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Innovation is the engine that powers the ongoing transformation of the 

global energy system. A multitude of innovative solutions have been 

key to making renewables into the competitive energy option that they 

are today. 

The pace of renewable energy innovation, meanwhile, keeps accelerating, 

with power generation solutions at the forefront. Rapid cost reductions 

for solar and wind power have put these technologies at the core of the 

energy transformation. To maximise their share while maintaining low 

electricity costs, more flexible power systems are needed. 

Innovation programmes in leading markets, therefore, are focusing on 

solutions to achieve maximum power system flexibility. The increasing 

electrification of transport, buildings and industry can also facilitate solar 

and wind uptake if smart approaches are adopted. As many of these 

new loads will be flexible, their inclusion in the power system can also 

help to integrate more renewables through demand-side management 

strategies. 

Many of the solutions to address such challenges are ready for 

commercialisation. With pioneering companies creating, trialling and 

deploying a swathe of potentially transformative innovations, the key 

trends of digitalisation, decentralisation and electrification are moving 

ahead faster than anyone expected. Yet timely, focused government 

action remains essential to support innovation and integrate emerging 

solutions. 

In each context, decision makers need to identify the optimal combination 

of solutions. Determining a suitable, tailored innovation mix for each 

country requires a systemic approach – combining innovations in 

technology with those in market design, business models and systems 

operation. But the sheer diversity of solutions available, coupled with 

the diversity of power systems around the world, can pose significant 

challenges in decision-making. 

FOREWORD
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The present Innovation Landscape study, prepared by the International 

Renewable Energy Agency (IRENA), aims to provide a clear and 

comprehensive guide to such solutions. It seeks to support informed 

decision-making, assist in the creation of enabling policy frameworks, 

help nurture targeted innovation and, ultimately, facilitate the accelerated 

transition to renewables. 

The present report maps and categorises examples of the innovations 

being developed and implemented globally to facilitate the large-

scale integration of variable renewable power. This main report will be 

augmented by technology briefs and online resources which will permit 

closer examination of each innovation type. 

The study highlights the broad range of innovations available that could 

not just accelerate renewable energy deployment to meet demand, but 

could also help to ensure that the energy transformation is global and 

inclusive. IRENA will continue to work with its Members on fostering 

renewable energy innovation and deployment, in line with their national 

economic, social and environmental goals as well as with global climate 

and sustainable development objectives. 
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Innovation is the engine powering the global energy 

transformation. Around the world the pace of 

developing and introducing better, more efficient 

renewable energy technologies is accelerating. 

Renewables are becoming the go-to option for 

many countries in their transition towards a secure, 

cost-effective and environmentally sustainable 

energy supply. Renewables underpin continued 

socio-economic development with jobs and local 

value creation, while simultaneously combating 

climate change and local air pollution. 

The power sector has led the way, with rapid 

reductions in the cost of solar and wind technologies 

resulting in widespread adoption in many 

countries. Despite the promising progress to date, 

however, the pace of the energy transition needs 

to pick up significantly. As with market policies, 

the policies put in place to drive technological 

innovation should be continually revisited and 

updated to keep up with new developments and 

breakthroughs (IRENA, IEA and REN21, 2018).

The integration of variable renewable energy 

(VRE) poses specific challenges as its share of 

power generation rises – in essence, maintaining 

the balance of supply and demand becomes more 

of a challenge. More flexible and integrated power 

systems are needed to maximise the value of low-

cost VRE, meaning solar and wind.

In response, policy makers and system operators 

around the world are adopting a range of 

measures to maintain an affordable and reliable 

balance of supply and demand in this evolving 

landscape. Innovation is focused on fostering the 

development and deployment of solutions that 

increase the system flexibility needed to integrate 

high shares of solar and wind power. 

EXECUTIVE SUMMARY

Flexibility: The capability of a power system to cope with the variability and uncertainty 

that solar and wind energy introduce at different time scales, from the very short to 

the long term, avoiding curtailment of power from these variable renewable energy 

(VRE) sources and reliably supplying all customer energy demand (IRENA, 2018c).

Variability:  The fluctuating nature of solar and wind resources, which translates into potentially rapid 

changes in electricity output

Uncertainty: The inability to predict perfectly the future output of solar and wind power sources
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In recent years far-sighted governments and 

pioneering companies around the world have 

been creating, trialling and deploying a multitude 

of innovative solutions that have the potential to 

radically transform energy systems across the 

world. The sheer diversity of solutions, coupled 

with differences between local energy systems, 

may make for a confusing picture for decision 

makers, who may struggle to identify and assess 

the best solutions for each country or context.

The International Renewable Energy Agency 

(IRENA) has conducted an extensive and 

detailed analysis of the innovation landscape 

for the integration of variable renewable power, 

mapping and categorising the many examples of 

innovation and innovative solutions. This report, 

combined with various online resources, aims 

to give decision makers a clear, easily navigable 

guide to the diversity of innovations currently 

under development, or in some cases already in 

use, in different settings across the globe. These 

innovations are being combined in a wide range 

of power systems worldwide. The resulting 

framework should enable informed judgments on 

possible solutions for each particular case. 

����v�tion landscape
for a renewable-powered future:
Solutions to integrate
variable renewables
outlines:

30 key innovations to transform the power sector across

four dimensions: enabling technologies, business models,

market design and systems operation.

>200 real-world examples of projects trialling

and implementing those innovations

11 flexibility solutions created by combining

the 30 innovations

Impact assessment of the flexibility solutions based

on their cost and their complexity to implement

An eight-step innovation plan

for power sector transformation
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A large number of innovations that can be used 

to integrate high VRE shares are emerging 

and are being implemented worldwide. IRENA’s 

Innovation Landscape study maps the relevant 

innovations, identifies the synergies and formulates 

solutions for integrating high shares of VRE into 

power systems as a result of implementing these 

innovations. 

The Innovation Landscape is based on analysis 

of hundreds of innovative projects and initiatives 

being implemented around the globe. These 

innovations have been grouped and mapped in 

categories, resulting in a suite of 30 innovations 

(see Table 1). 

The analysis also demonstrates that innovations 

are emerging across four key dimensions of the 

world’s power systems: 

• Enabling technologies: Technologies that 

play a key role in facilitating the integration of 

renewable energy.

• Business models: Innovative models that create 

the business case for new services, enhancing 

the system’s flexibility and incentivising further 

integration of renewable energy technologies. 

• Market design: New market structures and 

changes in the regulatory framework to 

encourage flexibility and value services needed 

in a renewable-based power energy system, 

stimulating new business opportunities. 

• System operation: Innovative ways of operating 

the electricity system, allowing the integration 

of higher shares of variable renewable power 

generation.

Based on the experiences of pioneering countries 

and companies in piloting and applying these 

innovations, each of the 30 innovation types 

has been analysed in detail. A series of briefs 

accompanying this report aims to help readers 

assess the benefits, risks and suitability of each 

innovation for any specific context.

Each of the Innovation Briefs contains: 

I Description: what the innovation is and how it 

works.

II Contribution to power sector transformation: 

how the innovation, through the services and 

the benefits provided to power systems, could 

support the integration of VRE. 

III Key factors to enable deployment: overview of 

the risks and challenges, and how to overcome 

them, for the implementation of the innovation.

IV Current status and examples of initiatives: 

indicators to track the current progress of the 

innovation, and examples of ongoing initiatives 

and projects implementing the innovation 

around the world.

V Implementation requirements: checklist an 

easy-to-use tool for policy makers, listing the 

items that need to be in place to implement the 

innovation.

INNOVATIONS TO FACILITATE VARIABLE 
RENEWABLE ENERGY INTEGRATION
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OVERVIEW INNOVATION BRIEFS

Enabling 

technologies

•  Battery storage technologies, able to back up 

the variability of renewables and provide various 

services to the grid. 

1. Utility-scale batteries

2. Behind-the-meter batteries

•  Technologies that enable electrification  

of other sectors, opening doors to new markets 

for renewable generation as well as new ways  

to store the generation surplus. 

3. Electric-vehicle smart charging

4. Renewable power-to-heat

5. Renewable power-to-hydrogen

•  Digital technologies that are introducing new 

applications in the power sector, changing the 

boundaries and dynamics of the industry and 

helping to optimise renewables assets.

6. Internet of things

7. Artificial intelligence and big data

8. Blockchain

•  New and smart grids, both large and small scale, 

that complement each other and enable new 

ways to manage VRE generation. 

9. Renewable mini-grids 

10. Supergrids

•  Refurbishment of existing assets, to adapt to the 

new conditions and to the needs of the system.

11.  Flexibility in conventional  

power plants

Business models
•  Business models that empower consumers, 

turning them into active participants. 

12. Aggregators

13. Peer-to-peer electricity trading

14. Energy-as-a-service

•  Innovative schemes that enable renewable energy 

supply, in both off-grid and connected areas. 

15. Community-ownership models

16. Pay-as-you-go models

Market design

•  New regulations in the wholesale markets that 

encourage flexibility from market participants, 

better signal firming power supply’s value, and 

properly remunerate their grid support services. 

17.  Increasing time granularity  

in electricity markets 

18.  Increasing space granularity  

in electricity markets

19. Innovative ancillary services

20. Re-designing capacity markets

21. Regional markets

•  Design and regulatory changes  

in the retail market that stimulate flexibility  

on the consumer / prosumer side.

22. Time-of-use tariffs 

23.  Market integration of distributed  

energy resources

24. Net billing schemes

System operation
•  Distributed generation deployment requires 

new ways of operating the distribution grid and 

market facilitation for distributed generation.

25.  Future role of distribution system 

operators

26.  Co-operation between transmission 

and distribution system operators

•  New operation procedures that enhance 

electricity system flexibility. 

27.  Advanced forecasting of variable 

renewable power generation

28.  Innovative operation of pumped 

hydropower storage

•  New ways to operate the grid that reduce  

VRE curtailment due to grid congestion.

29. Virtual power lines

30. Dynamic line rating

Table 1 Overview of the Innovation Briefs
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This synthesis report brings together the key 

insights from the innovations identified in the 

Innovation Landscape, illustrating that innovations 

do not emerge in isolation. On the ground, 

implemented solutions for the integration of VRE 

come from the synergies of different innovations 

across different dimensions, such as technology, 

market design, business models and systems 

operation. This is called systemic Innovation.

This stand-alone report synthesises the information 

contained in the underlying Innovation Briefs and 

builds links among the various innovations. The 

details of each of the innovations, discussed in the 

synthesis report, are presented in the Innovation 

Briefs. 

Higher solar
and wind share

Increased
system flexibility

Reduced total
system cost

INNOVATION
DIMENSIONS

FLEXIBILITY
SOLUTIONS

SYSTEM 
OPERATION

BUSINESS 
MODELS

MARKET 
DESIGN

ENABLING 
TECHNOLOGIES

SOLUTIONS TO INTEGRATE VARIABLE 
RENEWABLES
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The synthesis report is structured in four chapters: 

Chapter 1: Power sector transformation portrays 

the big picture, explaining the importance of a 

future renewable-powered system for a low-

carbon, reliable, affordable and secure energy 

system. It also highlights the main challenges that 

lie ahead and identifies innovation trends that are 

helping to overcome the challenges. The changing 

roles and responsibilities of actors in the power 

sector, as well as new actors entering the scene, 

are highlighted. 

