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Abstract: The Integrated Resource Plan (IRP) 2019 outlines South Africa’s goal of achieving a
diverse and sustainable energy mix. To achieve this, innovative methods must be found to integrate
renewable energy sources while preserving grid stability. Virtual Power Plants (VPPs), which
combine dispersed energy resources like solar photovoltaic (PV), wind, and battery storage into a
single, intelligent system, are one such approach. This study provides a thorough analysis of the
best way to integrate VPPs into South Africa’s national grid, highlighting the associated operational,
regulatory, and technological challenges. In order to optimize VPP efficiency, this research looks at a
number of key areas, such as enhanced renewable energy forecasting, energy management systems
(EMSs), and distributed energy resource (DER) integration. Additionally, it examines how VPPs
help demand-side management, reduce intermittency in renewable energy sources, and improve
grid flexibility. In addition, this paper analyzes the market and regulatory structures required to
permit VPP participation in energy markets and guarantee a smooth transition to a decentralized
energy environment. This paper highlights the crucial role VPPs could play in reaching the nation’s
renewable energy targets, lowering dependency on fossil fuels, and enhancing energy access. Through
this review, this paper offers insights into the technological viability and strategic benefits of VPP
implementation in South Africa. The findings highlight that for VPPs to successfully integrate into
South Africa’s energy landscape, it will be necessary to overcome technological, regulatory, and
market-related barriers.

Keywords: virtual power plant; distributed energy resources; integrated resource plan; energy
management system; renewable energy sources

1. Introduction

South Africa has been experiencing rolling blackouts or “load shedding” since 2007, as
the country’s capacity to produce electricity has been unable to keep up with the increase
in demand [1]. This has been attributed to a number of factors including but not limited to
underinvestment in infrastructure; generation plant maintenance issues; mismanagement of
the state-owned enterprise, Eskom; delays in new power plant construction; and challenges
associated with the coal supply for power generation. To address these issues, initiatives
to diversify the energy mix, such as the Integrated Resource Plan 2019 (IRP 2019), have
been implemented.

The seamless integration of Virtual Power Plants (VPPs) with the existing national
grid in South Africa is a critical undertaking to realize the ambitious targets outlined in
the IRP 2019. Academic research provides valuable insights into the optimal approach
for this integration, taking into account the diverse technologies involved and the unique
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challenges presented by the South African energy landscape. This paper will delve into the
optimal strategies and key considerations for VPP integration [2].

VPPs integrate decentralized, diverse, and distributed energy resources into a unified,
dynamic system, providing an innovative means of resolving the intermittency challenges
associated with renewable energy sources (RESs) [3].

Optimizing VPP integration requires a robust assessment of grid compatibility and
stability. Studies such as the work of Morales et al. [4] highlight the significance of grid
modeling and simulation techniques to evaluate the impact of VPPs on grid operations.
Advanced power system simulation tools can assess voltage stability, transient stability,
and frequency control under various VPP penetration scenarios. Furthermore, Zia et al. [5]
emphasize the use of advanced control algorithms, such as model predictive control, to
maintain grid stability while efficiently coordinating Distributed Energy Resources (DERs)
within the VPP.

Effective communication and control mechanisms are critical for VPP integration. In their
study, Vandoorn et al. [6] propose a hierarchical control structure for VPPs that encompasses
centralized control, local control, and peer-to-peer communication. This architecture ensures
real-time coordination and decision-making among DERs, enabling optimal power dispatch
and grid response. Leveraging secure communication protocols, as suggested by Gunduz
et al. [7], helps safeguard smart grid systems’ operations against cyber threats and enhances
overall system reliability.

Ultimately, the best option for a VPP in South Africa would be a well-planned and
comprehensive approach that considers the unique characteristics of the region, optimizes
the utilization of available resources, addresses technical and regulatory challenges, and
aligns with the country’s energy goals outlined in the IRP 2019. A holistic evaluation of local
conditions and stakeholder engagement is crucial to ensure successful VPP implementation
and integration into the South African national grid.

Through a comprehensive review of existing literature and case studies, the theoretical
underpinnings, technical feasibility, and potential benefits of integrating VPPs into the
South African energy landscape are explored. The measurable objectives for VPP integra-
tion are defined in Table 1 below. This paper will only focus on the technical objectives.
These objectives are to be used to evaluate the success of VPP integration in South Africa.

Table 1. Measurable objectives for VPP integration.

Measurable Objective

Explanation Metrics

Improved grid stability

Improving grid stability will reduce Reduced load shedding stages (GWhs avoided)

the duration and frequency of Grid uptime (%) increase
load shedding.

No. of load shedding-free days

Increased renewable
energy capacity

Renewable energy increase (%)

Increase RES contribution to the

energy mix as per the IRP 2019, Renewable energy curtailment reduction (MWhs)

No. of DERs aggregated into VPPs

Improved energy efficiency
and demand response

Reduction in peak demand (MWs shifted)

Use VPP-enabled demand

. Demand response program participation rate (% total users)
response programs to improve

Reduced costs

demand-side management. Energy wastage reduction (kWhs saved through
optimized dispatch)
Electricity generation cost reduction (cost per kWh)
Reduce generation and operational Reduction in dependence on gas peaking plants during high
costs for the grid by leveraging demand (liters of diesel saved)
VPP efficiencies.

Revenue increase due to VPP participation in the electricity
market (ZAR).

Environmental benefits

Displace coal-based generation with CO; emission reduction per annum (metric tons)

RESs to reduce GHG emissions. Percentage increase in clean energy in the energy mix
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Table 1. Cont.

Measurable Objective

Explanation Metrics

Expansion of energy access

Provide underserved rural or remote No. of households connected through VPP microgrids

locations with reliable electricity using  Reduction in off-grid communities that do not have reliable
VPP-enabled microgrids. electricity supply

Economic development

Nurture economic growth and No. of jobs created
promote job creation by deploying
renewable energy and improving

VPP technologies. Domestic manufacturing capacity increase in VPP components

RES and smart grid technology investment growth (ZAR)

Increased market participation
and decentralization

No. of prosumers participating in electricity markets

Small-scale DERs enabling active

participation in electricity markets. Amount of energy traded through VPP platforms (kWhs)

Small-scale RES producers increase in revenue

There is currently limited research on the operating challenges that are unique to the
South African grid infrastructure. In addition, the impact of load-shedding and subsequent
transmission constraints on VPP deployment and coordination is neglected in research.
There are research gaps regarding scheduling integration in the country, optimization tech-
niques, technical and economic constraints, and how to adequately deal with uncertainties,
specifically in the context of scarcity of supply. There is also a lack of detailed and practical
studies on how VPPs can be optimized for the South African grid taking the country’s
specific concerns such as load shedding and aged infrastructure into account. More research
is required on practical market integration taking the changing market (from a single-buyer
model market to a multi-market structure) and demand response with extensive RES
integration into account. How to practically integrate VPPs with regard to the current
Renewable Energy Independent Power Producer Procurement Programme (REIPPPP)
context and how to optimize DER coordination under specific grid constraints should be
considered. The REIPPPP is a competitive bidding process which is employed for major
renewable energy projects [8]. The country must solve its regulatory gaps, technological
difficulties in real-time data handling and the inadequacies in its infrastructure.

The paper aligns with the IRP 2019 and thus provides a tailored review of the means
to achieve the country’s renewable energy targets, which differs from generic VPP studies.
It aims to fill the gaps in the literature by discussing how the VPP integration of wind,
solar PV, and battery storage can best be managed within the country’s unique energy
landscape. The exploration of scheduling algorithms, grid compatibility, and energy storage
integration add dimension to the technical feasibility of the undertaking. It also highlights
regulatory barriers specific to South Africa, which are not prevalent in the global literature,
thus promoting tailored policy frameworks. Looking at the local energy projects showcases
the practical application and benefits of VPPs, providing validation to theoretical findings.

Regarding practical applications, this study emphasizes the importance of EMSs in
coordinating DERs, serving as a guide for operational improvements in South Africa’s
grid. This study addresses load shedding, a major issue facing South Africa, by discussing
how VPPs can mitigate the effect of intermittent RESs and thus enhance grid stability.
Emphasis is placed on small-scale DERs and prosumers gaining access to electricity markets,
which supports decentralized energy solutions. This stimulates innovation and economic
participation. This paper recommends public—private partnerships, regulatory incentives
like feed-in tariffs, and smart grid investments, which are practical, actionable steps for
stakeholders to take to overcome the barriers to integration. Finally, this paper advocates
for VPPs that are community-based so as to address energy access in remote or underserved
regions. This aligns with the country’s developmental and social goals.

The goal of this research is to contribute to advancing sustainable energy practices and
support South Africa’s path towards achieving its energy and climate goals by contributing
valuable insights into the control, management, and optimization of DERs and VPPs as well
as the technical and practical aspects of VPP implementation while focusing on enhancing
grid stability.
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This paper examines the integration of VPPs into the South African national grid
as a strategic step towards realizing the envisioned energy transition outlined in the
IRP 2019. It aims to provide a detailed examination of the prospects, challenges, and
implications of integrating VPPs into the South African national grid, focusing on DER
control and coordination, explaining the synergistic role of various RES technologies in this
transformative process through an in-depth analysis of existing academic literature and
empirical studies.

The remainder of the paper is structured as follows. Section 2 reviews the current literature
on VPP technology and policies. The proposed methodology is formulated in Section 3. The
Results and Discussion are given in Section 4. The paper is concluded in Section 5.

2. Literature Review

The implementation of VPPs can help improve grid stability, integrate renewable
energy sources, and optimize the use of DERs. VPPs can also play a role in supporting grid
flexibility and demand-side management. A VPP combines and manages DERs such as
solar photovoltaic (PV) generators, energy storage, gas generators, and building loads.

By aggregating and intelligently managing diverse RESs, VPPs offer an opportunity to
achieve sustainable energy goals, enhance grid stability, and promote equitable energy access.
However, overcoming the regulatory, technological, and market-related challenges requires
collaborative efforts from policymakers, energy stakeholders, and research communities.

