. In this regard, it is proposed 
here to aggregate several FPUs to form PARs, which are of interest to 
several stakeholders, particularly BSPs, because of their many applica
tions, such as evaluating DERs market potential, optimizing participa
tion strategies, and designing resource portfolios. Moreover, by not 
directly embedding network constraints into the proposed PAR model, 
the developed statistical framework proves particularly advantageous 
for BSPs that can still estimate the aggregate flexibility potential of their 
contracted FPUs. Indeed, from the BSP standpoint adopted in this work, 
the methodology allows for estimating the aggregated flexibility po
tential without the need for full network observability, as BSPs typically 
have limited or no access to real-time distribution grid constraints. 
Consequently, the emphasis is placed on probabilistic resource avail
ability, cost minimization, and service reliability, rather than on strict 
compliance with detailed operational network limits.

Given the probabilistic nature of the individual FORs, PARs must also 
incorporate information about the reliability of flexibility services pro
vision. This is done through a Delivery Performance Index (DPI), which 
is defined as the % reliability of a set of aggregated DERs to provide a 
required flexibility service at a given instant, both for active and reactive 
power. A typical value for the DPI, adopted both in the literature and the 
experimental initiatives evaluating ancillary services from DERs, is 90% 
[31], [41].

To guarantee the required level of reliability, to produce the PAR, 
only ΔP± and ΔQ± variations with a service provision reliability higher 
than a specified DPI are considered. To this end, a Minkowski sum 
approach has been adopted to aggregate the individual FORs, as sug
gested in [25]. Hence, in a vector space, the Minkowski sum of the 
following two sets of points A and B is defined as the set of points ob
tained by adding the elements of A to those of B, as illustrated in Fig. 6. 
Once a specific DPI is specified, the vertices of each FOR are derived and 
vectors summed, as follows: 

A ⊕ B = {a+ b|a ∈ A ∧ b ∈ B} (30) 

It is worth noting that, although the adopted Minkowski-based ag
gregation is intentionally simplified, it remains efficient from a 
computational standpoint. Thus, the Minkowski sum is applied only to 
the DPI-filtered boundaries of each FOR in the aggregation, and the 
process is iterated for all DPI levels of interest. This selective aggregation 
significantly reduces the number of points involved in the computation, 
while still preserving the essential information encoded in the individual 
FORs, such as dynamic constraints and reliability. Furthermore, it is 
important to highlight that some technical limits at the grid’s interface 
can be indirectly incorporated into the proposed numerical approach to 

Fig. 5. CHP system. Fig. 6. Minkowski sum.
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ensure that, for example, the provision of ancillary services to the HV 
system does not compromise grid operation. For instance, HV/MV 
transformer limits can be incorporated in the PAR resulting from the 
application of the Minkowski sum, further limiting the maximum 
exchangeable amount of active and reactive power. This approach is in 
line with the traffic light coordination mechanism widely adopted 
worldwide, aiming at enabling dynamic interaction between the trans
mission system and ADNs based on the operational status of the system 
[42]. Under green-light conditions, ancillary services can be requested 
by the TSO without limitations, while in yellow- and red-light condi
tions, ancillary services provision is still allowed but subject to con
straints, or not allowed at all, respectively, to preserve system security.

Moreover, in order to evaluate the market opportunities and con
straints associated with the ancillary services provision, service costs of 
the resulting PAR need to be considered in the methodology. Thus, for 
each ΔP± variation, a sorting algorithm is implemented to determine 
which FPU may provide the required flexibility service at the lowest 
cost. Through a merit order approach, the algorithm prioritizes FPUs 
with the lower Cu to provide the required flexibility service.

5. Case study

In this Section, the proposed methodology is demonstrated and 
validated on four different case studies related to individual DERs and 
their aggregations. One of the key aspects of the presented work is the 
detailed description of the probabilistic FORs for individual FPUs, which 
is based on annual active and reactive power profiles from real PV 
systems located in Northern Italy, as described in detail in [43]. 
Furthermore, more than 100 non-flexible load profiles and CHP profiles 
have been derived from data gathered on real customers [44], using a 
15 min resolution. In Fig. 7, an example of the active power profiles used 
for a PV plant and a CHP unit is illustrated for 4 representative days, one 
for each season. Note that the reliability of the DER service provision is 
inherently embedded in the proposed FORs; thus, the CDFX

±used to 
construct the FORs captures the natural variability of historical active 
and reactive measurements, including seasonal trends and operating 
fluctuations. Furthermore, the DPI index quantifies the reliability asso
ciated with each point inside PARs.