Chapter 2: The landscape of innovations for 

variable renewable power integration presents 

an overview of the 30 mapped innovation types. 

Chapter 3: Innovations creating solutions for a 

renewable-powered future explains the relation 

and synergies among the innovation types and the 

four dimensions and formulates possible solutions 

from such innovation synergies, or what it is called 

systemic innovation. Systemic innovation refers to 

matching and leveraging synergies in innovations 

in all components of the power system and 

including all actors.

Chapter 4: Impact assessment of solutions 

provides brief guidance on which solutions could 

be low-hanging fruit for increasing the flexibility in 

the system, and which solutions might be relevant 

for the context of different systems. 

Chapter 5: Final remarks: Eight-step innovation 

plan closes the report with recommended actions 

for a renewable-powered future.

Power systems are changing due to policy 

imperatives and accelerating innovation. The 

strong business case for VRE energy technologies, 

such as wind and solar PV, is positioning these 

technologies at the core of the transformation. 

Innovations being trialled in front-running countries 

show that power systems can operate with very 

high shares of VRE in a reliable and economical way. 

However, a large gap remains between the front 

runners and the majority of followers in integrating 

VRE. While the private sector will continue to 

come up with new solutions to speed the energy 

transformation, governments have a crucial role to 

play in facilitating and guiding the sector in line with 

national socio-economic objectives. To bridge the 

gap, the following recommended actions could be 

implemented by countries wishing to maximise the 

benefits of renewable energy for their economies.
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1.1  TOWARDS A LOW-CARBON, RELIABLE, 
AFFORDABLE AND SECURE ENERGY 
SYSTEM

The world is undergoing an energy sector 

transition towards a more inclusive, secure, cost-

effective, low-carbon and sustainable future. One 

of the critical building blocks is renewable energy. 

This transition is fostered by unprecedented 

public pressure and policy action, triggered by 

the United Nations’ Sustainable Development 

Goals, rising air pollution and water stress, as well 

as by increasing concerns about climate change, 

which led to the 2015 Paris Agreement, and the 

urgency and importance of which are disclosed 

in the recent report from the Intergovernmental 

Panel on Climate Change (IPCC, 2018). The energy 

transition is now evolving further with innovation 

as an additional key driver. 

The power sector is leading the ongoing energy 

transition, driven by the rapid decline in renewable 

electricity costs, particularly for wind and solar 

generation. Between 2009 and 2018 the price of 

solar photovoltaic (PV) modules dropped more 

than 80%, and the cost of electricity from solar PV 

fell nearly 75%. The price per unit of wind power 

fell by about 50% (depending on the market) over 

the same period, and the costs of onshore wind 

power dropped nearly 25% between 2010 and 

2018, with further dramatic declines expected in 

the coming decade (IRENA, 2018a). 

Renewable power generation accounted for an 

estimated one-quarter of total global power 

generation in 2017, with impressive growth in 

recent years in variable renewable energy (VRE), 

particularly wind and solar PV technologies. By the 

end of 2017 the installed capacity of renewables 

reached 2 337 gigawatts (GW), comprising 34% of 

the total power-generating capacity (IEA, 2018a). 

The bulk of this was from hydropower (54%), 

followed by wind power (22%) and solar power 

(mostly solar PV, at almost 17%). Between 2005 

and 2016 the global installed capacity of solar PV 

increased more than seven-fold, and the capacity 

of onshore wind increased nearly three-fold. An 

additional 98 GW of solar PV and 48 GW of wind 

power was installed in 2017 alone. 

Nonetheless, this energy transition needs further 

acceleration of this growth. According to analysis 

from IRENA (2018b) a decarbonisation of the 

power sector, in line with the climate objectives 

outlined in the Paris Agreement, would require an 

85% share of renewable energy in total electricity 

generation by 2050. By that time solar and wind 

power capacity would rise from 900 GW today to 

13 000 GW and would account for 60% of the total 

power generated. This requires a tripling of annual 

wind capacity additions and a doubling of solar PV 

capacity additions from 2017 levels. 

Furthermore, the share of electricity consumption 

in the total energy demand of the three primary 

end-use sectors – industry, buildings and transport 

– needs to double from around 20% in 2015 to 

40% in 2050. The progress in renewable power 
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generation technologies brings opportunities to 

use renewable electricity as a vector to decarbonise 

the end-use sectors. Smart electrification 

approaches, based on innovative business models 

and market designs, are crucial to realise these 

synergies and to take advantage of the potential 

flexibility provided by the new loads.

Further innovation in renewable energy technologies 

is needed to increase efficiency, to better adapt 

these technologies to specific weather conditions, 

to better integrate them into the living environment 

(for example innovations in building-integrated 

PV systems) and to further decrease costs. 

However, in addition to innovation in renewable 

power generation technologies, innovation in 

grid integration strategies has become crucial in 

increasing the share of VRE in the power system, 

enhancing the system’s flexibility in a cost-effective 

manner. Figure 1 summarizes the path towards a 

cleaner, reliable and secure energy system.

INNOVATIONS 
TO INCREASE 
POWER SYSTEM
FLEXIBILITY

LOW CARBON, 
RELIABLE, 
AFFORDABLE 
& SECURE 
ENEGY SYSTEM

RENEWABLE-
POWERED 
SYSTEM

Main challenge is to integrate
high share of variable RE

FLEXIBLE 
POWER SYSTEM
TO INTEGRATE 
VRE

Power sector
is leading the transition

Share in generation mix

Solar PV

Onshore Wind

3% 22%

7% 36%

Cost reduction (2010 - 2017)

Solar PV

Onshore Wind

36%

73%
60%10%

2019 2050

RE generation  technologies 

are already competitive

Share of wind and PV

should increase from

10% today to 60% in 2050

Abundance of innovations

in the  power sector

Figure 1 Towards a low-carbon, reliable, affordable and secure energy system
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1.2  INCREASING SYSTEM FLEXIBILITY FOR 
THE INTEGRATION OF VRE

In an age of low-cost renewable power generation, 

the success of the energy transition will be 

underpinned by the implementation of strategies 

to integrate high shares of VRE into power systems 

at the lowest possible cost. At present the share 

of VRE in electricity generation in G20 countries is 

about 10%. Some countries, particularly in Europe, 

have achieved significantly higher VRE shares: 

in 2017 the VRE share in Denmark reached 53%, 

in South Australia 48%, and in Lithuania, Ireland, 

Spain and Germany greater than 20%. 

The three largest power systems in the world 

– China, India and the United States (US) – are 

expected to double their VRE shares to more than 

10% of annual generation by 2022 (IRENA, IEA and 

REN21, 2018). India, for example, covered 7.7% of 

its load with VRE generation between 2017 and 

2018 and is on track to reach 9% VRE generation 

by 2019. In the US 7.6% of electricity came from 

wind and solar sources in 2017 (EIA, 2018a). 

However, the share of solar PV and wind power 

in global electricity generation will need to grow 

from 4.5% in 2015 to nearly 60% by 2050 (IRENA, 

2018b). Given the variability and uncertainty 

of wind and solar energy sources, innovative 

solutions are needed to provide the necessary 

flexibility and adequacy to power systems. 

Between 2015 and 2050 investments similar to 

those needed for additional renewable energy 

generation technologies could be required for grid 

infrastructure reinforcement and other flexibility 

options for VRE integration. Grid and flexibility 

investment needs for this period would rise from 

USD 9 trillion without this additional VRE to about 

USD 18 trillion (IRENA, 2018b). These investments 

need to underline the importance of putting 

greater effort into addressing flexibility, as VRE 

grid integration may become the technical or 

economic bottleneck of a global energy sector 

transformation.

The next step, therefore, is to focus innovation 

efforts on integrating high shares of VRE in power 

systems and to lower the costs of this integration 

through solutions that increase flexibility in 

the system. Flexibility – defined as the ability 

of a system to respond to changes in load and 

generation – has always been part of operating 

a power system because the normal demand for 

electricity varies greatly on a daily and a seasonal 

basis (IRENA, 2018c). With increasing shares of 

VRE, the flexibility of the operating power system 

is also directly related to its ability to accommodate 

variable generation while maintaining a reliable 

balance of supply and demand at the lowest 

possible cost. 

Insufficient flexibility could lead to load shedding 

(if the system cannot ramp up sufficient firm 

capacity during periods of low VRE generation) 

or to VRE curtailment (if the system cannot ramp 

down during periods of high VRE production). 

It therefore can result in a reduced operational 

value of incremental new VRE and in increased 

operations costs due to the need for additional 

firm capacity to meet reserves or peak demand. 

Therefore, in this context, flexibility is the capability 

of a power system to cope with the variability and 

uncertainty that VRE generation introduces into 

the system in different time scales, from the very 

short term to the long term, avoiding curtailment 

of VRE and reliably supplying all of the demanded 

energy to customers (IRENA, 2018c).

Traditionally, in conventional power systems, 

the supply side provided flexibility by adjusting 

the generation to follow demand. The demand 

side provided very little flexibility because it 

was largely unresponsive. Emerging innovations 

not only further increase supply-side flexibility, 

but also make provisions for such flexibility in all 

segments of the power system. Figure 2 illustrates 

the transition towards a flexible system and away 

from a system in which generation is the only 

flexibility source. 

• Supply-side flexibility: Higher flexibility from 

the supply side needs to be further incentivised, 

with more flexible behaviour both from existing 

conventional plants and from renewable energy 

generators (to the extent of their capabilities).

• Grid flexibility: Grid flexibility is provided 

by greater network capacity and by the 

establishment of regional markets, which allows 

electricity to be transported more readily 

within a larger balancing area, across several 

control areas or even continent-wide. Thus, a 

wider geographic diversity of resources can be 
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used to balance supply and demand by taking 

advantage of weather and resource diversity. 

Distribution grid capacity and management is 

also important for integrating more renewable 

energy, which is connected at the distribution 

grid. 

• Demand-side flexibility: On the demand side 

the emergence of distributed energy resources 

– such as rooftop solar PV, micro wind turbines, 

battery energy storage systems, mini-grids, 

plug-in electric vehicles, etc. – have the 

potential to greatly increase system flexibility by 

becoming active participants in the electricity 

network. The electrification of end-use sectors 

such as transport, buildings and industry – by 

using a smart approach to managing these new 

loads through demand-response programmes, 

price elasticity and sector coupling – opens 

new flexibility opportunities for integrating VRE 

into the grid. Digital technologies are emerging 

to support distributed energy resources in 

responding to system conditions and providing 

services to the grid, turning them into flexibility 

providers.

• System-wide storage flexibility: Energy 

storage technologies are flexibility providers 

across the energy sector that have huge 

potential to enable high VRE shares in the 

system. On the supply side utility-scale batteries 

and “power-to-X” applications (e.g., power-

to-heat, power-to-hydrogen) can increase 

flexibility when connected to a VRE plant and 

storing its excess generation. On the demand 

side they can provide significant flexibility 

though direct or indirect electrification of end-

use sectors if the load is well managed, or they 

could help increase grid flexibility and reduce 

network congestion when connected to the 

grid for such purposes. 