VPPs must efficiently integrate RESs to maximize their effect on emissions reduction
and energy sustainability. Research by Hong et al. [9] underscores the significance of
accurate renewable energy forecasting, such as solar irradiance and wind speed prediction,
for VPP planning and operational strategies. Furthermore, Nosratabadi et al. [10] propose
hybrid VPP configurations that combine various RES technologies, such as solar PV and
wind turbines, to ensure a balanced and reliable energy supply.

Energy storage plays a crucial role in mitigating the intermittency of renewable energy
resources within VPPs. The uncertainty of the generation of these RESs can lead to economic
losses [11]. Studies, such as that by Zarate-Perez et al. [12], emphasize the importance
of optimal energy storage sizing and placement within the VPP network to enhance
grid stability and accommodate varying load demands. Implementing advanced battery
management systems, as explored by Dai et al. [13], improves the lifespan and performance
of energy storage systems, rendering them more effective assets within the VPP.

Davuluri [14] highlights the significance of a supportive regulatory framework and
appropriate market structures to incentivize VPP integration. Well-designed feed-in tariff
(FiT) mechanisms, energy trading platforms, and demand response programs encourage
VPP operators and DER owners to participate actively in grid services, ensuring a smooth
transition towards a more decentralized energy ecosystem.

Optimal integration of VPPs with the South African national grid is a multifaceted
endeavor that demands a careful understanding of grid compatibility, efficient communica-
tion and control mechanisms, integration of RESs, strategic energy storage deployment,
and supportive regulatory measures. By drawing from academic research, policymak-
ers and energy stakeholders can foster a cohesive roadmap for VPP integration, thereby
accelerating South Africa’s journey towards a greener, sustainable energy future.

The integration of RESs into the energy mix has become a global goal to combat climate
change and achieve energy sustainability. South Africa, with its abundant renewable
resources and ambitious sustainability targets, has set forth a roadmap in the form of the
IRP 2019 to realize its vision of a greener energy future [15].

Central to the realization of the IRP 2019’s objectives is the concept of VPPs, an
innovative paradigm that transcends conventional centralized power generation models.
VPPs represent a revolutionary approach to energy aggregation and management by
intelligently integrating DERs and coordinating their collective operations. These DERs
encompass a diverse array of technologies, including energy storage systems (ESSs), wind
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turbines, solar photovoltaic (PV) systems, demand-side management (DSM) technologies,
electric vehicles (EVs), and so on.

2.1. Virtual Power Plants: Concept and Technologies
2.1.1. Definition and Architecture

A VPP is a cloud-based platform that leverages advanced algorithms and communica-
tion technologies to coordinate and optimize the operation of diverse DERs in real time. By
pooling together multiple distributed energy assets, a VPP creates a virtual, aggregated
power plant capable of responding to the demands of the grid and electricity markets as a
unified entity. The VPP architecture typically comprises a central control system, remote
monitoring units, and a robust communication infrastructure that facilitates seamless data
exchange and control actions [16]. The concept of a VPP is illustrated in Figure 1 [17].
VPPs are effective in balancing the fluctuations associated with RESs, such as wind and
solar power. Various VPP demonstration projects, including the FENIX project, have been
implemented in the European Union, the Netherlands, and France [18].

Virtual Interconnection through
communication and coordination

System
Operator

Photovoltaic
power plant

Storage
systems

Electric
vehicle

Home

Photovoltaic
low voltage

Virtual Interconnection with communication protocols.

Coordination between VPP and the System Operator for the supply/demand
of energy, capacity, and ancillary services.

Figure 1. VPP structure.
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2.1.2. Integration of RESs into VPPs

Integrating RES technologies into VPPs is essential for harnessing the potential of
renewable resources and addressing their inherent variability. Solar PV systems offer
a scalable and widespread distributed energy solution, while wind turbines contribute
a substantial share of electricity generation. Effective utilization of these resources in
a VPP framework requires sophisticated forecasting models, monitoring and optimal
dispatch algorithms, and coordination mechanisms to ensure reliable and predictable
energy delivery [19]. Notably, a study [20] examined the integration of renewable energy
resources onto the South African national grid, albeit without incorporating VPPs as part
of the plan.

2.1.3. Introduction of ESSs and VPPs

Energy storage plays a pivotal role in VPPs by mitigating the intermittency of RESs
and providing grid ancillary services. The various ESS technologies include but are not
limited to pumped hydro storage and battery energy storage systems (BESSs). Energy
storage improves VPPs reliability, flexibility, and performance by ensuring continuous
supply of energy during unexpected events such as outages or spikes in demand. ESSs
provide voltage and frequency regulation, which contributes to maintaining grid stability.
ESSs also allow excess energy to be stored or discharged during periods of low or peak
demand, respectively. Integrating ESSs into VPPs ensures that the VPP is able to increase
its profits because it is able to increase its ancillary services offering [21].

2.1.4. DSM and Smart Grid Integration

Demand-side management techniques are vital components of VPPs as they enable
demand response capabilities, enhancing grid flexibility and load balancing. Integrating
smart grid technologies, such as home energy management systems (HEMSs) and smart
meters, empowers consumers to actively participate in energy conservation and load-
shifting practices, thus optimizing VPP performance [22]. Furthermore, one study [23]
focused on the technical and economic aspects and the limitations of the scheduling problem
associated with VPPs, suggesting the use of deep reinforcement learning (DRL) to address
these challenges.

2.2. Expected Role of Virtual Power Plants in the South African Grids

The IRP 2019 outlines a roadmap for diversifying South Africa’s energy mix, including
increasing the share of renewable energy to 24.7% by 2030. South Africa has a total electricity
generation capacity of 54.6 GW as of the end of 2022, according to its Council for Scientific
and Industrial Research (CSIR). The aim is to increase the share of renewable energy, that
is, solar PV, wind, and concentrated solar power (CSP), from 11.4% (6.2 GW) to 24.7% of
the energy mix. VPPs offer an enabling platform to achieve these targets by facilitating
the integration and efficiently utilizing distributed renewable resources while ensuring
grid stability and security. Table 2 [24] provides a breakdown of South Africa’s electricity
generation capacity by technology.

Table 2. Breakdown of wholesale nominal capacity per generation source (2022).

Technology Capacity (GW) Percentage Capacity
Coal 39.8 72.9%
Nuclear 1.9 3.5%
Diesel 34 6.2%
Hydro 0.6 1.1%
Pumped storage 2.7 4.9%
Wind 34 6.2%
Solar PV 2.3 4.2%
CSP 0.5 0.9%

Total capacity 54.6 100%
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2.2.1. Renewable Energy Sources Integration

There is a chance to create distributed generation, offer off-grid electricity, and diversify
the South African electricity mix with solar PV, wind, and CSP with storage. Additionally,
there is a great deal of promise for localization along the value chain, the development of
new industries, and the creation of jobs via renewable technology [15].

Beyond the predominance of wind around coastal locations, South Africa’s Wind Atlas
offers a foundation for quantifying the potential of wind energy for producing electricity in
other parts of the country [15]. Thus far, the majority of wind projects have been created in
the Eastern and Western Cape. These projects range in size from kWs to MWs and can be
distributed across industrial centers.

South Africa has enormous potential for producing power and heat from biogas and
biomass (for industry) [15]. Even in cogeneration plants, biomass from the sugar, paper,
and pulp industries might be used to generate power at a price that is competitive while
requiring minimal changes to the transmission and distribution infrastructure. Moreover,
run-off river hydro projects from South African rivers show promise. These have been
demonstrated to be practical through various projects that farming communities have put
into practice.

The overall system demand in 2022 was 2.2% (or 5.2 TWh) less than the levels prior to
the (COVID-19) shutdown in 2019. The energy mix in South Africa is still dominated by coal,
which makes up 80% of the system load [25]. With 6.2 GW of installed capacity, renewable
energy technologies—namely, wind, CSP, and solar PV—contributed 7.3% to the demand in
2022. Table 3 above demonstrates the IRP 2019 [15], that is, the capacity that is planned to be
installed per generation of technology per year up until 2030. It also shows the total planned
capacity for the year 2030, its respective percentage of the energy mix, and its annual energy
contribution in percentage. Table 4 shows the latest statistical data from the CSIR [24], that
is the capacity of each generation technology actually installed during 2022 and the actual
total generation capacity at the end of 2022. It was the first year when the production of
solar power (PV and CSP) generation fell. South Africa had 54,000 MW of nominal wholesale
capacity at the end of 2022 (refer to Table 2).

South Africa aims to increase its share of (its PV, wind, and CSP) renewable sources
to 24.7% of its energy mix. This excludes hydro power, biomass, and biogas. VPPs are
necessary to integrate renewables into existing power systems as they can help alleviate
the difficulties posed by the intermittent nature of renewable energy sources [23].

Table 3. The Integrated Resource Plan (IRP 2019): planned capacity (MW) to be added per year.

Coal (Decomgg:lioning) Nuclear Hydro Storage PV Wind Csp D%;:se] Other

2018 Base 37,149 1860 2100 2912 1474 1980 300 3830 499
201 o _ 2 0 Allocation to the
2020 [ER _ e 300 extent of the
2021 1433 _ 300 818 short-term capacity
2022 711 513 400 1000 1600 and energy group.
2023 750 _ 1000 1600 500
2024 1860 1600 1000 500
2025 1000 1600 500
2026 1600 500
2027 750 _ 1600 2000 500
2028 - aws 1000 1600 500
2029 1575 1000 1600 500
2030 _ 2500 1000 1600 500
Total

installed

capacity 33,364 1860 4600 5000 8288 17,742 600 6380

by 2030

(MW)
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Table 3. Cont.
Coal Gas
Coal ) o . Nuclear  Hydro Storage PV Wind CSsp and Other
ecommissioning) Diesel
% Total
Installed
Capacity
by 2030 2.36 5.84 6.35 10.52 22.53 0.76 8.1
(% of
MW)
Annual
Energy
Contribu- 58.8 45 8.4 1.2 63 17.8 0.6 13
tion % by
2030 (%
MWh)
[Legend]
Installed Capacity
Already Contracted Capacity
I  Decommissioned
New Capacity
Extension of Koeberg Plant Design Life
Distributed Generation Capacity for Own Use Included
Table 4. Actual added and installed capacity for 2022.
Coal Gas
Coal ST Nuclear Hydro Storage PV Wind CcSsp and Other
(Decommissioning) Diesel
2022 (Added Capacity
Actual, i.e., became 720 75 419
operational. CSIR [22])
600 (hydro)
Actual installed capacity and 2700
39,800 1900 2300 3400 500 3400
(2022, CSIR [24]) (MW) (pumped
storage)
[Legend]

2022 Actual Data According to CSIR [24]

2.2.2. Leveraging Energy Storage Systems

Energy storage, renewable energy systems that are not dispatchable, and smart grid
systems work in tandem. Technological advancements in energy storage are upending the
conventional power distribution model, and more renewable energy may be captured even
though its production may occur during times of low demand [15].

