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Abstract: The increasing penetration of Distributed Energy Resources (DERs) such as solar photovoltaic
(PV) systems, Battery Energy Storage Systems (BESSs), and Electric Vehicles (EVs) in low-voltage
(LV) and medium-voltage (MV) distribution networks is reshaping traditional grid operations. This
shift introduces challenges including voltage violations, thermal overloading, and power quality
issues due to bidirectional power flows. Hosting Capacity (HC) assessment has become essential
for quantifying and optimizing DER integration while ensuring grid stability. This paper reviews
state-of-the-art HC assessment methods, including deterministic, stochastic, time-series, and AI-based
approaches. Techniques for enhancing HC—such as On-Load Tap Changers, Reactive Power Control,
and network reconfiguration—are also discussed. A key focus is the emerging concept of Dynamic
Operating Envelopes (DOEs), which enable real-time allocation of HC by dynamically adjusting
import/export limits for DERs based on operational conditions. The paper examines the benefits,
challenges, and implementation of DOEs, supported by insights from Australian projects. Technical,
regulatory, and social aspects are addressed, including network visibility, DER uncertainty, scalability,
and cybersecurity. The study highlights the potential of integrating DOEs with other HC enhancement
strategies to support efficient, reliable, and scalable DER integration in modern distribution networks.

Keywords: hosting capacity assessment; distributed energy resources; dynamic operating envelopes

1. Introduction
The solar PV generation has reached up to 1000 TWH globally, with a record of 179 TWH (up

to 22% ) in 2021 alone, primarily due to its cost-effectiveness as a power generation option. It is
anticipated that solar PV generation will increase by 25% between 2022 and 2030 in alignment with
net-zero emissions goals by 2050 [1]. The transportation sector significantly contributes to CO2
emissions [2] and EVs are a viable solution that has been actively promoted. Consequently, an increase
in Electric Car sales by 35% is expected, reaching 14 million in 2023 compared to the previous year
(2022) when it was at 10 million globally [3]. Worldwide electricity production is anticipated to rise
by about 50% in the coming thirty years, achieving an estimated 42,000 terawatt-hours by 2050 [163].
At that point, renewable energy sources are projected to form the primary component of the global
electricity composition, making up close to 50% of the overall generation, as depicted in Figure 1.
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Figure 1. Projected electricity generation worldwide to 2050[163].

Along with the rest of the world, Australia is increasingly adopting renewable energy sources
to meet its energy demands, with a growing emphasis on distributed energy resources (DERs), as
shown in Figure 2. The trends suggest a significant increase in the incorporation of DERs into regional
distribution grids. The uptake of solar PV systems among electricity users connected to LV distribution
networks is on the rise, driven by the multitude of benefits associated with this technology [4].

Figure 2. Australia’s Plan Toward Net-Zero Carbon by 2030[164].

Despite being environmentally friendly, the large-scale integration of PV presents operational,
management, and planning challenges in LV Distribution Networks [5]. The significant increase in PV
and EV integration poses a new challenge for local grids that were not initially designed to handle
intermittent generation from PV or uncontrolled loads like EV charging [6]. The intermittent nature of
solar PV and wind can impact the power and frequency of the system, resulting in power quality issues,
especially in the case of microgrids. Therefore, energy systems like BESSs could be a reasonable solution
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to address the intermittency of these energy resources. The worldwide implementation of DERs like
Solar PVs and EVs is in accordance with political, social, economic, technical, and environmental goals
related to climate management [7]. This surge in DERs integration has led to inevitable transformations
in traditional local grids, presenting new challenges for Distribution Network Service Providers
(DNSPs) in accommodating customers at a higher capacity[8]. The increased integration of DERs
can have adverse effects on network operations, including voltage fluctuations, thermal overloading,
and protection-related issues [9,10,12–14,83]. In conventional practice, local distribution grids are
designed for one-way power transmission. However, the incorporation of DERs specially in LV/MV
networks introduces bidirectional power flow, raising Power Quality issues within the network[15].
There has been a conflict of interest between investors in DERs and DNSPs due to the unplanned
and rapid integration of these energy resources, leading to operational and technical challenges for
DNSPs. Consequently, the concept of HC has gained significance as a crucial step towards fostering
a sustainable environment. In the current context, there is a pressing requirement to optimize the
integration of DERs based on their HC within the Distribution Network. The significant incorporation
of these DERs poses challenges attributed to their bidirectional power flow, contrasting with the
conventional unidirectional power flow design of grids and networks from generation sources to end
consumers. Within this framework, the precise evaluation of the HC of DERs in a distribution network
is regarded as a fundamental and essential initial phase from a strategic planning standpoint. The
review provides state-of-the-art information on various methods, tools and approaches utilized for
quantifying DERs HC. Additionally, it addresses the factors influencing DERs HC in a distribution
network. Furthermore, the work discusses different methods and techniques employed to ensure
these factors remain within permissible limits. An in-depth analysis of various studies on how these
methods and techniques enhance DERs HC in electric distribution networks is presented. Moreover,
this work primarily focuses on a new concept called Dynamic Operating Envelope, its different aspects,
challenges concerning current studies in the Australian context for the large-scale integration of these
DERs, and potential challenges in implementing these operating envelopes. Many papers have been
published on the Integration of DERs in distribution networks regarding HC assessment, enhancement,
and the impact of these enhancement techniques on HC levels. However, none have conducted a
comprehensive review specifically focusing on the concept of DOEs in the Australian context and
related projects. The organization of my review is as follows:

• Section 2 presents the concept of HC and reviews various methods, tools (including their advan-
tages and limitations), and AI techniques used to quantify the HC of DERs.

• Section 3 discusses the factors influencing DERs Hosting Capacity.
• Section 4 examines various techniques for enhancing DERs Hosting Capacity.
• Section 5 explores the role of DOEs in integrating distributed energy resources into low- and

medium-voltage distribution networks within the Australian context. It highlights the importance
of DOEs, their use cases, a general framework, related Australian projects, implementation strate-
gies, the calculation of operating envelopes, their role in the energy market, and the challenges
associated with their deployment.

Finally, conclusions and future directions are presented in Sections 6 and 7, respectively.

2. Hosting Capacity
Hosting Capacity (HC) is the measure of a distribution network’s ability to incorporate DERs

without exceeding its operational thresholds, such as voltage, overloading, power quality, and protec-
tion. HC has become increasingly significant as a foundation for integrating DERs such as PVs, BESSs
and EVs. The concept of HC can be easily grasped with the aid of Figure 3, illustrating how DERs can
be extensively integrated into the same distribution network by improving HC while adhering to the
network’s operational limits.
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Figure 3. Graphical Representation of Hosting Capacity[7].

The Hosting Capacity of Distributed Energy Resources is subject to multiple factors, such as the
DER type, connection configuration (single or three-phase), weather patterns, network structure and
topology, and the nature of the load. Studies such as [16,82] have highlighted that the location of DERs
plays a crucial role in determining HC, among other factors. Initially, precise and prompt quantification
of HC is vital at different points within a distribution network. Subsequently, understanding how HC
can be improved through various technical methods is essential. DNSPs face a significant challenge
in identifying and implementing innovative approaches to enhance the HC of DERs, such as Solar
PV and EVs, in a Distribution Network. The primary consideration in HC Assessment is its use case,
which is determined by the study’s purpose, analysis method, scalability level, and level of detail.
Hosting capacity can be affected by several general factors, as shown in Figure 4.

2.1. Methods for Quantification of DERs Hosting Capacity

Typically, the procedures delineated in Figure 4 are adhered to for ascertaining HC.
This methodology includes employing a minimum of one Performance Index (PI) (like voltage

fluctuations, thermal overloads, imbalance, harmonic distortions, inefficiencies, or protection concerns)
with predefined thresholds aligned with recognized norms[7]. A suitable HC quantification method is
then selected to assess the HC concerning that specific DER. The selection of the methodology type is
contingent upon the study’s objectives [8]. The total process of Hosting Capacity Assessment can be
divided into three steps. Initially, we require data in the form of models, or any relevant information
related to networks. Subsequently, based on the available data, we analyze the appropriate methods,
impact factors as per requirements, and the tools needed for calculating Hosting Capacity. Lastly, the
Hosting Capacity Assessment can be utilized for planning, interconnection, and decision-making, as
illustrated in Figure 4.