The first two scenarios described next are relevant to the 

identification of the probabilistic FORs of a PV power plant and a 
PV+BESS system, respectively. For the third case study, different FPUs 
are aggregated as an illustrative example of how the PAR is determined. 
Finally, the fourth case study involves the combination of distributed 
resources in a large portion of Milan’s MV and LV distribution grid, 
considering more than 600 FPUs; in the latter, the traffic light coordi
nation mechanism has been applied to demonstrate its application and 
impact on the resulting PAR.

5.1. Case 1: PV probabilistic FOR

This case study aims to investigate the reliability of an LV PV system 
in providing active and reactive flexibility services. As outlined in Sec
tion III, it is assumed that the FPU is designed to work at its optimal 
point, delivering its maximum active power. Given the absence of a 
storage system, the FPU can only offer downward regulation through PV 
curtailment, i.e., Pmax

− = 0. Thus, the profile of a residential PV system 
connected to the LV grid via a 4.4 kW inverter is analyzed next, where 
the capability is assumed to be of a TCC in Table 2 with cosφlim = 0.9, as 
per Italian technical standards for PV units of this size.

The reliability of the PV system in delivering flexibility services in 
each hour of the representative day in Summer is examined here. Fig. 8
illustrates the probabilistic FORs for 24 h, where the reliability of the 
FPU in providing active and reactive services is depicted with dark blue 
for the highest reliability, while dark red corresponds to the lowest one; 
observe that the FOR varies in both ΔP and ΔQ axes within ΔPmax

− and 
ΔQmax

± , versus reliability over time. Thus, from the 11 h to the 15 h, the 
PV unit can provide greater active and reactive flexibility, up to − 3.30 
kW and ±1.40 kvar, respectively, due to the higher PV production, 
which enables a significant PV curtailment. On the other hand, when the 
PV production is lower, ΔPmax

− and ΔQmax
± decrease, with non-zero FORs 

at the 7 h and the 19 h. Note also that as the curtailment ΔP− increases, 
the capability of the FPU to deliver reactive power services decreases, 
which limits the FPU’s ability to simultaneously provide both active and 
reactive power flexibility services.

Regarding the service provision reliability, the FORs calculated at 
the 11 h and the 15 h, even if similar in size, i.e., similar ΔPmax

− and 
ΔQmax

± , exhibit different reliability levels. Thus, considering a reliability 
index equal to or higher than 90 %, the first FOR yields ΔPmax

− =

1.20 kW, whereas the second one yields 1.90 kW. Therefore, the 
developed approach shows that the same PV power plant can provide a 
downward regulation ΔP− with higher reliability at the 15 h than at the 
11 h.

Fig. 7. PV and CHP active power profiles for four representative days. Fig. 8. Probabilistic FORs for a PV system over time in the Summer.
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5.2. Case 2: PV+BESS probabilistic FOR

In this case study, a prosumer with a PV power plant and a BESS is 
considered during its operation on a Summer day. The PV panels and 
batteries are assumed to be connected to the grid by the same 4.4 kW 
power converter. The BESS technical characteristics are presented in 
Table 3 [45], [46]. The reactive power limits can be obtained from the 
capability curve TCC in Table 2 with a cosφlim = 0.9 (areas colored in 
orange and green). For the BESS, realistic PBESS and SoC profiles for the 
Summer are illustrated in Fig. 9, which were obtained by simulating the 
BESS charge/discharge according to PV production and load profiles 
extracted from the input database.

Fig. 10 shows the probabilistic FORs of the FPU with respect to Δt, 
where it can be observed that as the service duration increases, the size 
of the FOR decreases, reducing the FPU ability to deliver flexibility, in 
terms of both the provided regulation, i.e., ΔPmax

± and ΔQmax
± , and its 

reliability. Note that due to the limited energy capacity of the BESS, the 
probabilistic FOR is correlated to the duration of the service, i.e., the 
greater the service duration, the lower the service provision reliability 
that the BESS would be able to provide. For example, for an upward 
regulation ΔP+, the greater the service duration, the greater the 
discharge of the batteries; hence, given that the batteries’ SoC cannot be 
lower than SoCmin, the BESS is able to supply a smaller amount of up
ward regulation as its duration increases. Thus, for Δt = 1 h, ΔPmax

+ =

4.30 kW, while for Δt = 5 h, ΔPmax
+ = 1.25 kW.