Innovations in energy storage technologies, like compressed air energy storage, hydro-
gen fuel cells, and battery systems, can help address the intermittent nature of RESs. This is
particularly true in South Africa, where the addition of over 6 GW of renewable energy has
resulted in a power system that lacks flexibility and has insufficient storage capacity [15].

2.2.3. Enhanced Grid Flexibility and Stability

The dynamic nature of VPPs enables effective load management and grid stability,
reducing the risk of blackouts and grid instability. Properly orchestrated DERs can provide
rapid response capabilities, reactive power support, and voltage regulation, reinforcing
the resilience of the South African national grid [26]. Additionally, a study [27] explored
the technical viability of pairing nuclear energy from Small Modular Reactors (SMRs)
with wind power in a VPP, demonstrating reduced power variability but with insufficient
economic viability insights.

2.2.4. Facilitating Energy Access and Decentralization

VPPs present an opportunity to extend electricity access to remote and underserved
regions in South Africa. By deploying small-scale renewable energy systems and microgrids,
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VPPs can enable energy independence and local economic development, aligning with the
country’s commitment to energy decentralization [28].

2.3. Impact of Grid Constraints and Regulatory Frameworks
2.3.1. Grid Constraints

Load shedding occurred for more than 3700 h during 2022, resulting in 8301 GWh
of actual energy shed. Because of this low energy availability coupled with transmission
infrastructure issues, the energy availability factor (EAF) for the utility was 58.1% for 2022.
This was lower than the four preceding years and a significant decline from the 2018 EAF of
71.8%. This was attributed to unplanned outages and the aging infrastructure [25]. These
constraints result in the curtailment of solar projects and thus limit the ability of the grid to
accommodate intermittent RESs. The CSIR Wind and Solar Resource Aggregation Study
shows that by geographically dispersing wind and solar PV projects across the country,
the variability of the output can be reduced and the short-term fluctuations alleviated.
Inadequate grid planning and capacity bottlenecks, however, still hinder integration [29].

2.3.2. Regulatory Frameworks

The Renewable Energy Development Zones (REDZs) initiative was established to
streamline the approval process and address spatial planning and environmental challenges
associated with wind and solar PV projects in line with IRP 2019 requirements [30]. The
initiative, however, needs to be implemented at a faster pace to support the addition of the
required 6 GW of solar capacity (mentioned above) by 2030.

Project deployment is slowed down as a result of licensing regulatory delays and a
lack of clear guidelines for Independent Power Producers (IPPs). Coordination between
government entities such as NERSA and Eskom is thus critical to overcome these obstacles.

2.4. Global and Local VPP Implementation
2.4.1. VPP Implementation Around the World

VPPs are becoming increasingly popular around the world as a way to improve the
adaptability, durability, and efficiency of power systems. VPPs are a key component of
many European nations’ energy transition plans, such as those of Germany and the United
Kingdom, where they make it easier to integrate dispersed RESs into the grid. These RESs
include solar and wind power. In order to collect and manage DERs like solar panels,
wind turbines, batteries, and flexible loads, modern technologies such as machine learning,
artificial intelligence (Al), and the Internet of Things (IoT) are used by VPPs. VPPs are able
to ensure grid stability, offer ancillary services, and take part in energy markets thanks to
the coordinated management of these resources.

The necessity to satisfy strict renewable energy objectives and update outdated grid
infrastructure has prompted the introduction of VPPs in the United States. Enterprises like
Tesla and Sunrun [31] are presently engaged in the development of VPPs that integrate
grid services with household solar and battery storage.

In a similar vein, VPPs have proven especially beneficial in isolated and rural regions of
Australia, where they improve energy security and lessen dependency on centralized fossil
fuel generation. Supportive legislative frameworks, monetary rewards, and cutting-edge
grid management technologies—which make it easier to integrate DERs and maximize
their performance inside the electricity system—are the cornerstones of the global success
of VPPs.

2.4.2. VPP Implementation in South Africa

VPPs are being acknowledged more and more as a potential answer to South Africa’s
energy problems, which include recurrent load shedding, an aging fleet of coal-based
generators, and the requirement for a resilient and diversified energy mix. Over 80% of
South Africa’s electric power is generated using coal, which is a major contributor to the
country’s energy landscape. However, due to the nation’s plentiful solar and wind resources
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as well as its promises to lower greenhouse gas emissions, there is a growing movement
towards the integration of RESs. Despite this promise, South Africa is still in the early
phases of VPP adoption due to a lack of investment in smart grid technology, insufficient
grid infrastructure, and regulatory concerns. However, recent legislative changes, including
the unbundling of South Africa’s state-owned utility, Eskom, and the implementation of
the IRP 2019, point to a positive trend towards more adaptable and decentralized energy
solutions. Pilot programs, like the City of Cape Town’s efforts to purchase electricity from
small-scale embedded generators [32], show that there is increasing interest in VPPs as
a way to improve energy security and take advantage of dispersed renewable resources.
Overcoming legislative obstacles, making investments in grid upgrading, and fostering
favorable market circumstances that promote the participation of various energy actors,
from independent power producers to home prosumers, are crucial for South Africa’s VPP
integration to be effective.

2.5. Challenges to VPP Integration in South Africa
2.5.1. General

The integration of VPPs in South Africa’s power grid necessitates comprehensive
regulatory reforms and market structures to accommodate the evolving energy ecosystem.
Ensuring fair compensation mechanisms, clear grid connection protocols, and equitable
market participation opportunities for VPP operators are essential to fostering a conducive
environment for VPP development [23]. Moreover, the varied nature of distributed energy
assets poses challenges in terms of technological compatibility and interoperability within
VPP architectures. Standardized communication protocols and interoperability frameworks
must be established to facilitate seamless data exchange and efficient coordination among
different DERs [33]. A study by the authors of [11] discusses the management, control,
and optimization strategies of DERs, prosumers, and VPPs, highlighting limitations in
considering holistic reliability, stability, and uncertainty.

2.5.2. The Integration of Renewable Energy Sources

As stated above, South Africa aims to increase its share of its PV, wind, and CSP renewable
sources. As can be seen in Table 2 above, the PV installed capacity was 2300 MW at the end of
2022, which is less than 30% of the total planned installed capacity, as stated in the IRP 2019.
Wind energy, on the other hand, just had under 20% (2300 MW) installed capacity at the end
of 2022 as compared to the IRP 2019 planned capacity for 2030 (17,742 MW). This implies that
a substantial amount of intermittent DERs are going to be added to the national grid over the
next few years, and the integration of VPPs would be required to ensure grid stability when it
does happen. The IRP 2019 lays out a comprehensive strategy to diversify the energy mix,
reduce greenhouse gas emissions, and foster energy security, aiming to ensure a sustainable
and resilient energy sector by 2030 [15].

3. Research Methodology and Review of Integration Strategies
3.1. Methodology

The theoretical underpinnings, technological viability, and possible advantages of
integrating VPPs into the South African electricity grid are investigated through an ex-
tensive analysis of existing literature and case studies. Only studies that were published
in the last twelve years that dealt with virtual power plants, microgrids, energy manage-
ment, scheduling algorithms, and the South African energy mix were considered for this
review. Journal papers that were peer-reviewed, conference papers, and thesis studies were
included in the review. Publications that were not in English and articles not based on
empirical research were excluded. Technical reports and official websites of the relevant
technology and companies were also used to acquire certain information.

Al-assisted searches were combined with expert recommendations to find the study
publications. Important sources were supplied by a subject matter expert, and questions
to ChatGPT added context-specific details, especially regarding studies related to the
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Data Sources:
Academic databases
(ScienceDirect, IEEE,

GoogleScholar), official
reports (CSIR, IRP 2019),
company websites (Next
Kraftwerke, Oya
Energy), Al-assisted

search outputs.

South African energy sector. While it is customary to conduct a thorough search through
databases like ScienceDirect, Web of Science, and Scopus, this review used carefully chosen
sources to concentrate on the most pertinent studies related to “microgrid”, “virtual power
plant”, “scheduling strategy”, “demand response”, and “South African energy mix”. Using
this approach guaranteed a focused and pertinent selection of the literature for the review.

Potential study titles and abstracts were filtered for relevancy using predetermined
inclusion and exclusion criteria. The most relevant studies were then thoroughly examined.
Important information was taken out of each publication, including variables, approaches,
and results. A systematic review framework was subsequently employed to assess these
data points. With this technique, the literature was rigorously and consistently assessed to
determine the most relevant conclusions regarding the best possible integration of virtual
power plants in South Africa.

The data were created by categorizing the specific findings into thematic areas and
comparing the results of the different studies. Some discrepancies in the findings were also
noted. GHG emission reductions, peak demand shifts, and renewable energy integration
rates were metrics used to assess the impact of VPP integration strategies. This process is
illustrated in Figure 2.
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study meet
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Figure 2. Methodology flowchart.

Despite the comprehensive review, the potential for publication bias still exists. The
systematic methodology, however, intends to provide a thorough, unbiased overview of
the current research on virtual power plants, specifically as it relates to the integration into
the South African energy mix. This process is illustrated in the flowchart below.

This research focuses on addressing the following Research Questions (RQs). What se-
curity, communication, and energy management systems are best suited based on previous
papers and case studies? How can communication, metering, and scheduling be optimized
to successfully integrate DERs into the existing grid structure?