2.1.1. Deterministic

The deterministic method is a fundamental approach that commences with data collection,
followed by the steps outlined in Figure 5. Unlike probabilistic methods, deterministic approaches do
not factor in uncertainties such as PV output, load consumption, PV capacity and location, relying
instead on predefined or assumed values derived from grid, PV, and customer models [22,23]. This
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method operates based on worst-case scenarios to evaluate uncertain parameters [8]. The deterministic
method is straightforward and efficient, involving minimal calculations. It relies on limited input data
and is beneficial for rapid HC assessments. Typically suitable for a single large installation, this method
overlooks uncertainties and tends to underestimate Hosting Capacity due to its focus on worst-case
scenarios [24]. Therefore, deterministic methods do not incorporate any elements of randomness or
statistical techniques in their processes. Some examples of studies of deterministic methods are given
in Table 1.

Figure 4. Integrated Framework for Hosting Capacity and Steps for Quantification.

2.1.2. Stochastic

The stochastic method considers uncertainties categorized as aleatory and epistemic. Aleatory
uncertainties pertain to the intermittency in PV production and load, while epistemic uncertainties
relate to the lack of precise data, such as the capacity and location of PV in the grid, forming a
probabilistic model of the distribution system [22]. By employing probabilistic load flow (PLF) and
random scenarios for PV placement and capacity as inputs in the network using probability distribution
functions (PDFs) developed from historical data, this method incorporates the likelihood of occurrence
of unknown variables [23]. Subsequently, network load flow simulation is conducted, as illustrated in
Figure 5. Some examples of studies of Stochastic methods are given in Table 2.

This method takes into account the uncertainties mentioned above and can simulate real grid
scenarios. By utilizing Probability Distribution Functions (PDFs), it can offer a more realistic depiction
of grid operations. However, in this method, the temporal relationship among variables may be com-
promised, leading to an increase in ambiguity due to an excessive number of scenarios. Additionally,
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the need for extensive data measurements results in a heavy computational burden. Consequently,
analyzing and interpreting Hosting Capacity results becomes challenging.

Table 1. Deterministic Methods for DERs Hosting Capacity Quantification.

Ref DER Type Performance Indices Study Objective

[25] DG – Over/Under Voltage
– Thermal Overloading
(Line)

Assessing the impact of DG location on Hosting Capacity.

[26] DG – Over Voltage
– Thermal Overloading
(Lines & T/F)

Analyzing the Hosting Capacity of Utility-level DG Plan-
ning Based on Location.

[27] Solar PV – Over Voltage
– Thermal Overloading
(Lines)

Examining the impacts of conductor ampacity and volt-
age fluctuations on Photovoltaic (PV) Hosting Capacity.

[28] Solar PV – Power Losses
– Over/Under Voltage
– Unbalance Phase
– Fault Current

Investigating the influence of Solar PV generation on the
actual and reactive power losses, voltage distribution,
phase asymmetry, and fault capacity of the distribution
network.

[29] Solar PV/EV – Over/Under Voltage
– Thermal Overloading
(Lines & T/F)
– Unbalance Phase

Analysis of the impact of EV charging on Solar PV Host-
ing Capacity under various electricity tariffs in LV Distri-
bution Networks.

[32] DERs – Overvoltage
– Thermal loading

Probabilistic Hosting Capacity evaluation for smart grid
solutions scalability.

[31] Solar PV – Overvoltage
– Unbalance Phase

Voltage implications analysis of high residential solar
penetration in LV feeder.

[33] Solar PV – Harmonic Distortion Hosting Capacity evaluation considering harmonic dis-
tortion from PV inverters.

[34] Solar PV – Overvoltage
– Thermal loading

Hosting Capacity assessment across 1264 LV distribution
networks.

[35] DG – Overvoltage
– Unbalance Phase
– Thermal loading

Hosting Capacity assessment using analytical-
probabilistic methodology.

Table 2. Stochastic Methods for DERs Hosting Capacity Quantification.

Ref DER Type Performance Indices Study Objective

[31] Solar PV – Overvoltage
– Unbalance Phase

Voltage implications analysis of high residential solar penetra-
tion in LV feeder.

[32] DERs – Overvoltage
– Thermal loading

Probabilistic Hosting Capacity evaluation for smart grid solu-
tions scalability.

[33] Solar PV – Harmonic Distortion Hosting Capacity evaluation considering harmonic distortion
from PV inverters.

[34] Solar PV – Overvoltage
– Thermal loading

Hosting Capacity assessment across 1264 LV distribution net-
works.

[35] DG – Overvoltage
– Unbalance Phase
– Thermal loading

Hosting Capacity assessment using analytical-probabilistic
methodology.

2.1.3. Time Series

The time series approach to Hosting Capacity Assessment looks at how well a power distribution
grid can handle different DERs, by studying detailed data collected over a long period. The exploration
of integrating DERs such as BESS, smart inverters, and EVs into distribution networks requires
contemporary methodologies and technologies also commonly known as Quasi-Static Time Series
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(QSTS) [36]. This is a modified version of the deterministic method where real measurements of PV
output and load consumption are conducted instead of using fixed values as in the deterministic
approach for HC calculations [23]. By incorporating time series data of PV generation and load,
this method ensures accurate DERHC calculations [8]. While this method enhances accuracy in HC
calculations by considering the time series of load consumption and PV generation, it may not capture
all potential effects of DERs on network performance, such as voltage violations or increased tap
operations. Since this method considers the time series of load consumption and PV generation,
so it gives accuracy in the HC calculation of the system. Despite its precision, the QSTS method is
time-consuming and imposes an additional computational burden due to the requirement for high-
resolution simulations [22]. The Time series method can be briefly illustrated in Figure 5. Some
examples of studies of Time Series methods are given in Table 3.

Grid Parameters/ Load 
Profiles

DERs Data

Model Distribution Grid and perform load flow 
simulations

Conduct time series load flow simulations Analyse the grid results

Model Distribution 
network and 
uncertainities

Conduct PLF 
simulations and repeat 

for  n times

Conduct baseline flow
Apply power system 
criteria to the feeder/

part of network

Model the distribution 
network and determine 
the objective function 

and constraints

Conduct OPF 
simulations

Input

Deterministic

Stochastic

Time Series

Streamlined

Optimization-based method

Output

Figure 5. Different methods used for HC Assessment.

Table 3. Time Series Methods for DERs Hosting Capacity Quantification.

Ref DER Type Performance Indices Study Objective

[37] Solar PV – Overvoltage
– Reverse Power Flow
– Power Losses
– Power Factor
– Unbalance Phase

Effects of increased solar PV penetration on operational
constraints in LV Distribution Network in Sri Lanka.

[38] RES – Over/Under Voltage
– Thermal Loading

Probability of constraint occurrences upon exceeding RES
Hosting Capacity threshold.

[39] Solar PV &
BESS

– Over/Under Voltage
– Unbalance Phase
– Thermal Loading

Influence of PV systems on voltage quality using EN 50160
standard and BESS impact on PVHC.

[40] Solar PV – Overvoltage
– Reverse Power Flow

Effects of PV integration into LV distribution networks.