For downward regulation ΔP− , the probabilistic FOR has a shape 
similar to that obtained in Case 1 for the 11 h to the 19 h, as illustrated in 
Fig. 8. This is because the FPU still provides services through PV 
curtailment, as the BESS contribution to downward regulation is limited 
by its SoC, which is close to SoCmax. Since the BESS contributes to the 
regulation to a lesser extent, downward service provision is marginally 
affected by Δt. For both ΔP± variations, the reactive limits ΔQmax

± of the 
probabilistic FOR follow the shape illustrated for a TCC in Table 2.

5.3. Case 3: PAR example

In this case study, an illustrative example is discussed of how 
different FORs can be aggregated into a PAR. Specifically, this case fo
cuses on a simple flexibility perimeter that consists of three FPUs: a PV 
power plant, a BESS, and a PV+BESS system. In this scenario, the total 
capacity ΔPmax

± and ΔQmax
± , and DPI of the PAR are investigated under 

specific conditions, such as a required regulation duration. For the FPUs, 
the same power profiles and technical characteristics of the previous 
subsections have been assumed. In addition, the DPI threshold has been 
set at 90%, following the standards described in [38].

As an example, an ancillary service request is assumed here to be 
provided at the 13 h in the Summer, with a 1-hour service duration. For 
this scenario, Fig. 11 shows the probabilistic FORs of the individual FPUs 
considered. As expected, the PV system can only provide downward 
services, while the BESS and the PV+BESS unit can supply both down
ward and upward services. As highlighted in Case 2, the BESS contri
bution is limited due to its SoC value at this hour, which is close to 
SOCmax.

To calculate the PAR, the individual FORs have been processed to 
ensure the reliability of the regulation provision above the minimum 

90% DPI required by system operators (areas in blue in Fig. 11). Fig. 12
depicts the PAR resulting from this process based on the Minkowski sum. 
Note that this aggregation of FPUs can provide both upward and 
downward flexibility regulation, respectively, with ΔPmax

+ = 2.85 kW 
and ΔPmax

− = − 3.95 kW. The shape of the overall PAR results from 
the FPU’s TCC capability curve in Table 2. Moreover, if no active power 
regulation is supplied to the grid, i.e., ΔP± = 0, the FPUs’ aggregate can 
provide a consistent ΔQ± = ±1.39 kvar. On the other hand, if a ΔP+

close to ΔPmax
+ is provided, the aggregate can deliver a reactive power 

contribution ΔQ± = ± 1.30 kvar. The maximum reactive power that 
can be provided by the FPU aggregate drops to ±0.48 kvar for a ΔP−

close to ΔPmax
− .

5.4. Case 4: PAR application to a real urban scenario

This case study aims to demonstrate the potential of the PAR concept 
in a real scenario, relevant to the power distribution network of the 
metropolitan area of Milan. To this end, the actual DERs connected to 
the 25 MVA transformer of an HV/MV substation have been considered 
as per Table 4, where the numbers and types of power plants, as well as 
the total installed capacity by voltage level, have been extracted from 
the Development Plan of Unareti [47], Milan’s DSO. In the area 
considered, a total BESS’s energy capacity of 2 MWh is installed; how
ever, since no information regarding the battery’s energy capacity of the 
individual FPU is available, an Energy to Power Ratio (EPR) value equal 
to 2 has been assumed for all BESS. Regarding the CHP units’ technical 

Table 3 
BESS technical characteristics.

Charging/Discharging Efficiency [%] 90

Maximum Discharging Power [kW] 4
Maximum Charging Power [kW] 3.5
Nominal Energy [kWh] 10
Minimum SoC [p.u.] 0.2
Maximum SoC [p.u.] 1
Number of Charging/Discharging Cycles 5000

Fig. 9. BESS active power and SoC profiles in the Summer and for a specific day 
(July 15th).

Fig. 10. Probabilistic FORs for a PV+BESS system in the Summer as a function 
of flexibility service duration.
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limits, it has been assumed that cosφlim = 0.98, Pmax
+ = 0.8Sn, Pmax

− = 0, 

and qmin/max
out = ±0.1 qout(t) [35]. The CHP electrical efficiency has been 

modeled according to the characteristic in Fig. 13, with ηth = 0.9 [40].

5.4.1. PAR computation
In a similar fashion to the previous case studies, and in response to a 

more stressed condition caused by increased air conditioning loads on 
Milan’s grid, the PARs are derived for the 13 h with a 1-hour duration 
for the FPUs listed in Table 4, as illustrated in Fig. 14. The resulting LV 
and MV PARs highlight that the proposed methodology enables BSPs to 
rapidly and reliably quantify the amount of flexibility that can be 
committed to market services, even in the absence of complete knowl
edge of network topology and operational constraints. By focusing on 
probabilistic resource availability, service reliability, and cost effi
ciency, BSPs can make informed market participation decisions without 
the need for detailed grid feasibility studies, which typically fall under 
the DSO’s responsibility.