The optimal strategy for increasing flexibility in a 

system and integrating higher shares of VRE is not 

certain. Also, strategies are country- and context-

specific, depending on the rate of electricity 

demand growth, the level of existing grid 

interconnectivity and the spread of domestic 

natural resources, among others. Different sets of 

innovation are already being deployed in different 

power systems. 

Innov�tion is crucial to create and implement the solutions to increase the flexibility of power systems 

and to reduce the cost of integration of VRE – tailored to different power system contexts – and 

to create new value streams for the different actors in the power value chain, from generators to 

consumers. 
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Figure 2 New flexibility options across the power sector unlocked by innovation
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1.3  SHOWCASING INNOVATION

Countries such as Denmark, Germany, Portugal, 

Spain and Uruguay have proven the feasibility 

of managing annual VRE shares higher than 25% 

in power systems. An increasing number of sub-

regions and even entire countries have managed 

VRE shares close to 100% for short periods of 

time (IRENA, 2018a). The tables below summarise 

the innovations that different power systems are 

implementing to increase system flexibility and 

VRE share. 

DENMARK 

VRE penetration: Challenges:

More than 40% since 2014, reaching 53% in 2017 

(IEEFA, 2018), with most of it coming from wind 

energy. 

Target:

100% renewables in the energy sector by 2050, 

with 50% wind electricity.

• Balancing supply and demand, ensuring that sufficient 

baseload power is available when there is no wind.

• Keeping wind power valuable during high wind 

production, as currently large wind power quantities 

are sold at low or negative prices (Zaman, 2018).

Innovations implemented and planned:

• Denmark’s high wind penetration is a result of its strong grid interconnection. The country mostly exports 

surplus wind energy to Nordic nations that can use the imports to displace their hydropower generation 

and conserve water in reservoirs. Denmark’s internal transmission grid is strong, and its interconnector 

capacity with the rest of Scandinavia and Germany is nearly equal to the peak load of 6.5 GW (import 

capacity from Germany is 2.2 GW, from Sweden is 2 GW and from Norway is 1.6 GW). 

• The top priorities of the Danish transmission system operator are developing demand-side response 

measures, electrification of heating sectors, smart grids and compressed air energy storage (SEDC, 2017).

• The market design has been adjusted to encourage flexible behaviour of conventional generation and to 

re-define the balancing products to better counteract variability in generation. Coal power plants have 

been refurbished to become more flexible and to decrease their minimum load from 50% to 20%. 

• Advanced weather forecasting has been implemented in power system operations, allowing more accurate 

and updated forecasts every five minutes. 
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ELECTRIC RELIABILITY COUNCIL OF TEXAS (ERCOT)

VRE penetration: Challenges:

Texas is the leading US state for wind capacity, 

with wind accounting for 14.8% of the generation 

mix in 2017 (US DOE, 2018). Solar accounted for 

1% of ERCOT’s generation mix in 2016 (Seel et al., 

2018). ERCOT is expected to see 9 GW of planned 

additions in 2018/19, increasing total VRE 40% to 

29 GW by end-2019.

• Limited interconnections make ERCOT almost like an 

isolated system.

• Transmission constraints and inflexible generation 

lead to wind curtailment, in order to maintain a 

reliable and secure power system.

• Areas with the highest potential for wind and solar 

are located far from load centres, with very limited 

connections available. 

Innovations implemented and planned:

• Extensive transmission planning, with the building of new transmission lines as well as the reinforcement 

of existing ones.

• The Public Utility Commission of Texas, in consultation with ERCOT, created five competitive renewable 

energy zones (CREZs), which helped to develop a transmission plan to deliver renewable power from 

CREZs to customers while maintaining reliability and economics. The implementation of CREZs has helped 

to enable the addition of more than 18 GW of wind generation capacity to Texas’s power system while 

overcoming technical issues such as curtailment and transmission congestion (ACEG, 2017).

• Market design changes that allow more resources, including wind, to participate in the day-ahead and 

real-time markets, making all parties responsible for addressing variabilities in loads and resources.

• To minimise forecasting errors, the real-time balancing market has been shortened from 15 minutes to 5 

minutes. The solution also included a continuous fine-tuning of the procured ancillary service amounts, 

requiring renewable energy generators to provide primary frequency response services (Du et al., 2017).

REPUBLIC OF IRELAND AND NORTHERN IRELAND 

VRE penetration: Challenges:

VRE accounted for 29.7% of electricity demand 

in 2017, with wind providing the vast majority 

(26.4%). In January 2015 Ireland experienced 

a maximum instantaneous wind penetration of 

66.2%.

Target:

40% renewable energy penetration by 2020, 

mostly from wind. 

• Limited interconnections make the system almost like 

an isolated grid.

•  Wind power is curtailed to maintain system stability, 

due to maximum non-synchronous penetration levels 

and other grid constraints. Curtailment reached 4% of 

total wind generation in 2017.

Innovations implemented and planned:

• Re-designing of the ancillary service market by defining a suite of ancillary services to support the increasing 

levels of VRE generation (non-synchronous response) (Zaman, 2018).

• Enforcing grid infrastructure: Ireland developed a transmission plan to develop stronger network grid 

integration with the United Kingdom (UK). Northern Ireland-to-Scotland and Ireland-to-Wales links are 

now in place. 

• Demand-side management and battery storage projects are expected to ensure reliable operation of the 

power system (EirGrid, 2016).
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CALIFORNIA

VRE penetration: Challenges:

Almost 20% of the generation mix was from wind 

and solar in 2017 (CEC, 2018). There is a large 

share of distributed renewable resources in the 

grid, with 5 900 megawatts (MW) of rooftop solar 

PV capacity. 

Target:

33% renewable energy generation by 2020, 50% 

by 2026 and 60% by 2030 (Roberts, 2018). 

• Oversupply of renewables and congestion in the grid, 

leading to curtailment. 

• Steep morning and evening ramps created by 

increasing distributed solar generation.

Innovations implemented and planned:

• Market design: The system operator has been developing a flexible ramping product to tackle the steep 

evening ramps. This will allow generators to be paid for some of their capacity to remain on stand-by 

during low-ramp periods, so that they are available to be used during high-ramp periods at the system 

operator’s request (dispatch) (Zaman, 2018).

• Energy storage: As a part of the flexibility solution, California has enacted policies to achieve a target of 

1 325 GW of storage procurement by the end of 2020, across transmission and distribution grid and on the 

customer-side. Four Pacific Gas & Electric energy storage projects were approved by the California Public 

Utilities Commission in November 2018, totalling 567 MW / 2 270 megawatt-hours (MWh) of storage (Bade, 

2018), the largest storage contract globally to-date.

• Regional Energy Imbalance Market: In 2014 the system operator began implementing a regional Energy 

Imbalance Market that would allow neighbouring balancing authorities to share reserves and integrate 

renewable resources across a larger geographic region. This is expected to help the regional market 

mitigate over-supply events, potentially reducing curtailments in California and its neighbouring balancing 

markets (PacifiCorp, 2018).
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*  South Australia’s system is one of five sub-systems comprising the Australian National Electricity Market (the others are Queensland, 

New South Wales, Victoria and Tasmania).

SOUTH AUSTRALIA* (AUSTRALIA)

VRE penetration: Challenges:

In 2017 48.4% of power generation came from 

wind and solar sources, with wind accounting for 

39.2% and rooftop solar for 9.2%. More than 30% 

of households have a PV system installed, for a 

total of 781 MW. 

Target: 

50% renewables in the generation mix by 2020, 

75% by 2025 (Morton, 2018). 

Synchronous power generation provides adequate 

levels of system reliability and inertia, required to secure 

a power system. In 2016 South Australia experienced 

an extreme weather event where a wind storm knocked 

down part of the grid, triggering a cascading event and 

a major blackout.

Innovations implemented and planned:

• Energy storage: In 2017 South Australia installed a 100 MW /129 MWh battery storage system that is charged 

using renewable energy from the Hornsdale Wind Farm. The storage system then delivers electricity during 

peak hours, helping to maintain the reliable operation of South Australia’s electrical infrastructure and 

materially lowering ancillary service grid costs to consumers.

• Among other recent actions to increase grid flexibility options, 1 000 MW of demand-side management was 

contracted and 833 MW of existing flexible gas-power generators were returned to the market together 

with the construction of a flexible solar thermal plant with up to 10 hours of storage capacity. 

• A significant increase in grid interconnection capacity is planned (with plans to add a new South Australia-

to-New South Wales link to more than double the current South Australia-to-Victoria interconnection).

URUGUAY

VRE penetration: Challenges:

In 2017 48.4% of power generation came from 

28% wind and solar generation in 2017. Together 

with hydropower and biomass, total renewable 

generation accounted for 98%. 

Target: 

• Flexible hydropower generation 

• Complementary generation profiles for 

hydropower and wind.

• With a steep, eight-fold jump in wind generation 

from 2013 to 2014, Uruguay’s main challenge was 

to maintain the reliability of the system, given the 

increased variability in the short term.

• A big challenge is VRE curtailment, because biomass 

runs as baseload throughout the year and wind 

penetration exceeds minimum demand. The excess 

generation could be exported through the 2.57 GW 

interconnection with Argentina and Brazil; however, 

no active cross-border market is in place with 

neighbouring countries

Innovations implemented and planned:

• The transmission system operator invested in automated generation control components to manage short-

term intermittency and balancing needs.

• Power-to-X alternatives are being explored, especially power-to-heat, in order to increase electricity 

demand and reduce curtailment. 
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GERMANY 

VRE penetration: Challenges:

Variable wind and solar generation was 25% in 2017. 

Total renewable energy generation (hydropower, 

wind, solar and biomass) was up 15% year-on-year 

to 210 terawatt-hours (TWh), or 38.2% of the 2017 

total (Fraunhofer ISE, 2018).. 

Target: 

65% renewables in electricity by 2030. 

• A key challenge is wind curtailment to maintain 

grid stability and to solve the bottlenecks in the 

transmission grid. Curtailment is especially high in 

the north, where most of the wind plants are located, 

mostly because of the grid congestion between 

the north and south. Renewable energy generators 

are compensated for lost revenue during most 

curtailments. Network operators are required to re-

dispatch the power plants in the south and increase 

their output to meet the increased power demand, 

while the interconnection with the north remains 

congested. Additional operating costs caused by the 

re-dispatching are subject to financial compensations, 

which make the procedure very costly for the system. 

• In 2017 Germany had a record 144 hours of day-ahead 

negative wholesale electricity prices.

Innovations implemented and planned:

• Grid strengthening, in particular new transmission capacity between north and south; 8 GW of new 

north-south direct current transmission lines are planned to avoid curtailment, re-dispatch and loop flows. 

Additional interconnection capacities with some neighbouring countries are planned. 

• The energy law requires transmission and distribution system operators to expand their system capacity 

to accommodate renewable energy generation, except for possible curtailment of a maximum 3% of total 

energy generation. 

• Fossil plants, in particular CHP, have to be included in congestion management procedures to a higher 

degree than today.