3.2. Optimization of VPP Configuration [34]

A VPP requires sophisticated infrastructure where various energy resources, including
rooftop PV, EVs, wind farms, fuel cells, fossil fuel-based sources, and micro-hydro plants,
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are combined to optimize demand-supply balance, cost-effective electricity delivery, and
peer-to-peer energy exchanges among prosumers. VPPs reduce reliance on conventional
fossil fuel-based generation, consequently lowering power rates and diminishing the risk
of oversaturated distribution lines.

VPPs can combine different RESs to increase the effectiveness of energy management
and make energy trading easier, claims [23]. Energy management depends heavily on
the scheduling algorithm in VPPs, which takes into account many technical, financial,
and unpredictable factors that can have an impact on the scheduling program. Through
the use of accurate forecasting and scheduling algorithms, VPPs may enhance energy
management while boosting power system stability and dependability. Furthermore,
because the scheduling algorithm maximizes prosumers’ excess energy, prosumers that
install any kind of small-scale RESs or storage can trade in the market through VPPs.
Homeowners and businesses with grid-connected solar systems can sell extra electricity
back to the grid through the City of Cape Town’s “Cash for Power program” [34,35].
Customers without RES or storage, on the other hand, can still contribute by changing or
cutting back on their consumption. Therefore, by offering a complete management solution,
VPPs can aid in the integration of renewables into the current power networks.

3.2.1. VPP Architecture

There are two types of operational architecture mentioned in [17], namely Centralized
Operational Architecture and Decentralized Operational Architecture. In Centralized
Operational Architecture, the aggregator offers the resources from a group of DERs that are
available and directly coordinates its operation with the system operator. Like a traditional
power plant, the VPP is an active participant in the markets. Load signals are sent to,
analyzed, and processed at the central control (CC). From there, the power requests are
forwarded to the individual distributed generator control (DGC).

In Decentralized Operational Architecture, the distribution system operator (DSO),
who oversees the distribution grid either locally or regionally, is served by the aggregator,
which coordinates its operations and makes its services available to it. The DSO could
engage with the system operator in active participation in markets where there is a supply
and demand for services [17]. The distributed generation controller (DGC) controls the ac-
tive power produced by the DGs, and each DG is controlled by its own local controller (LC).
These LCs are. in turn. connected to each other, creating an amalgamated, synchronized
control center.

Analysis of the proposed architectures’ coordination highlights how crucial it is to
have effective coordination mechanisms in place in order to satisfy the technical and
commercial demands of the electricity markets. A hybrid architecture is optimal as it allows
for centralized optimization with the benefits of local flexibility. This allows the individual
DER within a VPP to be able to respond to local conditions while the overall system that
balances supply and demand is still centrally managed.

3.2.2. Optimization Problem-Solving Methods

In order for VPPs to maximize operating profits within the different electricity markets,
a mathematical problem is formulated. It is also required that different problem-solving
methods be identified and analyzed in order to resolve the proposed VPP optimization model.

Scheduling and management optimization of the distributed generation facilities,
optimization of energy storage solutions and demand in order to maximize profit is the
main purpose of studies [36]. The studies referred to propose a problem to address several
objectives in order to maximize profit and are categorized as shown in Table 5 below.

The problems are categorized according to variable type (whether it is an integer
or continuous) and constraint characteristics (linear or nonlinear). The most common
problem devised is of the mixed-integer linear programming variety due to its ease of
implementation and the speed at which an optimal solution can be found. The problem,
however, sometimes needs to accommodate nonlinear constraints, which become more
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complex to solve because the constraint set may not be convex. The problem may be
transformed into a linear model, or different problem-solving methods can be implemented
to achieve the optimal solution. These problems can be solved by either mathematical or
heuristic methods. The different problem resolution methods are shown in Figure 3 below.

Table 5. Categorization of optimization problems.

Problem

Description

Linear Programming (LP)

Used for mathematical optimization when the constraints and objective function are linear.
(Resource allocation problems such as profit maximization with limited resources.)

Mixed-integer linear
programming (MILP)

A variation on linear programming in which the decision variables are constrained to be
integers. It is used to find solutions to linearly constrained problems having both
continuous and integer variables.

(Scheduling problems where particular variables are integers.)

Mixed-integer nonlinear

Both continuous and integer variables can be optimized, but nonlinear constraints and/or
the objective function are present.

programming (MINLP) Used in complex cases when discrete decisions and nonlinear relationships are involved.
Optimization in which all variables are continuous, and the objective function, constraints,
Nonlinear programming (NLP) or both are nonlinear. It is used to solve problems where complex relationships render

linear models insufficient.
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Figure 3. Resolution methods for optimization problems.

The most often employed optimization strategies in the research include genetic
algorithms, particle swarm optimization, mixed-integer linear programming, and linear
programming [37]. MILP and NLP can be used to optimally schedule DERs to reduce
VPP operational expenses. These algorithms account for market prices, storage efficiency,
renewable energy availability as well as the fluctuating energy costs associated with the
various RESs. By matching energy demand as efficiently as possible, linear programming
reduces billing costs. It can also reduce peak load usage by up to 38% per hour and
minimizes rolling blackouts. MILP helps consumers save money on energy by optimizing
household loads, storage, and generation entities [37].
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To optimize profit, W.S. Sakr et al. [38] suggested consumer engagement in the VPP
demand response scheme while investigating a price-based scheduling strategy for the best
day-ahead scheduling of VPPs. Tested on a 33 kV, 18-bus system, a modified differential
evolution algorithm (MDEA) was proposed to solve the optimal scheduling problem. Using
dispatchable load as a demand response mechanism with grid and VPP limitations, the
MDEA was used to solve a price-based unit commitment problem.

This method resulted in effective VPP resource scheduling, especially for reserve
power, and it emphasized the crucial role that dispatchable loads play in a variety of
scenarios. Dispatchable loads enhance reserve power, which decreases power outages, but
it increases costs, which decreases profits. In practice, the technique boosts earnings when
security conditions are suitable [38]. To optimize techno-economic benefits, dispatchable
load allocation is best suited for high-load areas.

A framework for the best possible operation strategy of a VPP was presented in the
E. Heydarian-Forushani et al. [39] study. It included a number of different stakeholders,
including DERs with private owners, flexible loads in day-ahead and real-time energy
markets, and renewable energy sources. A proactive stochastic bi-level model was created
to simulate the strategic behavior of private owners within the VPP geographic area. The
lower level was associated with maximizing the profits of the private owner, while the
upper level was assigned to minimize the expected operation cost of the technical VPP.

The suggested bi-level model was then transformed into a mixed integer linear pro-
gramming problem using strong duality theory and Karush-Kuhn-Tucker optimality
assumptions.

According to K. Mahmud et al. [37], the tertiary control layer for day-ahead energy
management uses a variety of forecasting algorithms in order to support real-time opera-
tions when connecting dispersed energy resources to the VPP. These forecasting algorithms
include Fuzzy Logic Algorithm, Stochastic Hybrid Intelligent Algorithm, Artificial Neural
Network (ANN), Empirical Mode and ANN Decomposition, Monte Carlo Simulation
Method, Wavelet Neural network, Support Vector Machine (SVM), Auto-Regressive Mov-
ing Average, and SVM-ANN.

In order to lower the energy cost in demand participation for the economic dispatch
problem while taking energy management uncertainties into account, particle swarm
optimization is utilized. To further reduce operating expenses, a multi-objective Fuzzy Self
Adaptive Particle Swarm Optimization (FSAPSO) was studied.

The reliability issues for several DERs are resolved by using the Genetic Algorithm.

For VPPs, the GRACO (Geographical Routine Algorithm Based on Ant Colony Opti-
mization) technique offers scalability and self-healing capabilities. It stands out due to its
dispersed, localized, and straightforward functioning, which can help lower end-to-end
delays as VPP size increases [37].

In a study by X. Liu [40], carbon capture units, power-to-gas, manure treatment
systems, combined heat and power units, and waste incineration power plants were
included in the proposed multiple-region VPP framework. By coordinating the dispatch
of the multiple energy systems, an optimization model was created to optimize the VPP’s
operational revenue. The high-dimensional, nonlinear optimization issue was solved using
an enhanced compound differential evolution algorithm. The suggested method raised
carbon trading revenue by 75%, lowered wind and solar power curtailment costs by 82%,
and boosted overall VPP operation income by 9%. The integration of systems for the
production and consumption of natural gas improved the use of renewable energy by
efficiently using the power curtailment from solar and wind to produce natural gas.

Coordination of the energy systems, like waste incineration and carbon capture,
assisted in moderating the variations in renewable energy output and gave the VPP op-
erational flexibility. The complex, high-dimensional problem related to the VPP dispatch
optimization was successfully resolved using an enhanced optimization algorithm [40].

A two-stage optimization methodology for systems with VPPs comprising DGs and
EV charging demand was presented by Li et al. [18]. Using the aggregated parameters
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supplied by the VPP aggregator, the system operator optimized each VPP’s overall output
levels in the first stage. Each VPP aggregator then divided the overall output level among
the local entities in the second stage. Both of the aforementioned framework’s optimization
stages were expressed as linear programming and were resolved with the aid of pre-existing
software tools. Numerical results showed that the approach significantly reduced system
operating costs and the levels of unmet EV charging demand as compared to standard
centralized dispatch.

3.2.3. Infrastructure of VPP

The Energy Management System (EMS) serves as the core of VPP operations. Sub-EMS
units within the VPP communicate bidirectionally with the central EMS, relaying informa-
tion on the aggregated energy resources, generation capacity, and energy consumption.
Passive consumers were forced to become prosumers by the bidirectional peer-to-peer
(P-P) energy transfers. All kinds of prosumers will be able to coordinate to create VPPs
with the help of the internet of energy (IoE) or the future smart grid [37].

The central EMS, through data analysis, optimizes VPP performance, while sub-
EMS units oversee component behavior and may be configured to balance costs and user
preferences. The EMS relies on precise data from power generators to consumption points
and requires resilient communication networks and scalability, even under network failures.