[41] DERs – Over/Under Voltage
– Thermal Loading

Investigating load characteristics and Hosting Capacity in
MV radial distribution network.
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2.1.4. Streamlined

The Streamlined Method, pioneered by the Pacific Gas and Electric Company (PG&E), is employed
for the estimation of HC in Distribution Networks. This approach utilizes a series of equations and
algorithms to predict HC at different points within distribution networks. The methodology comprises
two main phases: initially, conducting a baseline power flow analysis, and subsequently assessing
performance indicators including voltage, thermal, and protection limits. This iterative procedure is
repeated numerous times, as necessitated for California’s integration capacity analysis spanning 576
hours, to track fluctuations in load, DERs, and voltage regulation devices, in alignment with time-based
HC methodologies [8]. One key advantage of this method is its estimation of HC without considering
DER profiles, enhancing computational efficiency and enabling time-based HC assessments [42].
However, drawbacks include the necessity for DER forecasting (e.g., using smart meter data), time-
series load data, and accuracy challenges in complex circuit scenarios [8]. Generally, the streamlined
method can be illustrated as in Figure 5. Some examples of studies of Streamlined methods are given
in Table 4.

Table 4. Streamlined Methods for DERs Hosting Capacity Quantification.

Ref DER Type Performance Indices Study Objective

[43] Solar PV – Over/Under Voltage
– Thermal Loading Ampacity
(Line & T/F)
– Protection Devices

Assessment of PV Hosting Capacity through a stochastic
method of a feeder.

[44] DER – Over/Under Voltage
– Thermal Loading Ampacity
(Line & T/F)
– Protection Devices

Assessment of the positive and negative effects of Dis-
tributed Energy Resources on distribution networks
through a new streamlined method.

2.1.5. Optimization-Based Method

An optimization-based method is a structured technique that seeks to identify the optimal solution
to a problem by either maximizing or minimizing a defined objective function while adhering to a set
of specified constraints. This method views PV integration as an optimization challenge and applies
the Optimal Power Flow technique (OPF) to maximize the installed PV capacity within grid constraints
as per the study [30]. While some studies indicate that this method can be employed with a single
objective function to maximize HC [45,113] in other instances, it can serve multiple objectives such
as enhancing HC while minimizing losses and costs simultaneously [47,48]. The optimization-based
approach is typically depicted as shown in Figure 5. Some examples of studies of Optimization-based
methods are given in Table 5.

Table 5. Optimization-Based Methods for DERs Hosting Capacity Quantification

Ref DER Type Performance Indices Study Objective

[48] Solar PV – Over Voltage
– Reverse Power Flow

A framework is proposed to assess the impact of two
types of DPV installations on a real distribution network,
with a multi-objective optimization formulated to de-
termine optimal sizing and placement for minimizing
reverse power flow and voltage violations while maxi-
mizing energy conservation and voltage stability.

[49] Solar PV – Over/Under Voltage
– Thermal loading ampacity (line)
– Harmonic Distortion

PV Hosting Capacity is improved and evaluated by im-
plementing passive harmonic filters in a distorted distri-
bution system, with optimization considering capacitive
reactance, inductive reactance, damping resistance, and
PV unit capacity.
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Table 5. Cont.

Ref DER Type Performance Indices Study Objective

[50] DG – Over/Under Voltage
– Thermal loading ampacity (line)

In this study, a proficient linearized model was intro-
duced to ascertain the optimal loading capacity of radial
distribution networks.

[51] EV – Over/Under Voltage
– Thermal loading ampacity (line)

The aim of the investigation was to evaluate the in-
cremental hosting capacity values for distribution net-
works integrating Electric Vehicles (EVs) employing an
optimization-centered hosting capacity model.

[52] EV – Over/Under Voltage
– Thermal loading ampacity (line)

An optimization-based approach for Electric Vehicle
Hosting Capacity (EVHC) is developed in two stages,
and its effectiveness is assessed by comparing it with con-
ventional methods using the IEEE-123 Node test feeder.

2.1.6. Other Approaches

i. Iterative method. An iterative method is a mathematical procedure used to generate a se-
quence of improving approximate solutions for a class of problems. This method utilizes
software packages for distribution network analysis to estimate HC by assessing individual
DER locations incrementally until limits are exceeded. Commercial software such as Cyme
and Synergy also employ this approach. The advantages of this method include multi-feeder
analysis and the utilization of accessible tools [8]. Time-based HC analysis necessitates load
and DER forecasts.

ii. Hybrid Drive method. DRIVE is the abbreviation for Distribution Resource Integration and
Value Estimation. The Electric Power Research Institute (EPRI) recently developed this method
to address the primary drawback of previous methods, which was the computational burden,
and to provide accurate estimates of hosting capacity. This method can be described as a
combination of features from stochastic, streamlined, and iterative methods.

2.2. AI Based Hosting Capacity Assessment Techniques

As per study [156], author proposes the utilization of Artificial Intelligence (AI) and Machine
Learning (ML) methodologies as a substitute for traditional electrical models in HC estimation. This
approach addresses the inherent limitations of electrical models, which are often characterized by
their computational intensity, high cost, and potential inaccuracies. Conversely, AI/ML models offer
a compelling alternative by providing rapid and accurate estimations, thereby streamlining the HC
assessment process. Table 6 presents a compilation of AI-driven assessment techniques employed in
HC evaluations, as documented in various studies.

Table 6. Machine Learning and Optimization Techniques for DER Hosting Capacity Assessment.

Ref Network Study Techniques Used Limitation

[53] IEEE 34-, 123-bus PV HC assessment in
real-time

Deep learning-based ST-LSTM
method

High computational cost, substantial
resources for training and implemen-
tation

[54] IEEE 34-bus HC enhancement of
converter-interfaced
generators

Multi-agent reinforcement learning
(MARL) algorithm

Exponential growth in state-action
space complexity, scalability chal-
lenges

[55] 300 real rural
and suburban LV
grids

PV HC of LV Dis-
tributed Generators

Support Vector Machines (SVM) High computational complexity
and memory requirements for large
datasets

[56] Two 4-wire 3-
phase unbalanced
LV test networks
(ENWL)

Rooftop PV with BESS
at homes

Battery scheduling in Monte Carlo
analysis with Policy Function Ap-
proximation (PFA)

Approximation errors, learning insta-
bility, high data requirements, diffi-
culties in high-dimensional spaces, lo-
cal optima convergence, lack of inter-
pretability
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Table 6. Cont.

Ref Network Study Techniques Used Limitation

[57] ACN dataset
(2019)

EV charging behavior ML algorithms: Random Forest,
SVM, XGBoost, deep neural net-
works, ensemble learning

Requires validation during uncertain
circumstances

[58] IEEE 13-bus net-
work

HC analysis of DERs Multiple Linear Regression (MLR),
Multivariate Linear Regression
(MVLR), SVM

Limited constraints: over/under-
voltage violations, conductor-rated
current, equipment-rated power

[59] Three LV distribu-
tion feeders

HC assessment of
DERs

ML-driven Stochastic HC (SHC-
ML) method based on linear regres-
sion

Only considers PV among DERs, uses
voltage performance as constraint

[60] 503 simulated re-
alistic LV distri-
bution feeders in
Finland

HC assessment in LV
Distribution Networks

ML models: Decision Tree, Ran-
dom Forest, Linear Regression, K-
nearest Neighbors, Logistic Regres-
sion, SVM

Network topology not considered

2.3. Power Flow Analysis Tools

Power flow analysis methodologies serve as the foundational data for HC assessments, integrating
both conventional and artificial intelligence methodologies. Moreover, these analytical instruments
play a pivotal role in network planning, design, and operational processes [61]. Commercially accessi-
ble power flow analysis software includes PSS/Sincal, PSCAD, DIgSILENT PowerFactory, NEPLAN,
Synergy Electric, and CYME. Conversely, open-source power flow analysis tools include PandaPower,
OpenDSS, PowerModelsDistribution, and OpenDSOPF. A comparative analysis of various software
tools used for HC evaluation, highlighting their methods, key parameters, features, strengths, and
limitations for HC assessment, as detailed in Table 7.

Table 7. Comparison of Software Tools for Hosting Capacity Evaluation.