• Co-operation between the four German transmission system operators reduces the redispatch needs and 

increase flexibility.

• Improved forecast models that explicitly incorporate the effect of renewables and the use of improved 

day-ahead weather forecasts was already adopted in Germany. 

• Changes in market design to facilitate flexibility:

• Free price formation in wholesale markets (no price caps)

• Strengthened obligations to uphold demand and supply schedules

• Shortened trade and balancing periods (to 15 minutes)

• Introduction of negative electricity prices

• Balancing markets opened to new providers

• Rules for aggregators

• Gradual introduction of smart meters

• Investment in combined heat and power (CHP) production, due to its flexibility (EPE and BMWi, 2017).
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INDIA – TAMIL NADU 

VRE penetration: Challenges:

14% of wind and solar generation in 2016/17, from 

32% of total installed capacity. 

Target: 

17.5% wind and solar share to be reached between 

2021 and 2022; 21% by 2027 (CEA, 2018).

• Insufficient grid capacity in South India to export 

wind power has resulted in curtailment. 

• Further increase in frequency fluctuations.

Innovations implemented and planned:

• Market design: Over the last decade, India has progressively moved towards a single national electricity 

grid, with increased interstate connectivity.

• Interconnections with Bangladesh, Bhutan and Nepal have been strengthened. A subsea cable connection 

to Sri Lanka is also under consideration.

• Tamil Nadu is looking at the viability of the Kundah 500 MW pumped hydro storage proposal

• Existing flexible generation in the system was an important enabler

AUSTRALIA – KING ISLAND, TASMANIA 

VRE penetration: Challenges:

65% wind penetration; 100% instantaneous share 

of VRE was reached in 2013. High imported 

diesel fuel costs led to the installation of three 

250 kilowatt (kW) wind turbines in 1998, followed 

by two 850 kW wind turbines in 2013 and 

3 MW / 1.6 MWh of battery storage (Zaman, 2018). 

Target: 

A 100% renewable energy grid.

Maintain the reliability of intermittent renewable 

sources in a small system with no interconnections. 

Innovations implemented and planned:

• Battery storage: 3 MW of power contribution has been installed, storing 1.6 MWh of usable energy. The 

battery allows the system to operate at 100% wind power for longer periods of time. 

• Integration of smart grid technology is needed to enhance the ability to control customer demand to match 

the available renewable energy supplies (Hydro Tasmania, 2014).
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 1.4  INNOVATION TRENDS AND CHANGING 
ROLES IN FUTURE POWER SYSTEMS

Policy frameworks for VRE need to combine 

present needs (for deployment) with future needs 

(for integrating VRE into the energy system at 

scale). Real trade-offs exist between quick wins 

and long-term strategies. In targeting high levels 

of renewable energy deployment and integration, 

policy makers should not focus too much on 

quick wins; instead they need to look forward 

to a time when renewable energy deployment 

has been successful and should design the  

markets / systems around this future and around 

these paradigms. 

This includes taking holistic views on system 

planning, the electricity demand growth profile, 

permitting, network charging and network access 

rights, as well as the treatment of balancing and 

system services for harnessing flexibility (whether 

within a liberalised market framework or a more 

centrally co-ordinated system). In this future the 

value would not be in kWh of electricity generated 

and consumed, but rather in the combined 

flexibility – provided by all actors – to enable a 

secure and affordable operation of a low-carbon 

system based on VRE generation. 

A number of changes are already happening:

• Generation: Large, inflexible thermal generation 

is progressively being replaced by smaller-scale 

renewable generation, much of which is not 

commercially flexible (zero marginal cost) and 

which is weather dependent (non-energy-price-

responsive resources). In the short term, existing 

conventional generators need to become more 

flexible, with improved ability to provide a 

faster ramping capacity to react to increasing 

volatility of net load. In the long term, flexibility 

also will come from demand management and 

increased grid interconnectivity. 

• Sector coupling / demand: A trend of 

electrification of end-use sectors, such as 

electrification of transport (electric vehicles) 

and potentially of the heating sector, will 

eventually develop, greatly increasing the load 

on distribution networks. These new loads 

could be relatively high capacity / low energy if 

not managed, but they are inherently flexible: 

electrification technologies include battery or 

thermal storage that could help smooth out 

the demand pattern to match the availability of 

generation and the capacity of the distribution 

grid. This optimal contribution to system 

flexibility will happen only if the integration of 

these new loads is properly managed and if 

customers accept that their use patterns are 

not solely their personal choice.

• Energy storage: Battery technology is 

becoming increasingly affordable. Even 

domestic users, especially households with 

solar PV systems that want to maximise self-

consumption, are installing batteries at scale 

due to personal preference over economics. 

Distribution grid operators are turning to mid-

scale batteries to avoid network upgrades. 

Also, power-to-X applications are emerging 

that support sector coupling (power-to-heat 

and power-to-hydrogen), with great potential 

to store energy in different forms. 

• Distribution grid: The growing awareness of 

“predict and provide” for network capacity 

(predict the load and provide the available 

capacity to balance supply and demand) 

will become unsustainable, especially with 

electrification. Flows on distribution networks 

will become less predictable. Also, distribution 

system operators will need better visibility 

on lower-voltage parts of their networks, and 

better tools for control.
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Aggregation / demand response: A variety of 

factors provide a growing space for increasing 

demand response, including improved technology 

readiness, the availability of ancillary service 

products and marketplaces, and new business 

models and platforms. Active energy consumers, 

often called “prosumers” because they both 

consume and produce electricity, are changing 

the dynamics of the sector, with great potential to 

unlock demand-side flexibility. 

TRADITIONAL ELECTRICITY SUPPLY CHAIN

GENERATION TRANSMISSION DISTRIBUTION CONSUMPTION

NEW PARADIGM OF THE ENERGY SUPPLY CHAIN

Information flow

Interconnections Aggregators

Smart
charging

Battery
storage

Smart
metters

Distributed 
generation 

GENERATION TRANSMISSION DISTRIBUTION PROSUMERS

ENERGY FLOW

MONETARY FLOW

ENERGY FLOW

MONETARY FLOW

Figure 3 Innovations taking place in the electricity supply chain

The power system already looks very different 

than it did just a few years ago (see Figure 3).

The ongoing power sector transformation is 

accelerated by three main innovation trends that 

have now reached the energy sector, as Figure 4 

illustrates: 1). digitalisation, 2) decentralisation 

and 3) electrification. These trends are changing 

paradigms, unlocking system flexibility for a high 

share of VRE penetration. They are changing the 

roles and responsibilities of actors and opening 

doors to new entrants in the sector.
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Figure 4 Innovation trends

Digitalisation of the power sector 

Digitalisation can be defined as converting 

data into value for the power sector. The 

application of digital monitoring and 

control technologies in the power generation 

and transmission domains has been an important 

trend for several decades, and has recently 

started penetrating deeper into power systems 

(see Figure 5). Wider usage of smart meters and 

sensors, the application of the Internet of Things 

and the use of large amounts of data with artificial 

intelligence have created opportunities to provide 

new services to the system. Digital technologies 

support the transformation of the power sector in 

several ways, including: better monitoring of assets 

and their performance; more refined operations 

and control closer to real time; implementation of 

new market designs; and the emergence of new 

business models.

The growing relevance of digitalisation is also 

due to advancements in decentralisation and 

electrification. Decentralisation results in large 

numbers of new small generators, mainly rooftop PV. 

Electrification of transport and heat involves large 

quantities of new loads, such as electric vehicles, 

heat pumps and electric boilers. All those new 

assets on the supply side (due to decentralisation) 

and demand side (due to electrification) have an 

impact on power systems, making monitoring, 

management and control crucial for the success of 

the energy transformation.

Digitalisation is therefore a key amplifier of the 

energy transformation, enabling the management 

of large amounts of data and optimising systems 

with many small generation units. Enhanced 

communication, control and, in the future, 

automated smart contracts based on blockchain 

technology, allow distributed energy resources to 

be bundled by “aggregators”. 

Aside from offering a range of useful energy 

services, distributed generation and enabling 

technologies have become sources of valuable 

data. Detailed and real-time information on 

consumer patterns, load profiles, the performance 

of components in electricity systems and failures 

can enable better planning and system operation 

by grid operators. It also becomes possible to 

enhance the forecasting of electricity production 

and consumption by distributed sources on the 

basis of past behavioural patterns. These features 

allow the system to be operated with a higher share 

of VRE, as the supply and demand uncertainty and 

related risk are reduced, without increasing the 

operation costs.
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GENERATION TRANSMISSION

CURRENT
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NEXT STEPS

DIGITAL 
APPLICATIONS
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Figure 5 Emerging digital applications in the power system
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Complex systems gain the most from digitalisation, 

where many actors and devices are participating 

in the power system by injecting or withdrawing 

power from the grid. Digitalisation enables the 

management of data, thereby optimising systems. 

Digitalisation becomes important for large 

systems and for wholesale market optimisation 

(e.g., Europe’s Common Grid Model, ENTSO-E 

Awareness System, Transparency Platform), but it 

plays a particularly key role for distributed energy 

resources and decentralised systems. It facilitates 

the physical integration of distributed energy 

resources and enables new forms of operation 

that previously were not possible. Digitalisation 

strengthens links, co-ordination and interaction 

among all actors in the system, with consumers’ 

investments and behaviour in the centre (e.g., 

during energy scarcities).

Digitalisation can be 
defined as converting 
data into value for the 
power sector

  − Information technology companies entering 

the power sector

By 2025, 75 billion electrical devices are expected 

to be connected and sharing data worldwide, 

providing a wealth of information to consumers, 

manufacturers and utility providers (Statista, 2018). 

The rise of the Internet of Things goes hand in 

hand with the rise of artificial intelligence, powered 

by big data, as it provides the granular information 

needed to feed machine-learning algorithms. 

A high number of companies, consortiums, 

foundations and groups in the information and 

communications technology (ICT) domain are 

entering the energy sector at different levels 

(app layer, data layer, connectivity layer and 

device layer). They are developing various new 

applications in the sector, including providing new 

services to consumers, demand management, 

energy efficiency, renewable energy forecasting, 

asset management, energy trading and mini-

grid operation Internet of Things technologies 

(see Figure 6). 
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Figure 6 Internet of Things-connected devices worldwide (billions), 2015-2020

Source: Statista, 2018.
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Decentralisation of power systems

Individuals and communities have 

greater control over the generation 

and consumption of energy. Emerging 

distributed energy resources that are connected 

at the consumer end – such as rooftop solar PV, 

micro wind turbines, battery energy storage 

systems, plug-in electric vehicles and demand 

response – are decentralising the system. 

Optimising the consumption of electricity that is 

now locally produced provides a great advantage 

for the system, decreasing the need for other 

costly flexibility measures. 

Deployment of solar PV panels has increased 

dramatically in recent years. Distributed storage 

has gained momentum as well. A behind-the-meter 

storage business model allows customers to store 

the electricity generated by their rooftop solar 

panels and use it later when needed or sell it to 

the grid. Figure 7 illustrates the distributed energy 

sources that decentralise the power system.

  − The new consumer and new business models

Increased deployment of distributed generation has 

given individuals and communities greater control 

over electricity generation and consumption. 