Sarmiento-Vintimilla et al. [17] suggests a general architecture in which the VPP is a
key component for managing net zero or fundamentally zero energy grids. Coordination
between operators—the transmission system operator (TSO) and the DSO—and the electric-
ity production system (EPS) participants are assessed based on how well they participate
in the market. By using coordination tactics, aggregators can engage in both traditional
energy and reserve markets in addition to ancillary service markets by coordinating their
operations with TSOs and DSOs.

3.2.4. Classification of VPP

VPPs, orchestrated by the Internet of Energy (IoE), are flexible organizations catego-
rized into two primary classes: Commercial VPPs (CVPPs) and Technical VPPs (TVPPs).
CVPPs emphasize economic optimization, including electricity market participation and
profit maximization. TVPPs focus on ensuring the technical performance of power systems,
emphasizing real-time RES monitoring and safe, dependable, secure, and controllable
operations [23]. VPPs furnish data to network regulators, specifically the Independent
System Operator (ISO), for pricing, while CVPPs contribute economic and financial reports.
The difference is illustrated in Figure 4 below.
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Figure 4. CVPP and TVPP components.
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3.2.5. Energy Markets

The function of the CVPP is to enable VPP participation in the different electricity
markets, refer to Figure 5, including power purchase agreements (PPAs), balancing services,
and the day-ahead market [36]. Therefore, it is important to carefully consider the types of
electricity markets in which a VPP will participate and design the VPP accordingly [36].
In the past, a short-term wholesale market dictated most of the electricity markets. An
extensive number of sellers and buyers attended these auctions in order to buy or sell
electricity. Current electricity markets make use of forward and futures markets as well as
day-ahead markets. This ensures that the price risk associated with the sale and purchase of
electricity in the respective markets is diversified. The introduction of renewable energy into
the energy mix requires balancing mechanisms to be used more often due to the intermittent
nature of certain RESs. The usefulness of VPPs is that they allow the sale of energy from
different DERs (on behalf of the respective owners), giving small enterprises access to the
wholesale markets and increasing the profit of the amalgamated enterprises [36]. A brief
explanation of the different markets is described in Table 6.

Table 6. Description of different electricity markets.

Electricity Markets Brief Description
The futures market comprises purchase and sale contracts that are established at an
Futures and forward market agreed-upon price for a predetermined time period. This prevents price uncertainty in the

electricity market [20].

Bilateral contracts (PPA)

Bilateral contracts are direct agreements between two parties about the sale of electricity.
The two parties are the seller (electricity generator) and the buyer of the power. This
agreement prevents price uncertainty which leads to the profitability of the generation
plant and consumer.

Day-ahead market

Conduct electricity transactions by having market agents offer bids for the purchase and
sale of power for each hour of the next day. This can maximize VPP profits and allow for
electrical system flexibility.

Ensuring the reliability and security of the energy generation and transmission system is

Ancillary services market the primary purpose of the auxiliary services market. This market must always maintain

the balance between demand and generation.

Reserve market

The reserve market is a tool to ensure the security of energy supply and demand coverage
by the extra generation reserves.

Intraday market

Since there is more information available during the intraday market, it is used to
accurately modify the energy exchanged during the day-ahead market. Thus, a smaller
amount of energy is sold during these exchanges.

The real-time balancing market is the final market in which consumption and production

Real-time balancing market can be balanced. This market closes between five to thirty minutes prior to the energy

being delivered.

In [39], it was investigated how VPP’s market trading strategy and interactions with
private owners were affected by the implementation of three different pricing schemes:
fixed pricing, time of use (TOU), and real-time pricing (RTP). The findings indicated that
by employing the recommended optimal operating method, both private owners and VPP
aggregators might be able to profit from the market circumstances. The use of different
pricing methods may affect the behavior of private owners, particularly those who have the
capacity to store electricity; in the case of the RTP mechanism, the VPP chooses to supply
its power from electrical markets rather than private owners.

Implementing the DR strategy may alter the load profile’s form and reduce the VPP’s
cost, while the TOU program may boost the utilization of private owners’ assets and reduce
the VPP’s reliance on the market through peak shaving. It is clear that, in contrast to TOU,
RTP may increase the risks associated with VPPs even while it may reduce their anticipated
cost as compared to a fixed pricing plan [39].
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Figure 5. Electricity market types and sequence.

Energy acquisition of VPPs from/to the market is made possible via the Monte Carlo
Decision Tree approach. Every distributed generation and storage device’s cost function
is provided. To address the stochastic behavior of distributed generating, a number of
profitability levels are taken into consideration [37].

VPP models, according to the literature reviewed, buy and sell energy in the day-ahead
market to ensure the maximum operating profit. VPPs are beneficial to DERs as they allow
them to partake in the electricity markets which would otherwise not be possible due to
their small capacity.

For renewable generation and demand patterns, the VPP should employ day-ahead
forecasting together with real-time modifications depending on updated conditions. Plan-
ning can be improved by using advanced forecasting approaches that use machine learning
to estimate solar and wind output more accurately. To maintain grid stability, the EMS
should modify demand response, batteries, and generator dispatch in real time.

3.3. Security, Communication, and Energy Management
3.3.1. Data Flow and Monitoring

VPPs are founded on real-time wide-area situational awareness (WASA) facilitated by
Advanced Metering Infrastructures (AMIs). High-speed communication is pivotal due to
the multitude of EVs, storage units, transmission-distribution devices, smart meters, RES
facilities, and home appliances that share extensive information within VPPs. Advanced
communication infrastructure, including the IoE, enables bidirectional data sharing and
energy trading among all participants.

Mathematical formulation and solving methods used in VPP models can have a
significant impact on their performance and accuracy. Therefore, it is important to carefully
select and evaluate the mathematical formulation and solving methods used in VPP models.

3.3.2. Communication Technology

The communication layer in VPPs is responsible for data exchange among different
layers of VPP, including generation, consumption, state of charge, and transmission infor-
mation. Communication protocols such as Modbus, DNP3, IEC 61850, and OPC UA are
commonly used in VPPs to enable data exchange between different devices and systems.
Modbus is a widely used protocol for communication between electronic devices, while
DNP3 is a protocol used for communication between different types of data acquisition
and control equipment. IEC 61850 is a standard for communication in substations, and
OPC UA is a protocol for secure and reliable data exchange between different systems [23].
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There are two types of communication technologies used in VPP: wired and wireless.
Wired communication technologies include Power Line Communication, Twisted Pair,
and Optical Fiber. Wireless communication technologies include Satellite Communication,
Cellular Communication, ZigBee, Wireless Local Area Networks (WLANSs), and Wireless
Mesh e Z-Wave [41].

Srivastava [41] also discusses the communication delay that exists in any kind of
communication technology and how it can cause instability in the VPP.

The communication time delay (Tc) in the VPP model is made up of two components,
namely the time taken to gather and guide the power profile data of each VPP portion
towards the EMS. When the VPP components start responding to the generation dispatch
instruction after the EMS issues a generation control instruction, the second component of
the communication time delay happens [23].

Regarding cybersecurity, ref. [17] emphasizes the need for robust technology of information
and communications systems to provide data security and privacy through reliable cybersecurity
platforms and to coordinate requirements and decision-making. Additionally, it talks about
protecting smart grid cybersecurity from concept drift-related data integrity assaults. One
obstacle that needs to be overcome before smart grids can be widely used is cybersecurity.

The communication layer in VPPs should be designed to ensure secure and reliable data
exchange, as security and privacy are crucial constraints in every financial environment [23].

3.3.3. Scheduling of Supply and Demand

VPPs can help to integrate RESs into an existing power system by employing precise
forecasting and scheduling algorithms [23]. Due to improved energy management on the
parts of both customers and providers, optimal scheduling lowers the costs associated
with generation, transmission, and maintenance while also increasing the power system’s
dependability and stability. Furthermore, as optimum scheduling moves some loads to
off-peak hours and lowers their consumption, users are able to exchange excess electrical
energy in the market.

The scheduling problem in VPPs is a multi-objective optimization problem that in-
volves various technical and economic constraints, such as load balancing, peak shaving,
and energy trading. The scheduling problem in VPPs is challenging due to the intermittent
nature of RESs, the uncertainty of energy demand, and the complexity of the power sys-
tem. Therefore, the scheduling algorithm in VPPs should consider these constraints and
uncertainties to optimize energy management and improve reliability and stability in the
power system.

There are several types of scheduling algorithms for VPPs, namely, the Genetic Al-
gorithm (GA), Ant Colony Optimization (ACO), Particle Swarm Optimization (PSO),
Reinforcement Learning (RL), and Mixed-Integer Linear Programming (MILP).

A GA-based scheduling algorithm for VPPs was proposed in [42], a PSO-based
scheduling algorithm for VPPs was proposed in [43], and an ACO-based scheduling
algorithm for VPPs was proposed in [44]. These algorithms aim to minimize the total
cost of energy generation, transmission, and distribution while satisfying technical and
operational constraints.

The unit commitment problem can be resolved by applying optimization techniques
such as MILP, which guarantees the best scheduling of nuclear, renewable, and other
dispatchable sources. In the South African setting, unit commitment plays a crucial role in
preserving balance during periods of unpredictable renewable output.

An RL-based scheduling algorithm for VPPs was proposed in [23]. This algorithm
aims to learn the optimal scheduling policy by interacting with the environment and
maximizing the expected cumulative reward.

It is also suggested that learning-based approaches, such as Deep Reinforcement
Learning (DRL), be utilized to solve the difficulties posed by the scheduling issue in
VPPs [23]. DRL utilizes deep neural networks to extract features from the environment and
learn the optimal policy by maximizing the expected cumulative reward. DRL is capable
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of modeling complex and nonlinear relationships between the state, action, and reward,
which makes it suitable for solving the scheduling problem in VPPs. DRL can also handle
uncertainties and variations in the environment by learning from experience and adjusting
the policy accordingly [23].