Ref Software Methods Key Parame-
ters

Features Strengths Limitations

[62] PSS/Sincal Time series /
Steady-state &
Transient

Voltage, Short
circuit, Ther-
mal loading,
Protection,
Reverse Power
Flow

Comprehensive suite
for system planning,
including load flow,
short circuit, transient
stability, and protection
system coordination.
Handles balanced and
unbalanced networks.

Comprehensive,
User-friendly

Expensive,
Complex

[63] PSCAD Time-domain
analysis

Voltage, Active
Power, Reac-
tive Power,
Phase Angle

Detailed modeling of
dynamic behaviors,
transient stability, and
electromagnetic tran-
sients. Supports custom
models and multi-rate
simulation.

Detailed model-
ing, Multi-rate
simulation

Not primarily
for hosting ca-
pacity, Com-
plex for gen-
eral use

[64] DIgSILENT
PowerFactory

Stochastic (bi-
nomial search
method)

Voltage, Power
Quality, Ther-
mal, Protection

Versatile for various
power system studies
including steady-state,
dynamic, probabilistic
assessments, and renew-
able energy integration.
Extensive modeling
capabilities.

Advanced fea-
tures, Good for
renewable en-
ergy modeling

Expensive,
Complex

Continued on next page
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Table 7 – Continued from previous page

Ref Software Methods Key Parame-
ters

Features Strengths Limitations

[65] NEPLAN Stochastic
(Monte Carlo
Simulation)

Voltage, Ther-
mal, Harmonic
Distortion, Pro-
tection, Voltage
fluctuation

Extensive features for
analysis, planning, and
optimization. Includes
transmission, distribu-
tion, and generation
models, customizable
scripting, and multi-
user functionality.

Flexible data
import/export,
Customizable

Complex
interface

[66] Synergy Elec-
tric

Iterative
time-series
approach with
stochastic
characteristics

Over Voltage,
Thermal, Re-
verse Power
Flow

Detailed modeling of
real-world distribution
systems, including
PV, storage, trans-
former management,
and power quality
assessment.

Comprehensive
spatial environ-
ment modeling,
PV model-
ing, Weather
simulation

Requires
advanced
data integra-
tion, High
complexity

[67] CYME Streamlined (it-
erative hourly
constant
source)

Voltage, Power
Quality, Ther-
mal, Protec-
tion, Reliabil-
ity/Safety

User-friendly interface
for complex power sys-
tem analyses. Suit-
able for steady-state and
transient simulations.

Extensive
modeling, Cus-
tomization

Requires
expertise,
Complex
interface

[68] PandaPower Time-series
analysis

Voltage, Over-
loading, Power
loss

Open-source, user-
friendly, ideal for
smaller systems and
educational use.

Open-source,
Easy to use

Limited
scalability
for larger
systems

[69] OpenDSS Quasi-static
time series

Voltage, Volt-
age unbalance,
Transformer
Overloading,
Harmonics,
Power loss

Detailed component
modeling for distribu-
tion systems.

Open-source,
Detailed model-
ing

Limited con-
trol strategies
for DERs

[71] PowerModels
Distribution

Steady-state
analysis

Voltage, Over-
loading, Fault
currents

Good visualization and
user interface for steady-
state analysis of radial
distribution systems.

User-friendly,
Good for steady-
state analysis

Limited anal-
ysis capabili-
ties for com-
plex systems

3. Main Factors Affecting the DERs Hosting Capacities
Numerous factors influence the HC of a feeder or network within distribution systems. A

general overview of these influences is presented in Figure 4, which categorizes them as: (i) technical
constraints, (ii) social behavior, and (iii) market dynamics. Among these, social behavior and market
dynamics typically fall outside the direct control of network operators. However, technical constraints
can be actively managed and mitigated. Therefore, the primary focus of this section is on the technical
constraints that limit HC. Impact factors or limiting factors are crucial in Hosting Capacity studies as
the grid choice and characteristics of DER devices considered significantly affect the outcome. Many
studies have been conducted in this regard. Hosting Capacity may not be a single value due to different
limiting factors resulting in varying HC values.

According to [49,72–74], voltage violations, voltage unbalance, ampacity, and power quality issues
(such as harmonics and flickering) impact HC. However, in [75–79], other limiting factors like fault
current concerning protection devices, reverse power flow, network losses, and utilization level (based
on the number of customers) were considered by the authors. The high integration of PV into the LV
network primarily relies on Power Quality and the feeder’s thermal limits [79].

The Electric Power Research Institute (EPRI) concluded that grid characteristics (including voltage
control schemes), load characteristics (such as location, type, and quantity), phasing, grounding
procedures, reconfiguration capabilities, and DER characteristics (including location, type/technology,
and control) are the primary limiting factors [80,81]. In [82] sensitivity studies were conducted to
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analyze various feeders regarding overall HC impacts, revealing that PVHC is highly sensitive to PV
location and operating power factor. Additionally in [83], the author demonstrated that PV distribution,
load modeling, and network topology also influence HC levels in a distribution network. As per the
study [5] voltage violation is identified as one of the primary limiting factors compared to others, as
indicated by previous literature surveys shown in Figure 7. Different limiting factors considered in
various studies are presented in Table 1,2,3,4&5 respectively. Based on the aforementioned studies, it
can be concluded that the following factors are primarily significant as limiting elements for hosting
capacity levels in a distribution network:

1. Voltage Level
2. Thermal Overloading (Ampacity)
3. Unbalance (Phase)
4. Power Quality Issues (Harmonics and Flickering)
5. Protection

Figure 6. Different limiting factors (technical) considered as per various studies.

Figure 7. Limiting Factors (%) in literature [5].
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Additionally, previous research studies have identified several factors that influence hosting
capacity limitations in distribution networks. Many factors affect the DERS HC in networks, as
demonstrated by various studies and illustrated in Figure 6. These include fault current constraints
related to protection devices, reverse power flow, network losses, and utilization levels based on
customer count. Furthermore, grid attributes (such as voltage regulation methods), load characteristics
(including location, type, and volume), grounding protocols, and DER attributes (encompassing
location, technology, and management strategies) also play a significant role in determining hosting
capacity levels. The selection of impact factors to apply depends on the specific objectives of the
analysis and the availability of relevant data. Different factors may be prioritized based on the
intended application and the context of the distribution network.

4. Different Techniques Used for HC Enhancement of DERs
Various techniques have been used to enhance the Hosting Capacities (HCs) of Distributed Energy

Resources (DERs) in distribution networks, and some of them are outlined below.
The author of the study [72] demonstrated the role of On-Load Tap Changer (OLTC) in enhancing