Consumers are exploring avenues to optimise their 

consumption and better manage their electricity 

bills. The energy-related needs of consumers in the 

residential, commercial and industrial segments 

are changing. For residential consumers, the 

availability of smart home devices has spurred a 

market for continuous monitoring and control of 

electricity consumption. Commercial and industrial 

consumers are evaluating options to reduce the 

cost of electricity procurement by switching to 

renewable energy-based sources of generation, 

such as rooftop solar PV, and by adopting smart 

devices that can operate, monitor, control and 

optimise energy consumption. 

Smart devices such as thermostats for 

heating / cooling and home security are gaining 

popularity, although this is not a new area. More 

DISTRIBUTED
ENERGY

RESOURCES

DEMAND RESPONSE

Process that enables consumers to alter 
their electricity consumption patterns 
and provide grid services, individually 
or through an aggregator.

DISTRIBUTED GENERATION

Generation from plants connected
at low and medium voltage, 
such as solar rooftops, micro wind 
turbines, etc.

BEHIND-THE-METER BATTERY

Small batteries that are connected at 
the consumer end and store electrical 
energy during periods of surplus 
generation.

POWER-TO-HEAT

Thermal boilers, heat pumps, thermal 
storage, etc. used to provide heat for 
residential purposes.

SMART CHARGING
ELECTRIC VEHICLES

Optimising  the charging process 
according to distribution grid 
constraints and local renewable energy 
availability, as well as driver preferences.

Figure 7 Distributed energy resources 
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sophisticated devices are emerging that go beyond 

merely monitoring residential energy use and are 

optimising residential consumption and generation 

including rooftop solar, but they are still relatively 

expensive. Such advanced devices might boost 

the economics of residential solar by eliminating 

exports to the grid, for example by storing the 

generated electricity in batteries and / or as hot 

water. 

Consumers are transitioning from being passive, 

captive actors into active players in the energy 

transition. They can now generate, trade and store 

electricity and provide services to the grid, thereby 

converting to prosumers. Digitalisation not only 

enables all these new applications, it also allows 

for communication among them and optimises 

their interactions with the grid. Digitalisation is 

strongly interlinked with decentralisation. 

However, consumers would not take an active 

role in decision making if this would require 

drastic behavioural change or a large investment 

in time. Consumers would be willing to engage 

actively in decision making only if they can see 

the benefits and if automation makes reacting to 

price signals easy. New business models providing 

“ready-made” services for customers are therefore 

emerging, enabling consumers to play an active 

role in the power sector and unlock demand 

response. The role of an electricity provider also 

has evolved into that of an energy service provider, 

answering to the changes that customers need.

Smart devices have created room for new business 

models and platforms to be implemented / tested 

in the energy sector. The increase in digitalisation 

and smart metering has allowed large amounts of 

data to be collected and collated. This provides 

the basis for developing electricity trading and 

electricity exchange systems. Digitalisation 

enables the communication of data to different 

stakeholders. It provides transparency in services, 

meter reading, billing automation and accuracy, 

minimising / eliminating the need for estimation, 

reducing human intervention, energy efficiency, 

instant data for better dispatch by the system 

operator, etc. The main risk faced by consumers 

in this new paradigm of information being shared 

among all actors is related to cyber security and 

privacy.

  − Adapting the role of distribution system 

operators 

The increasing penetration of decentralised energy 

resources and the emergence of new market 

players, such as prosumers and active consumers, 

will usher in a new era. To take advantage of 

these new opportunities, and to keep pace with 

both the transformation of the power sector and 

changing customer needs, distribution system 

operators will have to adjust their current role 

and transform their business model. Changing 

the regulatory framework for these operators and 

introducing new incentives to adapt the operation 

of distribution networks to the new paradigm 

of distributed energy resources is key for their 

successful transition. 

With the emergence of distributed generation 

and other distributed energy resources, the role 

of distribution system operators will expand. They 

will have to manage the assets connected to their 

grid for the benefit of both the grid and consumers. 

In their new role they will need to operate the 

distributed energy resources (or at least provide 

high-resolution price signals to them) to optimise 

the use of networks and to avoid new investments 

in assets, while supplying new loads, given the 

electrification of end-use sectors (as is the case 

of charging stations for electric vehicle charging 

stations). In a relevant initiative, a European 

Commission proposal from November 2016 

mandates Member States to ensure that regulation 

enables and promotes distribution companies to 

procure flexible services from network users (EC, 

2016a). 

  − System operators’ new challenges 

and responsibilities 

A key element of innovation for system operators 

is to ensure that they can use new providers of 

system services and flexibility (demand-side 

management, other distributed resources, etc.) 

rather than relying on thermal generation (which 

will reduce in importance in the system as 

renewables increase). 

With the decentralisation of the system, micro-

level monitoring and control is needed to ensure 

optimal system operation and the integration of 

these sources into the system.
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At the same time, the sources of flexibility are being 

decentralised. Bringing this flexibility into system 

operation or into the market depends on harvesting 

the potential for new small-scale demand response 

and batteries. Besides flexibility, distributed energy 

resources can provide a readily available benefit for 

system operators to avoid additional investments 

in transmission grids. Also, they can avoid making 

interventions to ensure system security and 

reliability through re-dispatch orders. 

All this comes as additional costs to the power 

system, costs that can be reduced by taking 

advantage of all devices already connected to 

the grid. Digitalisation and the Internet of Things 

are necessary to monitor, harness and control the 

micro-sources of flexibility. Increased co-operation 

with distribution system operators is key for the 

system operator to get more visibility on the 

energy resources connected on the distribution 

grid. 

However, another precondition is consumer 

acceptance that their assets may be used flexibly. 

Development mechanisms and market designs 

that reward flexibility are vital in an energy system 

with high levels of renewables. And making these 

incentives available for all players connected to 

the grid is key. Until the regulatory model is set, 

consumer acceptance and engagement cannot be 

assumed, and therefore, the precise form of the 

digital algorithms for automation control cannot 

be built. 

Electrification of end-use sectors 

The electrification of end-use sectors is a 

trend driven by national energy security 

concerns relating to over-reliance on 

imported oil and diesel, in addition to the increasing 

availability of cheap electricity from renewable 

energy sources and its potential to decarbonise 

end-use sectors. If done smartly, electrification can 

convert these new loads into flexibility sources. 

Electrification, without a smart grid strategy, 

will increase power supply costs and may even 

undermine security of supply. Fortunately, 

electrification comes with features that 

complement well the variable nature of renewable 

energy. If planned smartly, electrification will lead 

to a new design of the overall energy system 

centred on renewable energy, making the entire 

system more sustainable. A strategy is required to 

create the synergies between electrification and 

renewable energy. 

Current trends in the electrification of end-use 

demand go hand in hand with digitalisation trends, 

making appliances smarter and increasingly 

connected. This increases the complexity of the 

power demand characteristics, and may drive the 

fundamental transition of a power system from 

one that is designed to cope with clearly defined 

peak loads, to one that takes full advantage of 

demand as a source of flexibility.

Electric vehicles (EVs), for example, are not only 

transforming the transport industry but are on the 

verge of reshaping the power market. Increasing 

numbers of EVs present both a challenge and an 

opportunity for further VRE integration and sector 

decarbonisation. Over 4 million electric passenger 

cars were on the road worldwide in 2018, 40% of 

them in China (BNEF, 2018). However, 4 million 

EVs consume around 1.2 TWh of electricity per 

year. This is a dent compared to global electricity 

demand, but if not managed smartly, it can have 

an impact on the distribution load. On the other 

hand, the distribution network and the system as a 

whole could obtain great advantage from the small 

EV batteries connected to the grid, if the vehicles 

are charged smartly. 

New EV registrations hit a world record in 2017, with 

over 1 million sales worldwide, or around 1.3% of all 

car sales. China’s EV sales grew 56% year-on-year 

and reached a total of 1.05 million EVs on the road in 

2018 (NBS, 2018; CAM, 2019). Moreover, industrial 

applications have started using converted forms of 

power such as hydrogen or heat, thus allowing VRE 

generation to be absorbed during off-peak times. 

  − Oil and gas companies entering the power 

sector

With different types of industries leading 

electrification efforts in the end-use sectors, the 

demand for oil and gas decreases. This powerful 

impact is leading oil and gas companies to 

transition into the power sector. Interesting 

business opportunities are emerging for these 

companies in the power sector, in terms of new 

services provided to consumers, or through 

electrification of the transport sector. For example, 

EV chargers have been installed in petrol stations.



 POWER SEC TOR TR ANSFORMATION

37

Also, the uptake of the production of hydrogen 

with electricity though electrolysis – which can 

indirectly electrify the heat, transport and industry 

sectors – gives gas companies a great advantage, 

especially because hydrogen can be stored and 

transported through existing natural gas grids. 

Little investment is needed to adapt natural gas 

infrastructure to transport hydrogen: existing 

gas pipelines can support 10% to 20% hydrogen 

without any adjustments (ARENA, 2018). When 

produced with renewable electricity, hydrogen 

plays an important role in the decarbonisation 

of these sectors. Hydrogen also can be used for 

power generation. The know-how built in this 

sector, as well as access to the pipelines, gives gas 

companies a thrust advantage in this new business. 

Royal Dutch Shell is a classic example of an oil and 

gas company entering the power sector. In February 

2018 Shell entered the energy service provider 

business with the acquisition of the independent 

UK household energy and broadband supplier, First 

Utility (Shell, 2018), which became a wholly owned 

subsidiary within Shell’s New Energies division. 

Additionally, in 2017, Shell acquired Netherlands-

based NewMotion (Shell, 2017), the owner of one 

of Europe’s largest EV-charging networks, which 

manages over 30 000 charging points in Western 

Europe. An estimated 1 million to 3 million public 

charging points could be needed in Western 

Europe by 2030 (De Clercq and Steitz, 2017), and 

Shell aims to be a part of this segment.

In August 2016 France’s Total acquired the French 

battery manufacturer Saft Groupe for USD 1.1 

billion as a way to access leverage to battery 

storage opportunities (Total, 2016). Previously, 

in 2011, Total acquired one of the world’s biggest 

solar PV manufacturers, SunPower. Total also 

recently entered the retail electricity market, with 

a new unit called Total Spring offering tariffs that 

are 10% less than regulated prices (Felix, 2017). 

The Spanish company Repsol is another major 

player in the oil and gas market that recently 

updated its corporate strategy and is developing 

new businesses linked to the energy transition, 

following its disinvestment in Naturgy (formerly 

Gas Natural Fenosa). As a new entrant in the 

power sector, Repsol has acquired a 264 MW solar 

PV project, created an electricity retail company, 

and invested in both a Spanish home automation 

company and a US start-up dedicated to the 

development of EVs. It also has allied with Enagás 

(a Spanish gas transmission system operator) to 

promote the production of renewable hydrogen 

and participated in the launch of a hybrid car-

sharing business (El Periódico de la Energía, 2018). 