The proposed control strategy in [41] is an active power control strategy on an inter-
connected microgrid, which aims to maintain a balance between generation and demand,
regardless of random power generation by renewable energy sources. The control strategy
uses a two-stage PI-(1+PD) controller to regulate the frequency of the VPP model.

MATLAB is used to build the proposed VPP model, which includes various com-
ponents such as wind turbines, photovoltaic panels, and battery energy storage systems.
The model is designed to meet the demand for reliable and effective energy management
systems. In addition, objective function formulation is used to optimize the control strategy.

Additionally, VPPs can enable prosumers who install any small-scale RESs or storage
to trade in the market since the scheduling algorithm maximizes their surplus energy [45].
Customers can participate by shifting or reducing their consumption despite not having
storage or any RES. Therefore, VPPs can help to integrate renewables into existing power
systems by providing a comprehensive management solution that overcomes the obstacles
posed by RESs’ sporadic nature and makes energy trading and management more effective.

3.3.4. Energy Management

Energy management within VPPs demands dynamic control of energy exchange
between consumers, conventional and renewable DGs, storages, and EVs. This entails
navigating various factors, including time of day, pricing restrictions, and RES uncertainty.
VPPs are compared to other energy management techniques, such as Micro Grids (MGs),
Active Distribution Networks (ADNs), and Load Aggregators (LAs), with the unique
ability to encompass participants’ economic, technological, and security needs. VPPs
offer solutions for real-time monitoring, energy flow control, and operational scheduling,
contributing to reducing GHG emissions and lowering reliance on fossil fuels.

The authors of [36] discuss various ways in which VPPs can interact with different
types of electricity markets, including day-ahead, intraday, balancing, and reserve mar-
kets. These interactions can be optimized using different techniques, such as stochastic
programming, mixed-integer programming, and game theory. Additionally, VPPs can
provide ancillary services to the grid as well as participate in demand response programs.

Naval et al. [36] proposes a two-stage optimization strategy for VPPs that incorporates
energy complementation and demand response. Challenges associated with integrating
VPPs into a country’s existing infrastructure, such as the uncertainty of wind power,
photovoltaics, and load, and the increase in computation time with the extension of the
scheduling period. The first stage of the proposed strategy is day-ahead scheduling, which
uses a scenario-based approach to form a preliminary dispatch plan. The second stage is
real-time scheduling that uses rolling optimization on a shorter time scale to rectify the
day-ahead plan. The authors also introduce an improved DR program that takes into
account both the penalty mechanism and compensation in the form of a bilateral contract
between the energy users and VPP for a reasonable result [46].

Programs for demand response can be enhanced by an EMS. In South Africa, where
load shedding and spikes in demand are frequent occurrences, demand response can be
used to minimize demand peaks and prevent grid stress by optimizing the involvement of
commercial, industrial, and residential users.

Integrating VPPs into existing infrastructure poses several challenges. One of the main
challenges is the technical feasibility of integrating DERs into the grid, including issues
related to voltage regulation, power quality, and protection coordination [4]. Another
challenge is the economic viability of VPPs, which depends on factors such as the cost
of DERs, the price of electricity, and the regulatory framework [5]. To overcome these
challenges, researchers have proposed various solutions. Including the use of advanced
control techniques, such as model predictive control and distributed control, to manage the
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operation of VPPs and ensure grid stability [6,7]. Other studies have proposed using market-
based mechanisms, such as energy storage systems and demand response programs, in
order to enhance the economic performance of VPPs [9,10]. Overall, the integration of VPPs
into existing infrastructure requires a multidisciplinary approach that considers technical,
economic, and regulatory aspects. Further research is needed to develop comprehensive
models that can capture the complex interactions between VPPs and energy markets and
to evaluate the performance of these models in real-world scenarios.

3.4. Optimal Integration Strategy (Plan)

The best VPP integration plan for South Africa necessitates a comprehensive strategy
that includes market development, grid modernization, regulatory reform, and community
involvement. South Africa can utilize VPPs to improve energy security, facilitate the integra-
tion of renewable energy sources, and construct a more robust power grid by attending to
the technical, economic, and social aspects of VPP implementation. To effectively enhance
and grow VPP integration, the approach must be flexible, with ongoing learning from pilot
projects and international best practices.

3.4.1. Enhancement of Regulatory and Policy Framework

In order to maximize the integration of VPPs in South Africa, a strong framework of
laws and policies is necessary. To specify the functioning of VPPs, including aggregation
rules, market involvement, and grid interactions, a specific regulatory framework should
be created. Technical standards for integrating DERs, including solar PV systems, wind
turbines, and battery storage, should be included in this framework, as well as licensing re-
quirements for VPP operators. To further promote investment in VPP technologies, specific
incentives such as feed-in tariffs based on renewable energy sources and performance-based
tariffs for grid services should be implemented. It is imperative to streamline the permitting
and grid access procedures, particularly the transparent interconnection procedures, to
mitigate the bureaucratic obstacles that impede the current deployment of VPPs.

The idea of VPPs enhanced by feed-in tariffs (FiTs) encourages the production of
electricity by these small-scale energy producers, and VPPs can manage their output to
guarantee a more dependable and efficient energy supply to the grid.

To encourage private investment in renewable energy and diversify its energy mix,
which is primarily based on coal, South Africa adopted FiTs under the Renewable Energy
Independent Power Producer Procurement Programme (REIPPPP) [8,47].

3.4.2. Digital Infrastructure Investment and Grid Modernization

The best VPP integration plan also includes investments in digital infrastructure
and grid modernization. In order to accommodate the bidirectional flow of electricity
from VPPs and manage RES’s fluctuating nature, South Africa’s old grid infrastructure
needs to be upgraded. Improvements should concentrate on boosting the distribution
network’s capacity and reliability, especially in areas with significant potential for renewable
energy. The implementation of smart grid technology, including advanced distribution
management systems (ADMSs) and real-time monitoring, along with AMI, will allow
VPPs to accurately settle for grid services and improve energy dispatch. To safeguard
against potential cyber-attacks and maintain the integrity and stability of grid operations,
cybersecurity measures specifically designed for virtual private network operations must
be put into place.

3.4.3. Financial Model and Flexible Market Development

It is imperative to create adaptable finance models and market structures to facilitate
VPP involvement in South Africa’s energy markets. It is necessary to provide a framework
for VPP participation so that these companies can participate in the markets for ancillary
services, capacity auctions, and energy trading. Real-time pricing and time-of-use (TOU)
are two types of dynamic pricing models that should be implemented to represent the
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current cost of electricity and encourage users to modify their demand in response to
grid conditions. Financial tools like government-backed guarantees or creative insurance
products should be created to support VPP projects that offer grid services or guard against
income swings brought on by variable renewable energy generation in order to further
reduce investment risks.

3.4.4. Public-Private Partnerships and Investment

Scaling VPPs in South Africa requires both investor recruitment and public—private
partnerships (PPPs). By providing co-funding possibilities, sharing risks, and utilizing pub-
lic monies to draw in private capital, the government should support PPPs. In underserved
communities, where public funding can cover the initial infrastructure expenses for VPP
initiatives, this strategy may be especially helpful. Furthermore, encouraging domestic
production of VPP components—Ilike smart inverters and battery storage units—through
tax breaks and R&D funding will contribute to the development of a domestic economy
centered around these technologies. Creating a national VPP plan with precise goals,
deadlines, and completion dates will promote consistent investment in VPP development
and offer additional strategic direction.

3.4.5. Decentralized Energy Solutions and Community Engagement

Decentralized energy solutions and community involvement are critical to VPP suc-
cess in South Africa. To improve energy access, especially in rural or low-income areas,
community-based VPPs—which combine local DERs such as rooftop solar panels, small
wind turbines, and battery storage—should be encouraged. This decentralized approach
will be supported by standardizing interconnection agreements to facilitate the integra-
tion of small-scale DERs and by offering incentives for participating in demand response
programs. To increase confidence in and adoption of VPP technologies, public educa-
tion campaigns, and community involvement programs should be started. These should
emphasize the technologies’ ability to lessen load shedding and provide energy bill savings.

3.4.6. Consistent Innovation and Pilot Projects

In order to improve VPP integration techniques within the context of South Africa,
pilot projects and ongoing innovation are essential. To evaluate different VPP designs and
commercial models, targeted pilot projects should be undertaken in strategic places, such
as areas with great potential for renewable energy or areas with regular grid instability.
Innovations like Al-driven energy management and improved battery storage solutions
will be the focus of R&D in VPP technologies, which will be driven by collaboration with
academic institutions, research organizations, and industry stakeholders. The creation
of a national VPP innovation hub can offer a cooperative environment for creating and
evaluating novel VPP solutions customized to regional requirements.

3.4.7. Social Requirements

In South Africa, ensuring social acceptance, equity, and access is a fundamental
component of VPP integration. Underserved communities should be given priority when
it comes to energy access through VPP efforts, which should use VPP profits to fund
energy access programs or use cross-subsidization models. In order to address social and
environmental concerns, it is imperative that local communities be involved early in the
planning stages of VPP projects. This will ensure that the projects are in line with local
goals and follow best practices for sustainability and community benefit.

3.5. Case Studies and Comparative Analysis

At least five utility-scale VPPs are either active or in the development stage as of 2024
in South Africa. These VPPs are improving energy management, boosting grid stability,
and setting the standard for how renewable energy sources are integrated into the national
grid [48]. The Umoyilanga and Oya Energy projects are among the VPPs that are covered
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in this paper, along with information on the other three projects that are influencing South
Africa’s energy future.

3.5.1. Local Case Studies

Umoyilanga Project

The first integrated wind, solar, and battery storage VPP in South Africa is the Umoyi-
langa project. Together with Electricite de France (EDF) Renewables, Sungrow has launched
this ground-breaking project to ease the nation’s power problem by offering a dispatchable
and dependable energy source [49]. Sungrow is required to deliver 264 MWh of liquid-
cooled energy storage devices for this plant in accordance with the terms of the supply
agreement. The project comprises two plants that are 900 km from each other. The first
plant is a wind-plus-storage plant, and the second one is a solar-plus-storage plant. Eskom
can draw upon the 75 MW of dispatchable electricity that the VPP is scheduled to offer
to the national grid at relatively short notice, which is expected to play a critical role in
stabilizing the power supply.