Hosting Capacity (HC) through voltage regulation in balanced three-phase systems concerning single
phase. The use of reactive power control (Inverter) is particularly beneficial when the X/R ratio is
high, such as in high voltage grids compared to low voltage grids [5]. In [84], authors recommended
Reactive Power Control (RPC) over Active Power Curtailment (APC) for voltage compensation in a
distribution network. The authors of [85,86] considered the use of APC to address network stability
issues due to high Photovoltaic (PV) integration into the distribution network. In reference [106]
discussed how advanced OLTC settings, along with Secondary VAr Controllers and smart inverters,
doubled the HC of Keolu Substation from 77% to 154% of peak load. In [90] the author demonstrated
the efficiency of voltage regulation through OLTC compared to PV Var absorption in a real rural
Medium Voltage/Low Voltage distribution network. According to [88], optimal power flow can
enhance voltage stability in a distribution network, while [89] highlighted that improper Demand
Response can lead to increased losses and voltage unbalance. Author of [91] proved how Network
Reconfiguration can enhance HC in a distribution network. As per[92], Active Power Curtailment
(APC) plays a crucial role in HC improvement, with APC up to 30% and 50% of PV HC being more
cost-effective than Reactive Power Control (RPC) or storage strategies. In [93], the author discussed
that installation of Battery Energy Storage Systems (BESS) with forecasting doubled the HC from
19.65% to 39.29%, and a centralized BESS control combined with forecast algorithms increased PV HC
by 26Power Quality issues like Unbalance, Harmonics, and Flickering often arise from rooftop solar
PV, inverters, non-linear loads, and intermittent DERs like solar in distribution networks. Decreasing
harmonic voltage can lead to a 12% improvement in HC according to author of [94]. The proposed
Optimization Strategy for PV inverters by the author of [95] can address Power Quality issues like
Unbalance and voltage fluctuations effectively. PV inverters can regulate voltage locally through Active
Power (P) and Reactive Power (Q), known as Volt/Var and/or Volt/Watt control. Smart inverters
typically operate based on predefined setpoints designed for worst-case scenarios rather than local
network conditions, leading to underutilization of DERs. A Dynamic Control Strategy for inverters
that responds to actual network conditions is essential [8]. Sophisticated Flexible AC Transmission
System (FACTS) apparatus such as the Unified Power Flow Controller (UPFC) or Unified Power
Quality Conditioner (UPQC) possess the capability to regulate both active and reactive power flows
within a feeder [96]. The effectiveness of FACTS Devices like the Dynamic Voltage Restorer (DVR),
Distributed Static Compensator (D-STATCOM), and UPFC for voltage regulation, loss reduction, and
enhancement of power quality in distribution networks has been examined in references [97–99].
In [100], author explores dynamic limits for DERs along with feasibility and control schemes. In
reference [101], Operating Envelopes are shown to be beneficial for integrating a maximum number
of DERs in the same network. In reference [102], an investigation was conducted to evaluate and
improve the uncertain Hosting Capacity of Renewable Energy, with or without voltage control devices,
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in distribution grids. This study employed the Manta Foraging Optimization (MRFO) algorithm
in conjunction with OLTC, Static Var Compensator (SVC), and Power Factor control of DERs. This
study considered solar PV and wind turbines as renewables while accounting for uncertainty from
all sources including load. The bi-stage approach resulted in a significant increase in HC levels with
33-bus and 118-bus systems showing improvements of 77.8% and 74.5%, respectively. Figure 8 and
Table 8 illustrate several techniques identified in various studies for enhancing hosting capacity (HC)
levels of DERs.

Figure 8. Different methods for HC enhancement.

Table 8. Overview of Techniques for Enhancing Hosting Capacity in Power Systems.

Ref No. HC Enhancement Method Effect on HC Reference (HC)

[79] Smart Inverter Volt-VAR Control Increased up to 19.7% Customer PV
[103] OLTC (1-min control cycle) Increased from 40% to 100% Customer PV
[104] OLTC (Setting of ±8%) Increased from 30% to 50% Customer PV
[72] OLTC (Balanced feed-in for rural and urban cases) Increased by 17.5% and 43.5% for

0% and 5% MV change, respectively
Peak Load

[76] OLTC & Reactive Power Support Increased from 40% to 70% Customer PV
[84] Tap setting of T/Fs & Capacitors settings Increased from 38% to 64.4% Peak Load
[105] LTC & Smart Inverters (PF 0.995 and 0.98 lag) 158% increase in PV HC Peak Load
[106] OLTC, Smart Inverter functions & SVCs Increased from 77% to 154% Peak Load
[107] RPC & APC (Urban distribution system) Increased from 35.65% to 66.7% T/F Rating
[84] Smart Inverter (Volt-VAR Control) Increased from 116.4% to 213.2% Peak Load
[108] Demand Response Increased from 28.57% to 52.78% Energy Consumption
[109] Network Reconfiguration (NR) of HVDN 30–78% increase in PV HC –
[110] APC (Single-phase load) 59.72% of total generation Energy Consumption
[111] Static Compensator Increased from 15% to 100% Peak Load
[112] NR (Load modeling as P and Q buses & 0.9 PF lag) 0–20% increase in HC –
[113] SVC HC increase of 0.05 p.u up to 9 in-

stallations (37-bus) and 2.459 p.u in
IEEE 123-node systems

Over-Voltage &
Under-Voltage

[114] Demand Response HC increase of 33.6% using modi-
fied IEEE 15-bus system

Over-Voltage

[102] OLTC, SVC & PF (DERs) Increase of 77.8% and 74.5% in HC
levels with 33-bus and 118-bus sys-
tems, respectively

Voltage & Line
Current
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5. The Role of Dynamic Operating Envelopes in the integration of DERs in an
LV/MV Distribution Network in Australian Context

Due to the various advantages of DERs over traditional resources, they are gaining global attention.
Australia boasts the highest rate of solar adoption globally. Based on data from the Clean Energy
Regulator [115], as of December 31, 2020, the country had more than 2.68 million rooftop solar power
systems installed. Roughly one in every four households in Australia has solar panels installed on
their rooftops. Despite the numerous benefits such as energy reliability and security from integrating
DERs (like Solar PV, BESS, EVs) in the Low Voltage (LV)/Medium Voltage (MV) Distribution Network,
it also exposes the network to the challenge of two-way power flow, leading to breaches in operational
and physical limits of Distribution Networks. To address this issue, the concept of Dynamic Operating
Envelopes (DOE) has been introduced to mitigate violations of operational limits. According to
the AEMO 2020 Integrated System Plan (ISP), DERs might supply between 13% to 22% of the total
underlying annual National Electricity Market (NEM) energy consumption by 2050. By 2040, they are
predicted to double or even quadruple in size. The rapid adoption of distributed solar PV is expected
to persist until 2050 and potentially beyond, driving the growth of DERs in Australia. According to
references [116,117], there exist numerous advantages associated with the utilization of Operating
Envelopes in the context of incorporating DERs into distribution networks. Operating Envelopes
present a flexible resolution to the myriad challenges encountered during the assimilation of DERs into
Distribution Networks. Their implementation does not require complex local control and optimization
systems, rendering them readily adaptable across a variety of DER assets.

Moreover, Operating Envelopes can be incrementally implemented across different segments of
distribution networks as the need arises. Moreover, the implementation of Operating Envelopes holds
several potential benefits:

i. Enhanced solar PV/Battery export.
ii. Improved market efficiency: Operating Envelopes may result in increased embedded energy in

the market, potentially leading to reduced wholesale energy prices for all customers.
iii. Enhanced interoperability: This can facilitate efficient balancing of generation and demand,

potentially reducing the need for costly infrastructure investments. Participation in real-time
energy markets can be advantageous for all customer categories.

iv. Enhanced network efficiency.

As per [100], use cases for DOEs include managing Solar Generation in terms of export, DERs
market participation for import and export facilitation, EVs charging in terms of import, and power
system security as gievn in the Figure 9. The advantages of integrating DERs into distribution networks
align with the changing generation mix in the National Electricity Market (NEM) would resemble
this as we approach 2050, as depicted in Figure 10. An Operating Envelope (OE) is the specification
of DERs/connection points that can be integrated into a Distribution network without surpassing
the operational/physical limits. Furthermore, operating envelopes define the technical constraints on
power import and export for customers.

Figure 9. Use cases of Dynamic Operating Envelopes.
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Figure 10. Forecast NEM Capacity to 2050 [118].

5.1. Dynamic Operating Envelopes

A DOE refers to the systematic allocation of available HC to a DER/DERs within a distribution
network for each time interval. A DOE sets upper and lower limits on the power that can be imported
or exported within a specific timeframe for particular DER assets or a connection point. Import and
export constraints are adjusted by the DOE according to the overall capacity of the local network or
power system over time and space.

Different distribution companies in Australia are implementing region-wide fixed active power
export levels [119] for DER owners to manage voltage and thermal constraints, disregarding phase.
This approach discourages DER owners from utilizing their DERs due to less profitable investments.

The intermittent nature of DERs leads to continuous variations and imbalances between power
generation and consumption in distribution networks, limiting the network’s full utilization. Different
studies on the implementation of DOEs have demonstrated the potential and benefits of DOEs
compared to the Fixed region-wide approach [120,121].