However, the oil and gas industry is very different 

from the electricity sector. While oil and gas are 

both commodities traded in the global market, 

and are driven heavily by geopolitics, electricity 

production and consumption is limited to a regional 

or at most a continental market. The businesses 

have different scales in both geographical 

coverage and revenues. Moreover, electricity is a 

heavily regulated sector compared to the oil and 

gas industry, where opportunities for businesses 

are much bigger. 
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The rapid reduction in the costs of solar PV 

and wind power generation has placed these 

technologies at the core of the ongoing power 

sector transformation. According to an IRENA 

analysis (2018b), the share of VRE in global 

electricity generation needs to grow from 4.5% 

in 2015 to more than 60% by 2050 to enable 

decarbonisation of the energy sector. Numerous 

innovative solutions that integrate more VRE 

are being tested and implemented in different 

countries and regions. However, just a small handful 

of countries are close to achieving high shares of 

VRE in the generation mix, and only particular 

ways of operating the power system allow this. 

The challenge for such a transition is huge. 

IRENA has investigated the landscape of innovations 

to facilitate the integration of high shares of VRE. 

The innovations have been categorised into 30 

innovation types across four dimensions: enabling 

technology, business model, market design and 

system operation (see Figure 8). For each of 

the innovations, a short brief with more detailed 

information is available on IRENA’s website. 

ENABLING  TECHNOLOGIES SYSTEM OPERATIONBUSINESS MODELS MARKET DESIGN

1 Utility-scale batteries

2  Behind-the-meter

 batteries

3  Electric-vehicle 

 smart charging

4  Renewable 

 power-to-heat

5  Renewable  

 power-to-hydrogen

6 Internet of things

7 Artificial intelligence 

 and big data

8 Blockchain

9 Renewable mini-grids 

10 Supergrids

11 Flexibility in conventional

 power plants

12 Aggregators

13 Peer-to-peer electricity

 trading 

14 Energy-as-a-service

15 Community-ownership

 models

16 Pay-as-you-go models

17 Increasing time 

 granularity in electricity

 markets

18 Increasing space

 granularity in electricity

 markets 

19 Innovative ancillary

 services

20 Re-designing capacity

 markets

21 Regional markets

22 Time-of-use tari s 

23 Market integration 

 of distributed energy

 resources

24 Net billing schemes

25 Future role of distribution

  system operators

26 Co-operation between

 transmission and

 distribution system

 operators

27 Advanced forecasting 

 of variable renewable

 power generation

28 Innovative operation 

 of pumped hydropower

 storage

29 Virtual power lines

30 Dynamic line rating

Figure 8 Landscape of innovations
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Enabling technologies for infrastructure 

development play an important role in facilitating 

the integration of renewable energy. Battery 

storage, together with digital technologies, is 

changing power sector paradigms and opening 

doors to various new applications that unlock 

system flexibility. The electrification of end-use 

sectors, done smartly, can emerge not only as a 

new market for renewables, but also as future 

flexible demand. The system needs to be flexible 

to be able to absorb electrification, and 

electrification can bring flexibility if managed in a 

smart way.

Business models are essential to monetise the 

new value created by these technologies and 

hence enable their deployment. Several innovative 

business models emerge at the consumer end, 

given the deployment of distributed energy 

resources, along with innovative schemes that 

enable renewable energy supply in areas with 

limited possibilities, such as off-grid or densely 

populated areas.

Innovation in regulation and market design is 

needed, but there should be a balance between 

stable and predictable regulation that can ensure 

private sector investments, and flexible regulation 

that enables innovation. At the same time, the 

speed of regulatory innovation needs to be aligned 

with the speed of business model and technology 

innovation. Adapting the market design to the new 

premises becomes crucial for accelerating the 

energy transition, enabling value creation and 

adequate revenue streams. Both wholesale market 

and retail market innovations are needed, to unlock 

all of the flexibility potential in the power system. 

With new technologies and a sound market 

design in place, innovations in system operations 

are needed as well and are emerging in response 

to the integration of higher shares of VRE into the 

grid. These innovations have been grouped into 

two categories: innovations accommodating 

uncertainty, and innovative operation of the 

system integrating distributed energy resources. 

The required innovations have the immediate objective of increasing the flexibility of power systems 

to integrate higher shares of VRE. The ultimate objective is to decarbonise the energy sector. 
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Enabling technologies facilitate the integration of 

VRE generation technologies. Such technologies 

include, among others, storage batteries, 

technologies that enable the electrification of 

other sectors with renewable electricity, digital 

ENABLING 
TECHNOLOGIES

• 1 Utility-scale batteries

• 2  Behind-the-meter batteries

• 3  Electric-vehicle smart charging

• 4 Renewable power-to-heat

• 5  Renewable power-to-hydrogen

• 6 Internet of things

• 7 Artificial intelligence and big data

• 8 Blockchain

• 9 Renewable mini-grids 

• 10 Supergrids

• 11 Flexibility in conventional power plants

Electricity
storage

Electrification of
end-use sectors

Digital
technologies 

New grids

Dispatchable
generation

1

2

3
4

5

6

7

8

9 10

11

Figure 9 Enabling technologies innovations

and ICT developments, and smart grid solutions 

(see Figure 9). All of these developments bring 

new opportunities for integrating higher shares of 

renewables, as they enable new ways of operating 

and optimising power systems. 
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INNOVATION 1:  UTILITY-SCALE BATTERIES

Description Ongoing developments

Utility-scale batteries are used mainly to provide grid 
support functions, but also can be associated directly 
with a renewable generation source to provide more 
controllable / firm generation. 

Contribution to VRE integration: 

•	 Load shifting – charging batteries to avoid curtailment 
of excess generation

•	 Provision of ancillary services 

•	 Provision of capacity reserve

•	 Reliable power supply to isolated grids

•	 Ofsetting transmission and distribution upgrades

•	 Global installed capacity of large-scale battery storage 
systems: 10 gigawatt-hours (GWh) in mid-2017 
(IRENA, 2017a).

•	 Key countries where large-scale batteries are used 
(2017): Australia, China, Germany, Italy, Japan, 
Republic of Korea, UK, US.

•	 Most established large-scale battery storage 
technology: Lithium-ion batteries constitute more than 
90% of the current total installed capacity for large-
scale battery storage (IEA, 2018b).

•	 Costs have fallen 80% between 2010 to 2017 (IRENA, 
2018b).

•	 In November 2018 PG&E in California awarded the 
world’s two largest battery contracts to-date, at 
300 MW / 2 270 MWh and 182 MW / 730 MWh (Bade, 
2018). 

•	 Transmission system operators in UK (National Grid) 
and Netherlands (TenneT) also have contracted large-
scale batteries for balancing services.

INNOVATION 2:  BEHIND-THE-METER BATTERIES

Description Ongoing developments

Behind-the-meter storage is located at or close to the site 
of energy usage, and downstream from the connection 
point between the utility and the customer. It is usually 
applied in homes and workplaces. 

Contribution to VRE integration:

•	 Enables the efective integration of local renewable 
energy generation, to unlock the beneits of distributed 
generation.

•	 Smooths the peak load proile.

•	 Facilitates demand-response services and participates 
in ancillary service market, providing lexibility to the 
system. 

•	 Cuts the cost of distributed renewables by maximising 
self-consumption. 

•	 Key regions where small batteries are used (2017): 
Germany, Italy, UK, Australia, Japan, Netherlands, 
China.

•	 Germany: 100 000 batteries installed (August 2018), 
60% of the new rooftop PV systems equipped with 
batteries (IRENA, 2018b).

•	 South Australia’s government launched a programme 
in October 2018 to install 40 000 household batteries 
(Skyes, 2018). 

Electricity storage 

The cost of storage continues to fall (IRENA, 2017a), 

opening the door to accelerated deployment 

for current applications (kWh of storage) and 

becoming a provider of new services to power 

systems (kW-type services for frequency control). 

Particularly in systems with significant transmission 

constraints, storage offers innovative approaches 

for economic solutions to increase the flexibility 

of the system. Storage may provide significant 

benefits in power systems, especially for ancillary 

services and to support meeting residual demand 

peaks (i.e., avoiding investments in peaking 

plants). Beyond these initial applications, country 

pathways for innovative deployment of storage 

services may emerge based on the specificities of 

each system. 
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IRENA’s analysis of the global energy transformation 

to 2050 (IRENA, 2018b) indicates that to achieve 

an energy scenario that Is compliant with the Paris 

Agreement, the electricity consumed as a share 

of total final energy consumption needs to rise, 

from 20% in 2015 to 40% in 2050. Other recent 

studies indicate that a rise to 50% to 60% may 

even be feasible. Replacement of the direct or 

indirect use of fossil fuels in the end-use sectors 

of transport, buildings and industry by electricity 

from renewables is gaining momentum due to the 

falling costs of renewable electricity.

Electrification occurs in two ways: by decarbonising 

end-use sectors through renewable electricity and, 

if done in a smart way, by becoming a flexibility 

source for integrating more renewables in power 

systems. In the transport sector, the share of 

electricity rises in IRENA’s REmap scenario* from 

just above 1% in 2015 to 33% in 2050. More than 

1 billion EVs would be on the road by 2050, and 

their consumption would be equivalent to more 

than 10% of today’s global electricity demand. In 

the buildings sector the share of electricity in final 

energy use would rise from 31% in 2015 to 56%, 

and in industry it would rise from 27% in 2015 to 

43%. Heat pumps in buildings are a key solution, 

and their number would need to increase from 20 

million in 2015 to over 250 million in 2050 (IRENA, 

2018b). Mechanical vapour recompression and di-

electric heating are several industrial electrification 

solutions. Hydrogen produced from renewable 

electricity also may play an important role in the 

future (IRENA, 2018d).

The key challenge is to ensure that electrification 

happens in a systems-friendly way. This means 

that, where possible, electricity consumption 

should occur at times of high VRE availability. For 

example air conditioners should ideally operate 

when the sun shines. EVs should be connected for 

charging / discharging whenever they are parked, 

and their batteries should be used for grid services 

and charged when most optimum (e.g., from 

rooftop solar during the day, either at home or in 

the office carpark). This has profound implications 

for charging infrastructure, as well as on the 

electricity pricing regime for charging, in order to 

create an appropriate incentive.

INNOVATION 3: ELECTRIC-VEHICLE SMART CHARGING

Description Ongoing developments

Smart charging of EVs adapts the charging cycle to 
events in the power system, enabling the vehicles to be 
integrated into the power system in a grid- and user-
friendly way. 

•	 Smart charging of EVs (charging following renewable 
energy generation proiles) can help mitigate 
curtailment of renewables, while avoiding the 
addition of extra load to peak demand and additional 
infrastructure costs. 

•	 Vehicle-to-grid (V2G) technologies could bring even 
greater lexibility in the system by supplying power 
back to the grid when needed.

•	 The potential for smart charging to adapt the charging 
time depends strongly on the kinds of vehicles, the 
charging location, and the power and speed of the 
charging equipment. In an extreme case, autonomous 
electric collective taxis might fast-charge at 150 kW 
to 500 kW for 10 minutes several times a day, with 
practically no lexibility during daytime but only during 
the night.

•	 4 million EVs on the street in 2017, with 40% of them in 
China (BNEF, 2018).

•	 57% compound annual growth rate of sales over the 
last six years (IRENA, forthcoming a).