In this regard, observe that as the DPI varies from 50 to 90%, the 
ΔPmax

± and ΔQmax
± values change, with the LV and MV PARs showing 

different contributions to the flexibility provision. This is due to the 
different mix of DER’s technologies at the two voltage levels, given the 
considerable number of large CHP units connected to the MV grid that 
add up to 3570 kW, plus the limits imposed by the relevant capability 
curves. Furthermore, the LV PAR indicates that LV FPUs can provide 
greater downward regulation than upward regulation, due to the prev
alence of PV systems at this level and limited availability of BESSs.

Fig. 11. Probabilistic FORs of a PV, BESS, and PV+BESS for the Summer day at the 13 h.

Fig. 12. PAR of three aggregated FPUs and a 90% DPI.

Table 4 
Case 4 DERs.

Voltage 
level

Type Capability 
curve

Number Total installed power 
[MVA]

LV PV TCC 462 1.828
RCC 94 4.370

PV+BESS TCC 51 0.234
RCC 10 0.266

CHP SCC 8 0.210
MV PV LCC 6 0.653

CCC 2 2.092
PV+BESS LCC 2 0.500
CHP SCC 6 3.570

Fig. 13. Electrical efficiency of CHP units. Fig. 14. PARs of LV and MV FPUs for the studied portion of Milan’ grid.
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Regarding the provision of reactive power services, as downward 
regulation ΔP− increases, ΔQmax

± provision initially remains constant, 
following the shape of the RCC capability curve in Table 2, with ΔQmax

±

decreasing afterwards, following the profile of the TCC capability curve. 
In this regard, for a 60% DPI, ΔQmax

± = ± 2624 kvar remains constant 
until ΔP− reaches − 1940 kW. On the other hand, for a 90% DPI, ΔQmax

±

= ± 2470 kvar remains constant until ΔP− reaches − 838 kW. In 
addition, note that ΔPmax

− is strongly influenced by the DPI, since for a 
reliability of 60%, ΔPmax

− = − 3090 kW, while for 90%, ΔPmax
− = −

1247 kW.
The MV PAR shows that MV FPUs can provide greater upward ser

vices than LV ones, with ΔPmax
+ = 790 kW for a 60% DPI. Furthermore, 

the availability of CHP units at the MV level also affects the provision of 
reactive regulation, with significant ΔQmax

± values for capacitive and 
inductive services due to the stability limit of the CPU synchronous 
generators, as per the SCC capability curve in Table 2. Thus, as the DPI 
increases from 50 to 80%, ΔQmax

± remains almost constant at − 3290 and 
5250 kvar, respectively.

5.4.2. Grid limits
Some technical grid limits, such as limits on the HV/MV transformer 

interface, can be explicitly incorporated in the proposed approach based 
on a traffic light coordination mechanism. These limits can be commu
nicated by the grid operator (e.g., the DSO) to the BSP, which can 
consider them in the PAR definition. An illustrative example of this 
approach is shown in Fig. 15 for June 6, 2024. Thus, the preexisting 
operating condition at the HV/MV transformer with no ancillary service 
provision is depicted as a red dot in the figure, corresponding to a power 
absorption from the distribution grid of 22 MW at a lagging power factor 
of 0.98, while the transformer power constraints are represented as an 
arc centered on the axes origin for an assumed power capacity of 25 
MVA, which is a typical rated power of HV/MV transformers in Italy. 
Thus, the amount of flexibility that the DERs available on the ADN can 
supply to the TSO is equal to the intersection of the PAR and the 
maximum transfer capacity limit of the transformer interface. In the 
scenario under analysis, for example, the downward regulation ΔP− is 
constrained, with any additional increase in consumption or a corre
sponding reduction in local generation potentially exceeding the 25 
MVA capacity of the transformer.

5.4.3. Flexibility service costs
To study the cost of flexibility service provision, it is assumed that 

pbuy = 0.30 €/kWh and psale = 0.11 €/kWh, with the former cor
responding to the 2024 average of the Italian energy retail prices, while 
the latter corresponds to the 2024 average of the day-ahead zonal prices 
for Central-North Italy [48]. The pBESS value has been calculated 
considering a CAPEXBESS = 500 €/kWh, and CycleBESS = 5000. 
Finally, a pgas = 0.18 €/kWh has been used, which corresponds to the 
2023 average of Italian gas retail prices, considering an average gas 
turbine efficiency of 0.35 [48].