Oya Energy Project

Another notable VPP in South Africa is the Oya Energy project, which uses artificial
intelligence to maximize the performance of renewable energy resources [50]. Important
parties like the global energy and services conglomerate Engie, Meadows Energy, Perpetua
Investments Holdings, and G7 Renewable Energies [51] are participating in this collaborative
project. The VPP is a component of a larger initiative to combine battery ESSs along with other
RESs, such as solar and wind, to build a unified and adaptable power generation network.

Other VPP initiatives

Engie has played a pivotal role in propelling VPPs forward in South Africa. Engie’s
VPPs incorporate a range of decentralized RESs, such as solar photovoltaic systems and
wind turbines, that are controlled as a single unit yet are individually owned. This method
strengthens the power supply’s flexibility and dependability, making it a pillar of South
Africa’s renewable energy policy.

The development of VPPs that supply dispatchable power to the national grid has
been made easier by the government’s Risk Mitigation IPP Programme (RMIPPPP) [50,52].
The RMIPPPP uses VPPs to guarantee a consistent supply of electricity even in situations
where individual renewable energy sources are sporadic or unpredictable, thereby reducing
the risks connected with independent power production.

3.5.2. Comparative Analysis of Local Case Studies

To improve energy management and grid stability, Section 3.2 highlights the signif-
icance of integrating various energy sources using sophisticated scheduling algorithms.
This strategy is demonstrated by the Umoyilanga Project, which combines energy storage
with wind and solar power plants to produce a hybrid VPP. Its quick power dispatch
demonstrates the optimization techniques discussed, especially as it pertains to coordi-
nating control and utilizing optimization techniques to manage intermittent energy. In
line with the control and communication tactics covered in Section 3.3, Oya Energy also
uses Al to make real-time performance modifications. In order to enhance the dispatch
and coordination of DERs, Al is used, which exhibits the application of cutting-edge en-
ergy management technologies, which, in turn, improves the supply stability of the South
African grid.

The necessity of trustworthy and secure data sharing in VPP operations is empha-
sized in Section 3.3. The integration of Al-powered technologies improves the data flow,
monitoring, and control necessary to manage large-scale energy systems in the Oya Energy
Project. In a similar vein, both initiatives support the tactics of maximizing communication
technology and guaranteeing cybersecurity via cutting-edge infrastructure. This reflects
the theoretical debates about the significance of data security, real-time system control, and
communication protocols in Section 3.3.
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Finally, the technical, financial, and regulatory frameworks required to support VPPs in
South Africa are highlighted in Section 3.4. The Umoyilanga and Oya Energy Projects are
supported by the RMIPPPP, which serves as an example of how public—private partnerships
and government policy may offer the funding and legal assistance required for the effective
implementation of VPP. This is in line with the strategic suggestions made in Section 3.4 about
improving policies, investing in digital infrastructure, and creating adaptable market mechanisms.

3.5.3. Global Case Studies

The growing significance of VPPs can be attributed to the necessity for grid flexibility
and the decentralization of energy systems, and the global movement towards the inte-
gration of RESs. VPPs are a vital component of many European nations” energy transition
plans, such as that of Germany (Energiewende). To manage DERs, VPPs use cutting-edge
technology like AI, machine learning, and the Internet of Things (IoT). These VPPs ensure
grid stability, offer ancillary services and participate in the energy market as a result of the
coordinated management of the resources. The US was prompted to introduce VPPs in or-
der to satisfy strict renewable energy objectives and update the outdated grid infrastructure.
Enterprises such as Tesla and Sunrun [31] are engaged in the development of VPPs that
integrate grid services with household solar and battery storage. VPPs have also proven
beneficial in the isolated and rural regions of Australia, where they improve energy security
and decrease dependence on centralized fossil fuel generation. Supportive regulatory
frameworks, financial incentives, and sophisticated grid management technologies are the
basis of VPPs’ global success. The international case studies examined were from Germany,
Australia, the USA and Japan because of their relevance to the South African landscape and
because of their advanced VPP integration. Their varied approaches to energy constraints
made it possible to determine appropriate tactics and possible obstacles relevant to South
Africa’s grid modernization initiatives.

Germany (Next Kraftwerke)

Germany has pioneered the implementation of VPPs [53]. Next Kraftwerke is a leading
provider of VPPs and manages over 10 GW of flexible load or generation (2022), one of the
largest in Europe [54]. This VPP network comprises 13,000 decentralized plants (mainly
solar power). The power generators, storage units, and consumers are networked and
controlled by Next Kraftwerke [55]. It can reduce its members’ energy expenses by sending
signals to them while making money by charging the grid operator for essential services like
voltage support, auxiliary services, flexibility, and capacity. Through its own 24/7 electricity
trading, the VPP trades the networked customers’ power on many European exchanges
(such as EPEX and EEX) and optimizes their electricity output and consumption based
on price signals [55]. In Germany, the VPP offers auxiliary services, including frequency
regulation in addition to grid balancing [55]. It illustrates how, with proper management,
significant penetration of renewable energy sources is possible. The management of a high
percentage of renewable energy in the grid, which is crucial for South Africa’s renewable
energy targets, can be taken from Germany’s experience with VPPs.

Australia (Tesla VPP)

A massive VPP project, spearheaded by Tesla, was initiated in Australia. It unites
household solar and battery systems throughout South Australia. The VPP lowers peak
demand, stabilizes the system, and supplies backup power during blackouts. It supplies
reliable, secure, and more affordable electricity [56]. The experiment demonstrates how
distributed energy storage in VPPs may be used. By 2023, the initiative had benefited
over 5500 South Australian houses, and more were being added each month. The research
demonstrates the possibility of distributed energy storage in VPPs, which stores extra solar
electricity and releases it when needed to lessen the intermittent nature of RESs [57]. This
scenario emphasizes how important it is to integrate distributed storage systems into VPPs
in order to balance supply and demand, especially in light of South Africa’s potential for
energy storage and the necessity to address grid instability. It charges and discharges
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energy from household battery systems and trades it on the National Energy Market using
Wi-Fi technology and advanced software [58].

USA (Pacific Gas and Electric Company VPP)

Demand response systems, wind, and solar energy are all integrated into a VPP
run by Pacific Gas and Electric (PG&E) in California in the United States. As of 2024,
PG&E anticipated having 412 megawatts of VPP capacity in its portfolio. In addition to
preventing grid overloads and lowering demand during peak hours, the VPP enables
distributed energy resources to engage in energy markets [59]. In order to increase its VPP
capabilities, PG&E has teamed with businesses such as Sunrun and Tesla. VPPs” access to
wholesale energy markets can assist DER owners in optimizing their financial gains and
encourage additional investments in renewable energy. For instance, participants in the
Tesla VPP with PG&E receive USD 2.00 for each extra kWh that their Powerwall produces
during an event [60]. Demand response technologies used by VPPs in the USA can help
South Africa manage peak loads and lessen its dependency on fossil fuels during times of
high demand.

Japan (TEPCO’s Smart Grid and VPP)

As part of its smart grid strategy, Tokyo Electric Power Company (TEPCO) in Japan
created a VPP [61,62]. To stabilize the grid and encourage the integration of more renew-
able energy, this VPP combines residential energy systems, EV batteries, and RESs. The
integration of VPPs and smart grid technologies in Japan emphasizes the significance of
sophisticated control and communication systems for DER real-time management [62].
Using smart grid technology in conjunction with VPPs may enhance the grid’s ability to
manage energy in real time in South Africa and facilitate the integration of storage and
renewable energy sources.

3.5.4. Recommendations for South Africa Based on Lessons from Global Case Studies

The full potential of VPPs is limited by regulatory hurdles that many countries en-
counter. Among these include the absence of standardized grid integration frameworks
and ambiguous market regulations for DER participation [63]. To effectively handle the
coordination of dispersed assets, successful VPPs depend on sophisticated ICT systems.
International case studies demonstrate that strong IT infrastructure and smart grid capabil-
ities are necessary for the integration of renewable energy, storage, and demand response
technologies [54,55,64,65]. In many VPPs, storage is essential, particularly in nations with
high rates of renewable energy adoption. Grid dependability is increased by storing excess
electricity during periods of low demand and using it during peak hours.

Japan has a greater focus on IoT-driven real-time communication than Germany, which
employs a centralized control system [54,55,66—68]. Japan’s strategy uses cutting-edge IoT
to enable quicker demand response, while Germany’s model is excellent at effectively
integrating various DERs. Given its requirement for real-time energy management in the
face of frequent load shedding, this brings up the question regarding which approach
would be more suitable for South Africa. Centralized control ensures that all players
work together seamlessly and makes oversight easier. The German VPP manages ancillary
services via a grid that is well developed [69]. This may not be feasible to be replicated in
South Africa due to the shortcomings in the country’s infrastructure.

Australia’s decentralized, prosumer-centered VPP offers a practical example for en-
ergy management, which may be more suitable to adapt to the region but would still
require adequate regulatory support [65]. A similar strategy would be beneficial for South
Africa, particularly in areas with significant solar potential [29]. Making sure that these
technologies are affordable and backed by a strong regulatory framework to encourage
home involvement would be difficult, however.

An alternative strategy for attaining flexibility is shown by Japan’s local-level resource
management through smart grids, which use advanced metering infrastructure (AMI) and
IoT for real-time control [66—68]. IoT-enabled residential VPPs may provide more imme-
diate benefits for South Africa, where the grid faces real-time response and infrastructure
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constraints; nevertheless, this would necessitate investment in data infrastructure and
smart metering.