•	 Largest markets for EVs: China, Germany, Norway, UK, 
US.

•	 Share of total electricity demand if all light-duty 
vehicles were electric, in 2016: 24% in US; 10-15% in 
Europe, with impact on peak demand, if not smartly 
charged (IRENA, forthcoming a).

*  IRENA’s global REmap roadmap in its “REmap Scenario” analyses the deployment of low-carbon technologies, largely based on 

renewable energy and energy efficiency, to generate a transformation of the global energy system with the goal of limiting the rise in 

global temperature to below 2°C above pre-industrial levels by the end of the century
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INNOVATION 4:  RENEWABLE POWER-TO-HEAT

Description Ongoing developments

Renewable power-to-heat is the use of renewable power 
to generate useful heat energy for buildings or industrial 
processes, for example via heat pumps or electric boilers. 

Power-to-heat could:

•	 Store energy on a large scale through thermal storage. 

•	 Reduce the curtailment of renewable energy by 
transforming it into heat: a fuel to help decarbonise 
other energy sectors.

•	 Enable demand-side management with heat pumps, 
which are more energy eicient than other forms of 
heating. 

•	 Cost of heat production with heat pumps: EUR 0.06-
0.12 per kWh, which is less than half the cost of heat 
production with natural gas condensing boilers.

•	 Heat pumps installed in EU-21 (2017): 10.5 million units; 
with a storage capacity of 368 GW and contributing to 
116 TWh of renewable energy (EHPA, 2018). 

•	 Key regions where power-to-heat systems have been 
implemented (2017): Europe (primarily Denmark, 
Sweden, Germany, UK, Switzerland), US, China, 
Canada.

INNOVATION 5:  RENEWABLE POWER-TO-HYDROGEN

Description Ongoing developments

Hydrogen produced from renewable electricity through 
electrolysis can be used as a medium for energy storage. 
It can be distributed to users in re-purposed natural gas 
grids. It can be reacted in fuel cells to generate electricity, 
burned to drive a generator, used as a transport or 
heating fuel, and added to gas distribution networks or 
as a feedstock in other industries. 

Hydrogen from renewable power could:

•	 Store energy on a large scale and for the long term, in 
salt caverns or storage tanks.

•	 Reduce the curtailment of VRE.

•	 Decarbonise the industry and transport sectors 
through sector coupling strategies.

•	 Replace “grey” hydrogen made from natural gas in 
certain industrial processes.

•	 Cost of hydrogen production from electrolysis, through 
the proton exchange membrane (PEM), in 2017: EUR 
6.7 per kilogram (kg) with the potential to drop to EUR 
4.1 per kg in 2025 (Tractebel, 2017)*. (PEM technology 
is better suited to provide lexibility.)

•	 By 2030 between 70% and 88% of the cost of 
producing hydrogen will be explained by the cost of 
energy; higher shares of cheap renewable energy can 
accelerate technology adoption (CORFO, 2018).

•	 4% of the global hydrogen supply is produced via 
electrolysis (the rest is fossil fuel-based) (IRENA, 
2018d)

•	 A Hydrogen Council study envisages that hydrogen 
could meet 18% of global inal energy demand by 2050, 
equal to about 78 exajoules (IRENA, 2018d)

* Note that prices are for the European market only
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Digitalisation can be defined as converting 

data into value for the power sector. Increased 

digitalisation offers an opportunity to gather 

more system information. Gathering information 

and recognising patterns can enable the pro-

active operation of the grid to avoid faults or 

reduce outage times. At the same time, due to 

more certainty and better predictability of the 

system response, the system can be operated 

with a higher share of VRE without increasing the 

operation costs. 

VRE-based distributed power systems essentially 

require the combination of energy and information 

for optimum operation and increased flexibility. 

The operation and control of a large number 

of distributed generation and consumption 

components is only possible through intensive 

use of the latest information and communication 

technologies in the energy sector. The digitalisation 

of power systems results in the collection and 

management of a huge amount of operational 

data. This creates control possibilities and new 

opportunities to optimise and reduce the VRE 

integration cost.

Digital technologies are reshaping the energy 

system by: 

• The massive collection and analysis of data: 

applications that generate a great deal of 

data, such as the grid or the home, could see 

significant performance benefits by employing 

big data techniques – for example, big data, 

cloud storage, home energy management 

and smart grids. Today only 10% of the data 

generated by distribution companies is used for 

analytical purposes.

• Enhancing controllability: if assets can be 

controlled remotely, they can be used for 

applications beyond their initial purpose, 

such as for aggregating behind-the-meter 

generation to provide community energy – for 

example, demand response, behind-the-meter 

generation, home energy management and 

EVs. 

• Increasing flexibility: most forms of renewable 

power need flexible loads and generation 

assets to accommodate their intermittency. 

Digital technologies unlock this flexibility 

from different sources – for example, battery 

management systems, EVs, demand response, 

etc. Put simply, devices that intelligently direct 

solar generation to daytime loads or storage 

for night-time use will cut the cost of grid 

integration. Such devices are already available 

for residential uses, for example eliminating 

grid exports of solar power by using rooftop 

generation to charge batteries, run electric heat 

pumps and operate appliances. But their cost 

must fall further to see adoption at scale. 

• Smart meters are improving the electrification 

of emerging markets such as India through the 

use of prepayments to reduce debtor losses as 

well as to achieve less curtailment (theft). 

INNOVATION 6:  INTERNET OF THINGS

Description Ongoing developments

The IoT enables real-time communication through the 
Internet, among devices in electricity demand centres 
(homes, commercial and industry facilities) and across 
the grid, facilitating information gathering and exchange.

The IoT, together with optimisation algorithms, could:

•	 Increase system lexibility by enabling remotely 
managed and/or rapid automatic changes in 
distributed resources and demand. 

•	 Improved renewable energy forecasting and trading, 
decreasing uncertainty. 

•	 By 2025, 75 billion devices are expected to be 
connected worldwide, compared to 15 billion in 2015 
(Statista, 2018).

•	 A large number of companies, consortiums, foundations 
and groups are working on IoT technologies at diferent 
levels: app layer, data layer, connectivity layer and 
device layer.

•	 All Nordic countries are moving towards the 
implementation of data hubs for electricity meter 
data and market processes. Transmission system 
operators in Denmark, Finland, Norway and Sweden 
are responsible for introducing a data hub for each of 
the electricity retail markets (NordREG, 2018).



2

46

INNOVATION L ANDSCAPE FOR A RENEWABLE-POWER FUTURE

New grids

High VRE penetration in the system would require 

a new approach to grid operation, one that uses 

data and communication tools to manage the 

variability and uncertainty associated with VRE. 

Smart grid technologies can help to effectively 

integrate high VRE shares by incorporating 

information and communications technology into 

every aspect of electricity generation, transmission 

and consumption. This enhances the flexible 

operation of the grid, reduces operational costs and 

improves efficiency (Kempener et al., 2013). Two 

directions of grid types are emerging: 1) mini-grid 

solutions offering reliable and clean energy to both 

grid-connected and off-grid communities, and 2) 

supergrids emerging as a solution for transporting 

renewable energy over long distances. A so-

called grid of grids would develop in the future, 

with different levels of operations and trading 

to optimise renewable energy generation and 

demand.

INNOVATION 7:  ARTIFICIAL INTELLIGENCE AND BIG DATA

Description Ongoing developments

The combination of big data with with artificial 
intelligence (AI) has emerged as one of the most 
important developments in several fields. Although 
many AI technologies existed for several decades, only 
now are they able to take advantage of sufficiently sized 
datasets, providing meaningful learning and results for 
energy market applications.

This combination could help integrate VRE in the power 
system by:

•	 Increasing the accuracy of renewable energy 
generation forecasting.

•	 Improving the operation of the system and better 
management of the distributed sources.

•	 Improving asset management through remote 
monitoring, analysis and maintenance optimisation.

•	 Key regions where AI is implemented in energy 
applications: US, Europe (France, Germany, Spain, UK, 
etc.).

INNOVATION 8:  BLOCKCHAIN

Description Ongoing developments

Blockchain is a distributed ledger technology that can be 
used to securely record all transactions taking place on a 
given network. 

Blockchain potentially allows:

•	 Increased direct trading and sharing of veriiable 
information, removing the need for the middleman, 
and enabling newer / lower-cost operating models on 
a smaller scale.

•	 Flexibility in the system, enabling decentralised lexible 
energy sources to provide services to the electricity 
grid.

•	 New markets and transaction with products with a 
certiied and trustable energy footprint.

•	 Potential cyber security beneits.

•	 Top three countries in the number of pilot blockchain 
initiatives in the energy sector: Germany, Netherlands, 
US (with most blockchain energy start-ups 
concentrated in Europe).

•	 Currently the most conspicuous application for energy 
is peer-to-peer energy trading. However, business 
models that enable distributed energy resources to 
provide services to the grid are much stronger so far.

•	 USD 466 million had been invested in blockchain 
technology as of October 2018.
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INNOVATION 9:  RENEWABLE MINI-GRIDS

Description Ongoing developments

Renewable mini-grids are integrated energy 
infrastructures that combine loads and renewable energy 
resources and that are designed to be able to operate 
on a self-sustainable basis. Renewable generation, 
intelligent switching and protection, a controller and 
energy storage typically form the backbone of a 
renewable mini-grid. 

When connected to the main grid, mini-grids can be 
a source of lexibility, providing frequency response, 
reduced grid congestion and load management.

Direct current (DC) mini-grids are emerging as a solution 
to increase eiciency in the grid; however, the integrated 
control of alternating current (AC) and DC hybrid grids is 
a challenge that has not been tested much yet. 

•	 12 000 MW of mini-grids worldwide.

•	 Key regions where grid-connected mini-grids are 
being developed: Australia, Netherlands, US.

INNOVATION 10:  SUPERGRIDS

Description Ongoing developments

DC supergrids have the potential to transmit electricity 
over long distances in a more eicient manner than AC 
systems. Coupling renewable energy generation and 
power load centres across long distances with fewer 
line losses reduces the cost of electricity transport 
from remotely located renewable sources to distant 
consumers. 

•	 Key regions where supergrids are being developed: 
Europe, India-Bangladesh-Nepal-Bhutan, North Asia 
(China-Japan-Russian Federation-Republic of Korea-
Mongolia).

•	 Average costs for developing DC 500 kilovolt (kV) 
transmission lines: approximately USD 570 000 per 
kilometre (EIA, 2018b).

Dispatchable generation

Improving thermal flexibility as a short- to 

medium-term solution is becoming popular in 

many countries (IRENA, 2018c). Certain generation 

technologies are inherently more flexible than 

others. However, older, less flexible technologies 

can be improved through retrofits, at a cost.

INNOVATION 11:  FLEXIBILITY IN CONVENTIONAL POWER PLANTS

Description Ongoing developments

Conventional thermal generators can be made lexible 
by retroitting certain physical components and making 
operational modiications, in order to achieve lower 
minimum load, shorter start-up times and higher ramp 
rates. 

This technological upgrade could:

•	 Increase lexibility in the system and enable higher 
VRE integration.

•	 Increase proitability of conventional generators.