Different techniques for enhancing HC are being utilized and integrated into the DOEs implemen-
tation plan to facilitate the integration of DERs at maximum capacity. A General framework providing
an Overview of Dynamic Operating Envelopes in Figure 11.

Figure 11. A general framework of Dynamic Operating Envelopes.
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5.2. Australian Projects Related to Dynamic Operating Envelopes

Details of some of the Australian Projects on Dynamic Operating Envelopes are given in Table 9.

Table 9. Some Australian Projects on Dynamic Operating Envelopes.

Ref No. Name of the Project Main Objectives

[100] Distributed Energy Resources Feasi-
bility Study (12 December 2018 – 30
August 2021)

– Examination of the feasibility of implementing a distributed control
scheme to enforce dynamic constraints for PV inverters.

– Utilization of network sensors for monitoring thermal and voltage
limitations.

– Adoption of an open network data platform for gathering data and
engaging with stakeholders.

[122] Evolve Project: On the calculation
and use of dynamic operating en-
velopes (4 February 2019 – 31 March
2023)

– Demonstrates the utilization of DOEs for orchestration of DERs in
alignment with network dynamics.

– Establishes bi-directional thresholds for both reactive and active powers
through DOEs.

[123] Advanced VPP Grid Integration (15
January 2019 – 12 June 2021) – Strategies for augmenting DER exports beyond conventional static

export thresholds.
– Development of an API to furnish live data on DN to a VPP of PV

systems and BESSs.
– The VPP dynamically assesses network export constraints.

[124] Flexible Exports for Solar PV (1 July
2020 – 24 September 2023) – Establishes adaptable connectivity solutions for solar PV systems.

– Investigates retrofit options with flexible export capabilities.
– Lays technical groundwork for flexible exportation.

[125] Project Edge (3 August 2020 – 13
August 2023) – Conceptualizes and assesses a DER Marketplace.

– Integrates DERs into wholesale markets.
– Incentivizes DER owners’ market participation.
– Supports reform in regulations, market structure, and investments.

[126] Project Symphony (2 July 2021 – 10
February 2024) – Enables DER owners’ participation in energy markets via VPPs.

– Unlocks economic/environmental benefits for customers.
– Includes test scenarios like Energy Balancing and Network Services.

[127] Project Edith (Late 2021 – June 2023)
– Develops and tests a dynamic network pricing system.

[101] Project Converge ACT DERs (24 Au-
gust 2021 – 15 January 2024) – Showcases management of solar and battery DERs.

– Tackles congestion and supports DER energy trading.

[129] Project SHIELD (January 2020 –
November 2023) – Improves LV network visibility via new monitoring methods.

5.3. Implementation of DOE

As per the study in [101], the implementation of Dynamic Operating Envelopes (DOE) in the
evolve project is founded on three major pillars: technical capabilities, social license, and rules &
regulations, as illustrated in Figure 12.

Technical Capabilities are further subdivided into four sub-categories: network visibility, commu-
nication standards and interoperability, software and algorithms, and DER devices optimization &
control. As per research conducted in [130] has provided insights into the present status of Distributed
Energy Resources (DOEs) and the strategies adopted by Distribution Network Service Providers
(DNSPs) to support their integration. The examination underscored the emergence of DOEs as a
notable aspect of the electricity landscape, with a majority of DNSPs currently engaged in experimental
or preparatory phases for DOE provision. The outcomes suggest an escalating inclination towards
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furnishing DOEs to consumers within the forthcoming five-year period, indicative of a deliberate
transition towards dynamic and adaptable grid management approaches. In the context of Dynamic
Operating Envelopes (DOEs), customers can be categorized into two groups:

i. Active Customers utilizing the DOE facility (Prosumers).
ii. Fixed Customers operating within fixed limits (may have DERs).

Figure 12. Key pillars for the implementation of Dynamic Operating Envelopes (DOE).

Many studies have explored different approaches for implementing Dynamic Operating En-
velopes (DOEs). Some studies suggest direct control of Distributed Energy Resources (DERs) by
Distribution Network Operators (DNOs) [131,132] which could potentially infringe on the privacy
and priorities of active DER owners (prosumers). Other researchers have proposed indirect control of
DERs by DNOs [120,121] where prosumers use their energy management systems to manage their
DERs, while DNOs oversee export levels and communicate with prosumers accordingly. Aggregators
may also play a role in facilitating interactions between prosumers and DNOs [133]. Aggregators are
responsible for managing DERs based on the Operating Envelopes (OEs) communicated by DNOs
and sharing necessary DER data with DNOs to update OEs in line with network constraints such as
voltage and thermal considerations. This approach aligns with regulatory frameworks in the electricity
sector by clearly defining the roles of distribution companies and aggregators. The responsibility
of aggregators extends to making network-secure bidding decisions in real-time energy and reserve
markets [133]. A Generalized Approach for DOE-Based DER Management, as indicated by various
studies, is outlined in Figure 13.

Figure 13. A Generalized Approach for DOE-Based DER Management[134].

5.4. Calculation of OEs

Operating Envelopes can be calculated by Distribution Network Operators through several steps.
Initially, the Hosting Capacity of the distribution network is determined, followed by the allocation
of available Hosting Capacity to individual or aggregated connection points or DERs. Subsequently,
DERs and connection points are managed according to the Operating Envelope (OE), ensuring that the
operational limits of the network are not exceeded. In addition, Operating Envelopes (OEs) can be
calculated either in advance (offline) or in almost real-time (online) depending on the frequency of data
exchange. For day-ahead calculations, load and generation forecasts are utilized [134], while for online
calculations, the Distribution Network Operator (DNO) collects data from aggregators or prosumers at
regular intervals. Given the challenge of reliable load forecasting in low-voltage distribution networks,
dynamic data sharing offers increased accuracy [135]. Moreover, dynamic data exchange facilitates
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iterative negotiations to adjust the computed OEs [136]. Generally, calculating a Dynamic Operating
Envelope (DOE) involves mathematical modeling and analysis to establish the operational limits or
boundaries within which a system, such as a power distribution grid, can operate safely and reliably.
Further, Dynamic Operating Envelopes (DOEs) can be calculated using the following approaches:

i. Iterative approach.
ii. Optimization-based approach.

To calculate DOEs, a mathematical model of the system is developed, and its behaviour is simulated
under various conditions to ensure it operates within safety constraints while optimizing performance.
This process is dynamic and iterative, necessitating continuous monitoring and adaptation to changing
conditions. A general approach to calculating DOEs is illustrated in Figure 14.

Figure 14. DNO Calculation Process for Dynamic Operating Envelopes (DOE) of Active and Passive Customers.

It’s important to note that the specific calculation methods and software tools used to determine a
dynamic operating envelope can vary widely based on the complexity of the system and the goals
of the analysis. Additionally, industry standards and guidelines may influence the methodology
and criteria used in DOE calculations, particularly in critical infrastructure systems like power grids.
In [120], the author has focused solely on Active Power Operating Envelopes (OEs) as they can enhance
network integrity by managing voltage and line thermal constraints. On the other hand, in [121], the
author has identified two types of OEs for communication between Distribution Network Operators
(DNOs) and Prosumers: I. Active Power OEs, and II. Reactive Power OEs. It was observed that utilizing
both Active Power and Reactive Power OEs together can lead to increased active power generation,
especially in scenarios with a low R/X ratio. Off-load taps, Volt-Watt, and Volt-Var functions have also
been employed in the implementation of DOEs in a case study [137].