To evaluate the potential of DERs in participating in ancillary service 
markets, the service costs of the resulting LV and MV PARs have been 
sorted using a merit order algorithm. This yields the FPUs’ ΔPmax

± and 
associated flexibility costs in €/kWh depicted in Fig. 16 for a 60% and 
90% DPI. Observe that, for both LV and MV PARs, reliability signifi
cantly impacts the FPUs downward contributions, i.e., the maximum 
share of ΔP− , and consequently the flexibility costs. For MV FPUs with a 
60% DPI, the DSO can require a ΔP− = − 1300 kW with a flexibility 
cost of 0.11 €/kWh, whereas with a 90% DPI, the downward contribu
tion is reduced to − 600 kW for the same unit cost. Note, on the other 
hand, that upward regulation is less affected by an increase in the reli
ability index, with more constant flexibility costs. Thus, for instance, the 
minimum relative cost that grid operators need to pay is 0.07 €/kWh for 
ΔP+ = 600 kW from MV FPUs, whereas, for a greater upward regula
tion, they would have to purchase flexibility from other DERs with 
higher flexibility costs, such as PV+BESS systems at 0.225 €/kWh. 
Finally, it is worth noticing that fewer FPUs can provide upward regu
lation, due to the presence of several PV systems with a ΔPmax

+ = 0.

5.4.4. Scalability and computational performance for large BSP portfolios
The last case study shows that the proposed methodology is inher

ently scalable and computationally tractable for large BSP portfolios. 
Thus, the computation of probabilistic FORs relied on metering-based 
distributions and can be performed independently for each FPU 
(before service delivery), enabling full parallelization across several 
DERs. In addition, the aggregation process used to construct PARs 
adopts a DPI-filtered Minkowski sum, which bounds the growth of 
boundary vertices and avoids exponential complexity. This design en
sures that the overall framework remains efficient and applicable even 
for portfolios comprising several hundred FPUs connected to the same 
HV/MV node, ensuring that the computational effort observed in the 
case studies is representative of practical BSP operations.

Regarding computational burdens, the numerical calculations of the 
PARs described in this section required 270 s. These were performed in a 
MATLAB environment on a 12th Generation Intel(R) Core (TM) 
i7–1255U, CPU 1.70 GHz, RAM 16 GB computer.

6. Conclusions

This paper introduced the concept of probabilistic FOR to assess the 
flexibility potential of a heterogeneous set of FPUs through active- 
reactive power regions that describe the DER’s reliability to provide 
flexibility services. By incorporating capability limits, service duration 
and dynamic constraints, the proposed statistical framework enables 
BSPs to characterize the availability of individual FPUs without 
requiring real-time measurements or full network observability. The 
methodology was extended to sets of aggregated resources through the 
definition of PARs, obtained via a DPI-filtered Minkowski sum that 
preserves reliability while remaining computationally efficient for large 
BSP portfolios. This provides a practical tool for assessing market po
tential, supporting bidding strategies, and constructing cost-optimal 
portfolios of DERs.

The numerical studies, covering individual FPUs, mixed portfolios, 
and a real urban network, demonstrated that probabilistic FORs offer a 
more informative description of DER flexibility than deterministic 

Fig. 15. PAR at the TSO-DSO interface subject to technical constraints.
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approaches. In particular, the large-scale case study based on the Milan 
distribution network showed that the proposed framework can effi
ciently handle the aggregation of more than 600 DERs connected to the 
same HV/MV substation, with LV and MV PARs computed in the order of 
seconds. This confirms the scalability and practical applicability of the 
proposed methodology for BSP operations, both at the distribution level 
and across the TSO–DSO interface, even under limited grid 
observability.

Possible limitations of the developed methodology include the 
computation of empirical CDFs requiring representative historical active 
and reactive measurements, which may not be available for newly 
installed DERs or in poorly monitored networks. Moreover, since the 
approach is designed for contexts where BSPs operate with limited or no 
grid information, grid’s constraints are not explicitly accounted by 
FORs, although external constraints provided by DSOs can be incorpo
rated in a simplified form. For these reasons, future works could focus on 
hybrid approaches that integrate probabilistic FORs and PARs with 
network’s constraints, considering the computational burden associated 
with large-scale BSP portfolios, while accounting for scenarios in which 
DERs active and reactive power measurements are incomplete or 
unavailable.
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