3.6. Regulatory Changes

The REIPPPP was created by the South African government to counteract the energy
supply deficiency [70]. This policy has been beneficial to the expansion of the renewable
energy industry. The South African Grid Code (SAGC) does not explicitly specify require-
ments for VPPs [71]. The SAGC will need to be updated to accommodate VPPs. Feed-in
tariff schemes are currently location-dependent and only offered by certain municipali-
ties [8,47]. To fully benefit from this scheme, which encourages consumer participation,
a nationally standardized feed-in scheme needs to be implemented. These net metering
policies allow prosumers’ self-generated power to offset their consumption as well as ease
the burden on the grid. This is further encouraged by incentives for distributed generation,
namely tax incentives for renewable energy assets [72], REIPPPP [8], local government
initiatives like feed-in tariffs and carbon tax initiatives [73]. Net metering and wheeling
arrangements (small-scale produces selling excess energy to other consumers) policies
should be established to further expand distributed generation.

A thorough regulatory framework that outlines VPPs should be provided, including
their operating guidelines and the regulations governing market participation. This ought
to consist of detailed explanations of VPPs and their constituent parts, rules for VPP certifi-
cation, and registration guidelines for VPP involvement in electricity markets. Mechanisms
that allow VPPs to trade in wholesale electricity markets must be established.

Incentive schemes to be established should include providing tax breaks to consumers
and companies making DER investments, offering VPP initiatives grants or low-interest
loans, and providing net metering initiatives or feed-in tariffs for small-scale generators.
Grid infrastructure investments to modernize distribution and transmission networks
should be made to facilitate VPP integration.

Privacy and data management policies should be implemented. This includes the
creation of procedures for grid managers and VPP operators to share data, establishing
strong cybersecurity measures, and making sure that customer privacy is protected.

To enable demand response aggregators to engage in the wholesale market, the
Demand Response Mechanism (DRM) was put into place in Australia. This allows for the
direct sale of demand response to the National Energy Market by authorized consumers [74].
In the United States, grid operators must permit VPPs to engage in wholesale energy
markets in accordance with FERC Order 2222 [75] and aggregators and demand response
involvement in energy markets are covered by the EU’s Clean Energy Package [76,77].
Similar policies should be adopted in South Africa to facilitate the transition to a higher
percentage of RESs in the energy mix.

4. Result and Discussion

In line with the objectives of IRP 2019, the analysis identified VPPs as crucial instru-
ments for South Africa’s shift to a sustainable energy future. Through the integration of
RESs and improved grid stability, VPPs decrease the country’s dependence on traditional
power generation sources. This emphasizes the importance of VPPs in accelerating South
Africa’s energy transformation by effectively coordinating the use of a wide variety of
renewable resources.

Central to VPP operations is the EMS, which ensures effective energy management and
coordinates DERs. Though the precise functions of agents, namely prosumers, aggregators,
and system operators, within the system are still undefined, proposed architectures for
net-zero energy grids emphasize VPPs as essential to both technical and commercial DER
operations. This lack of transparency highlights the need for additional research on the
successful coordination of these different agents. The ability of VPPs to effectively manage
DERs and participate in electricity markets may be compromised in the absence of this.
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The ability to balance supply and demand in real time becomes essential as South
Africa’s share of RESs increases. Grid stability is guaranteed by VPPs’ optimization of
flexible resources like demand response and battery storage through EMS. For example,
demand response devices can lower consumption, but batteries must discharge to fulfill
demand during times of poor solar production. One of the main benefits of using VPPs
for managing intermittent renewable energy sources is their capacity to utilize flexible
resources to follow load, especially in South Africa, where the renewable energy industry
is expanding.

The communication layer, which facilitates real-time data sharing and energy trading
between DERs and the grid, is a crucial component of VPP integration. The intricate nature
of VPP operations highlights the necessity for dependable and secure communication
systems. The ability to dynamically regulate energy supply and demand is made possible
by bidirectional data sharing, which is essential for energy trading in financial contexts.
This emphasizes how crucial it is to provide reliable communication technologies that
safeguard private information and facilitate effective energy transfers within VPPs.

In order to successfully integrate VPPs into South Africa’s grid, a number of intricate
regulatory and market issues must be resolved. The necessity for demand response pro-
grams, well-thought-out feed-in tariff schemes, dynamic energy trading platforms, and
supportive regulations and policies are some of the current obstacles. The study highlights
that in order to overcome these obstacles, collaboration between the scientific community,
energy stakeholders, and policymakers is crucial. Without such cooperation, VPPs may not
be able to fully realize their potential in achieving the goals of IRP 2019.

For VPPs to optimize energy management, effective scheduling algorithms are essential.
These algorithms take into account variables like market prices, storage efficiency, and the
availability of renewable energy. Deep Reinforcement Learning is one example of an advanced
learning-based approach that is being used to address the complexity and uncertainty of VPP
operations, which is necessary given the variable nature of renewable resources.

Technical VPPs, which concentrate on technical performance and real-time monitoring
of RES, and Commercial VPPs, which are focused on economic optimization and mar-
ket involvement, are the two categories into which VPPs are divided. This distinction
demonstrates the flexibility of VPPs in addressing a variety of goals, from market-driven
profitability to maintaining grid reliability. Integrating VPPs will result in the following
improvements in technical metrics; refer to Table 7.

Table 7. Technical metrics after VPP integration.

Metric

Current Value Value After VPP Integration

Curtailment rate

5% [81] (due to VPP optimization) but
require 10% to double renewable
generators [80]

0.24% curtailment of renewables [78,79]
>10% (general curtailment rate) [80]

System Average Interruption Duration
Index, SAIDI (hours per year)

Load-shedding is reduced by providing

184.7 (2022 /23 Eskom annual report) [82] additional power

Renewable penetration 9.5% (2022) [24] 24.7% by 2030 (IRP 2019 target) [15]

Frequency stability

+0.5 Hz (normal range, reduction in

41 Hz (critical threshold) [71] variability) [71]

Transmission losses

6% [84] (due to enhanced distributed

8.39% [83] generation [85])

Reduction in GHG emissions

478.89 MtCO2e (2022) (of which the —10% (target of 350-420 MtCO2e by
energy sector accounts for 78%) [86] 2030) [86]

Grid curtailment increased from 4.606 GWh in the first half of 2023 to 19.9 GWh
for the same period in 2024. The values have thus increased by 300%. Even though the
percentage of renewable curtailment is low, there is a goal to reduce curtailment (in general)
to less than 10%. In [80], it states that South Africa will benefit greatly if it can decrease
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its curtailment down to 10%. The general curtailment rate is due to a number of factors,
such as limited capacity and the aged infrastructure. Integrating more renewables will only
increase the curtailment rate. Thus, addressing curtailment using VPP optimization will
improve RES utilization. The 5% is based on Germany’s curtailment value [81] since it is
a country with a high renewable energy capacity. The SAIDI is driven by load-shedding
so VPP implementation will not only add generating capacity but enhance real-time grid
balancing and thus reduce interruptions. The integration of VPPs means the addition of
DERs, which supports the IRP 2019 2030 renewable energy target. Frequency deviations can
occur due to sudden load changes or insufficient generation. VPPs are able to adjust loads
and dispatch stored energy thus reducing deviations and keeping it within the normal
range. The increased renewable energy integration and efficiency due to VPPs will result in
a reduction in GHG emissions.

To achieve an increase in renewable energy integration, targeted investments in smart
grid technologies and VPPs should be prioritized.

The literature review emphasizes the critical role energy storage plays in lowering renew-
able intermittency and enhancing grid stability, even if this study did not specifically address it.
Sophisticated battery management technologies combined with appropriately scaled energy
storage systems can greatly improve VPP performance by guaranteeing a constant power
supply even in the face of changes in renewable energy generation. This provides more
evidence that VPPs can successfully manage South Africa’s energy transformation.

The results demonstrate the opportunities and difficulties associated with VPP integra-
tion in South Africa. Although Virtual Power Plants (VPPs) provide a remarkable prospect
to augment grid stability, broaden access to renewable energy, and improve energy man-
agement, there exist noteworthy technological, regulatory, and market-related challenges to
surmount. To enable successful adoption, future research should concentrate on real-world
case studies and additional elucidation of responsibilities within the VPP ecosystem.

5. Conclusions

In conclusion, this review emphasizes the substantial potential of VPPs in advancing
South Africa’s energy transformation, as delineated in the 2019 IRP. Several significant
challenges facing the current energy landscape, such as the over-reliance on fossil fuels,
grid instability, and the intermittent nature of RESs, can be resolved with the integration
of VPPs. VPPs can improve grid reliability, offer ancillary services, and optimize energy
dispatch by combining DERs such as solar PV, wind turbines, and energy storage devices.

Key findings of this study indicate that VPPs can enable more efficient integration
of RESs by leveraging modern control systems and predictive algorithms. By controlling
renewable energy’s fluctuation, these technologies help resolve the intermittency issues
associated with solar and wind power while maintaining a steady supply of energy. As
South Africa increases its renewable energy capacity to 24.7% by 2030, this capability
is crucial. Furthermore, one of the most significant aspects of reducing the fluctuations
associated with RESs is the efficient deployment and management of energy storage systems
within VPPs. VPPs can further improve grid stability by balancing supply and demand by
utilizing advanced battery management systems and optimal sizing methodologies.

In order to enable VPP participation in electricity markets, this review emphasizes
the necessity of a supportive regulatory framework. To enable small-scale DERs to make a
significant grid contribution, it will be necessary to develop clear policies and incentives,
such as feed-in tariffs. Furthermore, effective cybersecurity protections and seamless
communication and control mechanisms are essential for VPP operations, guaranteeing
real-time DER coordination.

This paper establishes a framework whereby the success of the integration of VPPs
can be measured by emphasizing the critical objectives, namely, grid reliability, renewable
energy penetration, and cost reduction. It also demonstrates the benefits of VPP integration
as it relates to grid stability, improved reliability and curtailment reduction. The resultant
reduction in GHG emissions also contributes to the country’s climate goals.
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VPP integration has an influence on South Africa’s grid that extends beyond increasing
the use of renewable energy; it offers a mechanism with which to modernize grid infrastruc-
ture, decentralize energy production, and encourage prosumer economic engagement. In
order to take a significant step towards its sustainability targets, lower its carbon footprint,
and enhance energy access in underserved areas, South Africa would need to successfully
deploy VPPs. But in order to overcome technological, economical, and regulatory obstacles,
policymakers, energy stakeholders, and the scientific community will need to work together.
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