5.5. Prosumers Participation and Market Integration of Distributed Energy Resources

The success of the Distributed Energy Resources (DER) concept primarily hinges on the engage-
ment of everyday energy consumers. To attract energy users to this concept, the key lies in introducing
new electricity tariffs and incentives. With the increasing adoption of Rooftop solar systems (PV)
paired with battery energy storage systems (BESS), there is a pressing need to rethink how distribution
systems operate and interact with electricity markets. Aggregators play a crucial role in converting DER
flexibility into valuable electrical market services, such as frequency reserve services [138]. Distributed
Network Operators (DNOs) have enabled prosumers to participate in real-time energy markets through
aggregators, allowing for bidding and trading. However, without proper coordination between DER
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actions and DNOs, there is a risk of voltage fluctuations and congestion issues in medium-voltage to
low-voltage distribution networks [136]. Various studies have explored ways for prosumers to benefit
financially from bidding while ensuring network security. Furthermore, Dynamic Operating Envelopes
(DOEs) can facilitate peer-to-peer trading among prosumers, focusing on profit generation [139]. As
per [120], It is essential to address challenges such as prosumer response to price signal spikes, which
could lead to constraint violations if not managed effectively. Innovative mechanisms, as proposed in
studies [140], offer solutions for energy sharing within communities by considering agents’ strategic
decision-making processes. As per an other study [160], Peer-to-peer (P2P) trading offers significant
advantages in energy markets by enhancing financial returns for prosumers, as they can sell their
excess energy at higher prices compared to conventional feed-in tariffs. This mechanism also reduces
reliance on the main grid by facilitating localized energy exchange, thereby minimizing transmission
losses and improving overall system efficiency. Furthermore, P2P trading contributes to grid stability
by enabling local energy balancing, which mitigates voltage fluctuations and reduces the need for
costly infrastructure upgrades. Additionally, by providing a market for surplus renewable energy, it
incentivizes greater adoption of distributed energy resources, accelerating the transition toward a more
sustainable and decentralized energy system.Despite its advantages, peer-to-peer (P2P) energy trading
presents several challenges, including the complexity of implementation and management, requiring
advanced metering, communication, and control infrastructure, transaction costs that may reduce
financial benefits, regulatory hurdles due to outdated policies, and potential inequitable outcomes for
participants with limited access to renewable energy or advanced energy technologies. These mecha-
nisms incorporate day-ahead and real-time trading strategies, aiming to reduce energy costs for agents
and overall community operating expenses while enhancing the network’s efficiency and reducing
reliance on the upstream grid. Such approaches are instrumental in advancing the functionality and
sustainability of energy communities.

5.6. Challenges in the Implementation of OEs for DERs Grid Integration
5.6.1. Network Visibility

Network visibility is a crucial aspect in Operating Envelope (OE) calculations. The lack of
information concerning network topology, line impedance, and customers’ phase connections can
pose challenges for Distribution Network Operators (DNOs) and impede the calculation of OEs
for individual prosumers [117,142]. Additionally, determining the operational state of the entire
distribution system necessitates voltage magnitudes and angles at all phases of the reference bus,
typically located at the high voltage side of the transformer. Real-time network conditions, hybrid
approaches incorporating advanced modelling techniques, and the installation of new equipment are
essential for accurate OE calculations. It is worth noting that monitoring at distribution transformers is
uncommon in distribution companies in Australia. In a study [143], the authors proposed the use of a
Distribution System State Estimation (DSSE) engine on feeders, combined with capacity constrained
optimization (CCO), to enhance network visibility and estimate real-time operating conditions at
various points in the network. The analysis of this approach in south-east Queensland indicates that
previously restricted DERs now have greater opportunities to export energy. Furthermore, this method
could enable networks to manage the anticipated growth in electric vehicles and batteries without
requiring physical infrastructure upgrades.

5.6.2. Factor of Uncertainties

Uncertainty remains a factor in DOE implementation regarding load or generation due to the
intermittent nature of DERs [125,144,145]. Load visibility constitutes a pivotal element in Operating
Envelope (OE) computations. Information sourced from prosumers regarding controllable elements
including PV solar generators, batteries, and electric vehicles, alongside uncontrollable loads such as
air conditioners, hot water systems, electric heating, and various cooking appliances, is imperative.
In the context of forecasting, predicting their operational status as exporters or importers is crucial.
Forecasting the uncontrolled load of an individual customer can be challenging, but it can be estimated
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for customers collectively within a specific section of the network. There are a lot of AI Models for load
forecasting, but baseline model can be divided into three group: (I) Machine Learning (II)Deep Learning
(III) Hybrid Models. Hybrid Models are gaining importance because of less error rate as compared to
others. In a study [146], the author proposed a hybrid technique using a (Convolution Neural Network)
CNN and (Multi-layer Bi-directional Long-short Term Memory) M-BDLSTM for short term forecasting
of residential load forecasting. In a study [147], author has proposed AI tools like. a hybrid Convolution
Neural Network (CNN) and Gated Recurrent Units (GRU) model for short term load forecasting in
residential buildings. These AI tools, with a lower error rate, can make a significant difference in load
forecasting using the DOE approach. In another study [148], the author suggests a risk-based method
for multi-period reconfiguration and utilizes Relative Distance Measure (RDM) arithmetic to account
for the uncertainty in load and generation from renewable energy sources. In another study, the author
presents a framework for an [149] (ADMS) that integrates a dual-horizon rolling scheduling model
based on dynamic AC optimal power flow to address operational uncertainties. Uncertainty poses a
significant challenge in the implementation of Dynamic Operating Envelopes (DOEs). This uncertainty
can stem from fluctuations in electric power due to the intermittent nature of Distributed Energy
Resources (DERs), variations in system load, and errors in power forecasting. Excessive generation or
load imbalance can lead to blackouts, underscoring the importance of maintaining system balance
amidst uncertainty. Load or generation visibility can be achieved with installation smart metering
infrastructure with communication networks, utilizing common approaches such as model-based,
data-driven, and physics-informed techniques [150–153]. Model-based methods face limitations due
to the need for detailed PV parameters and precise meteorological data, while newer approaches
integrate physical PV models with statistical models using smart meter and weather data [153,154].
The absence of detailed PV array parameters, precise meteorological data, and typical PV generation
curves impacted by local conditions like shadows and dirt reduces estimation accuracy.

5.6.3. Calculation of OEs in Terms of Computational and Scalability [145]

Operating Envelopes (OEs) are computed for individual prosumers and disseminated to them
by Distribution Network Operators (DNOs). Distribution networks consist of numerous buses, each
serving hundreds of thousands of customers. While the current number of prosumers may be low,
the scalability and calculation of these OEs for DNOs could pose challenges over time. Innovative
algorithms are essential to address this issue, requiring new mathematical modelling techniques
for solving complex networks. Reliable operational Low Voltage (LV) network models are crucial
for this purpose. In a study [155], the author proposes a phase Optimal Power Flow method for
rapid real-time OE calculations using commercial solvers, contingent upon having complete electrical
models of Medium Voltage (MV)/LV networks and smart meter data. In another study of [156], the
author introduces a model-free approach for accurately calculating voltage using smart meter data
and artificial intelligence, as an alternative to traditional methods involving power flow analysis and
LV network electrical models. This is particularly important for DNOs to monitor voltage fluctuations
in networks due to the integration of various DERs. However, the lack of smart meter data from
certain customers like commercial and industrial users (managed by third parties) may impede the
effectiveness of this approach.

5.6.4. Capacity Allocation to Consumers [141]

Fairness is a crucial factor in the implementation of Dynamic Operating Envelopes (DOEs),
regardless of the method or strategy used for calculating Operating Envelopes (OEs). Two customers
with identical DER ratings and load patterns may receive significantly different OEs based on their
location. Achieving fair allocation can be accomplished through appropriate rules and the formulation
of an objective function to guide implementation. Several studies have explored this aspect. In a
study [120], the author demonstrates the effectiveness of a quadratic objective function (Quadratically
Constrained Quadratic Program) in promoting fairness among prosumers compared to a linear
objective function. In [157], it is noted that the maximize allocation technique is more advantageous
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for increasing DER exports compared to equally distributing OEs, due to voltage sensitivity based on
location. Therefore, equal allocation of OEs to all customers may not be conducive to maximizing DER
integration, considering the varying sensitivities of customers towards network constraints.

5.6.5. Cybersecurity.

As Dynamic Operating Envelopes (DOEs) rely on digital data and communication networks,
they are vulnerable to cybersecurity threats. Safeguarding the integrity and security of DOE systems
and data is paramount. Cybersecurity is a continuous process as threats and vulnerabilities evolve.
It is crucial to stay informed about emerging threats and adjust cybersecurity measures accordingly.
Regular assessment and updating of cybersecurity strategies are essential to effectively protect DOEs.
Adopting strategies like the zero-trust cybersecurity model, which operates under the assumption
that malicious insiders or agents may always be present, can significantly strengthen the overall
security and resilience of the system [158]. Additionally, New cybersecurity technologies developed
for industrial IoT (IIoT) applications can also be applied to Distributed Energy Resources (DERs).
Because these BTM DERs function autonomously and rely on internet-based communications (IP
communications), they can be considered part of the IIoT ecosystem [159].

6. Discussion
Hosting Capacity (HC) serves as a critical foundation for integrating Distributed Energy Resources

(DERs) into distribution networks, playing a pivotal role in reducing carbon emissions and advancing
the transition to sustainable energy systems. Accurately assessing HC levels is essential for researchers
and stakeholders to ensure the seamless integration of DERs while mitigating potential adverse impacts
on network performance. However, HC is not a static value; it varies significantly depending on
predefined limiting factors such as bus overvoltage, voltage deviation, line and transformer overload,
and protection device miscoordination. While peak load is commonly used as a reference, its reliability
diminishes in networks with frequent load variations, underscoring the need for more dynamic and
adaptive approaches.

Figure 15. A Real-Time Optimization of Hosting Capacity Using Dynamic Operating Envelopes.

The accurate definition of HC requires a comprehensive consideration of various parameters,
including network topology, load conditions, and DER deployment patterns. The choice of method-
ology depends on the specific objectives of the study, and commercial tools vary widely in terms
of cost, functionality, and data requirements. Therefore, selecting the appropriate tool must align
with the goals of the network analysis. Emerging artificial intelligence (AI)-based methods for HC
analysis present a promising alternative, enabling real-time assessment and facilitating the efficient
and sustainable integration of DERs into medium- and low-voltage distribution networks.

High penetration of solar PV and other DERs necessitates a stable and resilient network. Tradi-
tional solutions such as voltage regulators, capacitors, and On-Load Tap Changers (OLTCs) remain
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relevant but must be adapted for smart grids with bidirectional power flow. Strategies like inverter
oversizing, coordinated OLTC operation, and Battery Energy Storage Systems (BESS) can enhance HC,
though they require careful cost-benefit analysis. Power quality issues, such as voltage unbalance and
harmonic distortion, can be mitigated through harmonic filters, reactive power control, and Active
Power Curtailment (APC). However, excessive curtailment may lead to energy losses, highlighting the
need for balanced solutions.

Real-time monitoring, dynamic thermal ratings, and adaptive control systems further optimize
HC, emphasizing the importance of standardized procedures and the careful consideration of both
technical and economic factors. Among the various techniques for enhancing HC, the concept of
Dynamic Operating Envelopes (DOEs) has gained significant traction. Unlike traditional methods that
often require costly infrastructure upgrades, DOEs focus on efficient import/export management based
on real-time energy generation and demand, minimizing the need for extensive network modifications.
The integration of DOEs into energy markets offers additional benefits, attracting energy users due to
their cost-effectiveness for both DER and non-DER participants. Moreover, DOEs empower household
DER owners to actively engage in energy markets, unlocking financial incentives and fostering greater
consumer participation.

The primary objective of DOEs is to implement real-time management of power import and export
within low- and medium-voltage distribution networks, optimizing network utilization through dy-
namic analysis of critical limiting factors and adaptive control strategies. However, several challenges
must be addressed for successful DOE implementation:

• Innovative Approaches: Novel software, advanced modelling techniques, and sophisticated
algorithms are essential to address emerging challenges and enhance DOE functionality.

• Real-Time Data: Accurate and reliable real-time data from sensors and monitoring devices is cru-
cial, though it may require significant investment in infrastructure and data management systems.

• Alignment with Infrastructure: DOE implementation must align with existing infrastructure,
investment plans, and local DER road-maps to ensure compatibility and scalability.

• Collaboration: Successful adoption of DOEs requires close coordination among utilities, regula-
tors, technology providers, and researchers.

• Regulatory Frameworks: Supportive policies and creative regulatory solutions are necessary to
integrate DOEs into modern distribution grids effectively.

• Public Engagement: Gaining public acceptance is vital, requiring clear communication of benefits
and proactive efforts to address stakeholder concerns. Policies that incentivize participation in
energy markets can further enhance public engagement.

Australia serves as a valuable case study, having made significant investments in DOE-related projects,
as highlighted in Section 5.2. However, challenges remain, as discussed in Section 5.6, particularly in
addressing the exponential growth in energy demand. This underscores the insufficiency of relying
on a single technique for enhancing HC. Instead, a combination of approaches—such as network
reinforcement, advanced control strategies, and market integration—should be adopted to achieve
optimal results. Once HC levels are maximized, network augmentation and reinforcement become
critical for continued improvement.

Moving forward, researchers and stakeholders must prioritize cost-effective and innovative
solutions to address these challenges. By doing so, they can ensure the efficient integration of DERs
into distribution networks, paving the way for a more flexible, resilient, and sustainable energy future.
This holistic approach will not only optimize DER utilization but also support the global transition
toward decarbonized and decentralized energy systems.

7. Conclusions and Future Work
In the context of evolving power systems, the development of cost-effective and innovative

strategies will be crucial for maximizing the HC of DERs in both LV and MV distribution networks.
The increasing penetration of diverse DERs such as PV, BESS, EVs, and wind turbines requires
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comprehensive methodologies that can accurately quantify their collective impacts on system stability,
power quality, and operational reliability. A deeper understanding of these impacts will facilitate
better planning, operation, and integration practices within modern grids.

One of the most promising directions lies in the combined application of advanced HC enhance-
ment techniques and the implementation of DOEs. This integrated approach offers a dynamic and
adaptive framework to manage DER operations in real time, helping to maintain network balance while
exploiting available HC to its fullest extent. The deployment of DOEs necessitates substantial progress
in modelling capabilities, control algorithms, and digital tools that can support precise and scalable
operation. In this regard, the adoption of AI and ML can enable predictive and responsive control
strategies that effectively account for the stochastic nature of DER behaviour and network conditions.

To accommodate the rising share of DERs, grid infrastructure must also evolve. Cost-efficient
reinforcement options such as smart transformers, power electronic converters, and adaptive protection
schemes should be considered to enhance grid flexibility and resilience. These technologies will
support a smoother transition towards decentralized energy systems without requiring prohibitively
expensive overhauls.

Another emerging opportunity is the integration of DOEs within local and wholesale energy
markets. Enabling DOEs to actively participate in energy trading frameworks can deliver significant
economic and operational advantages for both prosumers and DNOs. Novel market models, including
P2P energy trading supported by blockchain and smart contracts, have the potential to democratize
energy access and empower consumers by transforming them into active market participants.

Beyond technical solutions, future research should also focus on the regulatory, social, and eco-
nomic aspects of DER integration. Ensuring interoperability, consumer engagement, and compliance
with evolving policy landscapes will be essential to achieving widespread DOE deployment and opti-
mizing DER contributions. Addressing uncertainties in DER forecasting, enhancing network visibility,
and developing cyber-secure communication infrastructures will be vital for scaling DOE applications.

Ultimately, a multifaceted strategy that combines HC enhancement techniques, DOE frameworks,
and intelligent control systems can pave the way toward a more robust, efficient, and sustainable
distribution grid. The transition to a decentralized and decarbonized energy future hinges on contin-
ued interdisciplinary collaboration and innovation that aligns technical advancements with policy,
regulatory, and social imperatives.
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