•	 12 000 MW of mini-grids worldwide.

•	 Key regions where grid-connected mini-grids are 
being developed: Australia, Netherlands, US.
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2.2 BUSINESS MODELS

Business models play a vital role in monetising 

the new value created by these technologies 

and in accelerating their deployment. With the 

deployment of distributed energy resources, 

innovative business models emerge to empower 

consumers, turning them into active players. 

Aggregators allow small consumers to participate 

in electricity markets, in peer-to-peer trading 

platforms or in the energy-as-a-service model, 

enabled by smart meters and digitalisation. Also, 

business models enable renewable energy supply 

in off-grid areas (such as the Pay-as-you-go 

models) or in places where collective ownership 

and management of energy assets is preferred over 

individual ownership (the Community-ownership 

models).

1615

BUSINESS 
MODELS

• 12 Aggregators

• 13 Peer-to-peer electricity trading

• 14 Energy-as-a-service

• 15 Community-ownership models

• 16 Pay-as-you-go models

  

Empowering 
the consumer

Enabling 
renewable 
energy supply

13

14

12

Figure 10 Business model innovations
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INNOVATION 12:  AGGREGATORS

Description Ongoing developments

An aggregator can operate many distributed renewable 
energy sources together, creating a sizeable capacity 
similar to that of a conventional generator (also called a 
“virtual power plant”). As such, aggregators can then sell 
electricity or ancillary services via an electricity exchange 
or in the wholesale market, or in the system operator’s 
ancillary services procurement. 

An aggregator enables smoother integration of 
distributed energy resources into the power system, 
by allowing them to provide energy to the wholesale 
market and ancillary services to the grid operator. Thus, 
it contributes to the system’s flexibility. 

•	 Countries with an established regulatory framework 
for aggregators: Australia, Belgium, France, Germany, 
Netherlands, UK, US.

•	 Number of aggregators in the UK: 19 (National Grid 
ESO, 2018).

•	 Installed capacity of aggregators in the UK: 
approximately 10 GW.

INNOVATION 13:  PEER-TO-PEER ELECTRICITY TRADING

Description Ongoing developments

Platform business models are sometimes referred to as 
the “Uber or Airbnb of energy”. They create an online 
marketplace for energy where consumers and distributed 
energy suppliers make peer-to-peer transactions. 
The primary objective of a P2P market is to provide a 
transparent and trusted mechanism for prosumers to 
fairly balance their preferences and requirements.

P2P trading encourages more renewable energy 
distributed generation installations and increased local 
use of energy resources. But the regulatory treatment, 
for example for grid usage charges, still requires strong 
evolution before large-scale implementation of P2P 
trading would be likely to provide strong benefits to 
consumers. 

Countries where projects are in place:

•	 Bangladesh (SOLShare)

•	 Germany (Lumenaza, sonnenCommunity)

•	 Netherlands (Vandebron, Powerpeers)

•	 UK (Piclo – Open Utility)

•	 US (TransActive Grid).

Empowering the consumer

With the rising share of distributed generation, 

consumers are increasingly becoming prosumers. 

They not only withdraw energy from the network, 

but also produce, store and supply energy to 

it. Distributed energy resources, together with 

emerging information and communications 

technology applications in the energy sector, 

place consumers at the centre, informing and 

enabling them to take active decisions regarding 

their energy supply and consumption. Several 

innovative business models are emerging that 

might define the prosumer’s future role in the 

power sector. 
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Enabling renewable energy supply

Innovative business models also are emerging in 

response to increased environmental concerns and 

INNOVATION 15:  COMMUNITY-OWNERSHIP MODEL 

Description Ongoing developments

CO schemes refer to the collective ownership and 
management of energy-related assets, allowing members 
of a community to share the benefits of a renewable 
power plant. 

CO enables renewable energy supply for consumers who 
cannot, or prefer not to, install the power plant on their 
own property. These schemes encourage distributed 
generation deployment and energy usage from 
sustainable, local renewable energy sources.

•	 Number of CO projects: 4 000-plus globally (primarily 
in US, Europe, Australia) (REN21, 2016). 

•	 Size of CO model projects: approximately 50 kW 
to 10 MW; however, they can be much bigger (e.g., 
the 66 MW community-owned wind turbines in 
Dardesheim, Germany; a 102 MW community-owned 
wind project in Krammer, Netherlands).

•	 First countries to implement CO model projects: 
Australia, Denmark, Germany, Netherlands, Norway, 
UK, US.

INNOVATION 16:  PAY-AS-YOU-GO MODELS 

Description Ongoing developments

•	 PAYG models make small electricity generators (e.g., 
solar panel home systems) afordable for the end-user, 
facilitated by mobile payment technologies that are 
easily accessible in remote areas. Instead of regular, 
ixed payments, customers pay directly for the service 
they use, often in the form of a package of appliances 
and the associated power supply; they do not receive 
any service for which they have not irst paid. As a 
result payments often can be made in smaller amounts 
than otherwise would be possible, and customers have 
greater control over their consumption and thus of their 
spending. PAYG makes renewable energy accessible in 
of-grid areas, but in online locations. 

•	 PAYG solar systems sales by geography, (2016): East 
Africa 7.3 million units; West Africa 30 000 units; Latin 
America 10 000 units; South Asia 20 000 units.

•	 Market potential: 772 million or around 64% of of-
grid consumers have access to mobile networks (as 
of 2016).

•	 Total value of investments made in PAYG solar 
companies: more than USD 770 million (from 2012 to 
2017).

INNOVATION 13: ENERGY-AS-A-SERVICE

Description Ongoing developments

EaaS refers to the shift from selling kWh to selling services 
to customers, given the increased potential of ‘“behind-
the-meter” services, such as demand management, 
support for customers with decentralised generation 
and energy storage, and the exchange of electricity 
via local networks, advice on energy savings, comfort 
and security-enhancing measures, and other different 
services (e.g., E.ON Cloud, smart home solutions from 
EDP, ENECO, ENECO, etc.)

EaaS enables the deployment of distributed generation 
and supports demand-side management, unlocking 
demand-side flexibility. For example, it provides 
automatic control in the exchange of financial 
compensation to consumers. Smart meters and ICT 
technologies are becoming key enablers for this.

•	 Countries where EaaS models have been implemented: 
Australia, China, Finland, Ireland, Italy, Japan, Sweden, 
UK, US. 

•	 Investment in EaaS models: approximately USD 14.3 
billion (SEI, 2016).

•	 Smart meters and advanced meters installed:

•	 Global: ~700 million (2016) (SEI, 2016), and 88.2 
million units installed in 2017 alone (GlobalData, 
2018) 

•	 China: 408 million (2017) (SEI, 2017). 

•	 US: 78.9 million (2017) (EIA, 2017).

•	 UK: 8.61 million (2017) (BEIS, 2017).

•	 Finland: 3.4 million (2016) (Finnish Energy, 2017).

sustainability goals, when there is no financial or 

physical possibility to install a private renewable 

energy power plant.
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Some energy markets and regulations are showing 

how markets can be adapted to reflect the needs 

of power systems with higher shares of VRE 

and to respond to the trends of digitalisation, 

decentralisation and electrification. The glue that 

holds all of this together is a market that prices 

energy and balancing services properly and that 

remunerates all actors that are able to provide 

these services. The further the market is away from 

this – for instance, by setting price caps too low or 

by socialising congestion costs – the more patches 

are required, such as cost-based re-dispatch or 

capacity markets, to pay for needed investment. 

None of these patches allocate value as effectively 

as a well-functioning energy and services market. 

Gradual improvement of energy market pricing is 

critical regardless of any short-term patches that 

might be adopted.

Looking forward, ambitious targets and a 

regulatory framework that enables innovation are 

needed. Innovations proposed by the European 

Commission in the Clean Energy for All Europeans 

package include short-term market and wholesale 

prices that reflect the real value of electricity in time, 

new dispatch rules, better demand participation 

to ensure flexibility, a better economic case for 

distributed energy resources, self-consumption 

and market coupling1. 

Flexible behaviour needs to be incentivised in 

the wholesale markets, such as an increase in 

time and space granularity and the redesign of 

balancing services. Also, properly rewarding 

demand-side response in the retail market is key 

in the new power system context. Regulations 

such as time-of-use tariffs, net billing schemes for 

self-consumption, or allowing distributed energy 

resources to participate in wholesale markets 

(through aggregators) are all innovative practices 

emerging in different systems. This section is based 

on the IRENA report Adapting market design to a 

high share of variable renewable energy (IRENA, 

2017b). For a more in-depth analysis, please refer 

to this report. 

New market designs are required in both the 

wholesale and retail markets, such as:

• 17 Increasing time granularity 
  in electricity markets 

• 18 Increasing space granularity
  in electricity markets 

• 19  Innovative ancillary services

• 20 Re-designing capacity markets

• 21  Regional markets

• 22 Time-of-use tari�s 

• 23 Market integration of distributed 
  energy resources

• 24 Net billing schemes

Wholesale market 

Retail market  

17
18

19

20
21

22

24
23MARKET 

DESIGN

Figure 11 Market design innovations

1 Based on discussions during the Innovation Ministerial Roundtable at the IRENA 9th Assembly, January 2019.
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Innovative wholesale market design

To further enable a large share of VRE penetration 

into power grids, trading rules in power markets 

must change. They must adapt to the new 

market conditions and value flexible behaviour 

needed to counteract the short-term variability 

and uncertainty of renewables. New products 

INNOVATION 17:  INCREASING TIME GRANULARITY IN ELECTRICITY MARKETS 

Description Ongoing developments

New regulations that make it possible to better capture 
the flexibility that the system needs, by providing better 
signals to flexibility sources to participate in the market. 
This is key to cope with the uncertainty and variability of 
VRE generation.

Increasing time granularity by introducing new products 
(e.g., 15-minute contracts) and bringing trading intervals 
closer to real time is a way to value the flexibility of 
technologies that can respond quickly to fast-changing 
conditions (but may not be able to commit with longer 
lead-times), or of renewables that can contribute to a 
market with high certainty only if the lead time is very 
short.

•	 Australia transitioned from a 30-minute to a 5-minute 
inancial settlement, and from a 2-hour to a 30-minute 
gate closure time.

•	 In 2016 Nord Pool, Fingrid and Elering launched a pilot 
with a 30-minute gate closure time in the intraday 
market on the Estonian-Finnish border, to replace the 
previous 60-minute one. 

•	 In Austria, Belgium, Germany and Luxembourg (in 
certain transmission system operator areas only) the 
local intraday gate closure time is ive minutes before 
the beginning of physical delivery (ACER, 2018).

•	 California is proposing to move from a 1-hour to a 
15-minute scheduling interval. 

•	 France, Germany, Luxembourg, Switzerland and the 
UK introduced 30-minute products for continuous 
trading in intraday markets.

•	 15-minute products for continuous trading are available 
in Austria, Belgium, Germany, Hungary, Luxembourg, 
the Netherlands Slovenia and Switzerland. 15-minute 
products are auctioned (as opposed to continuous 
trading) in Germany and Luxembourg (ACER, 2018). 

INNOVATION 18:  INCREASING SPACE GRANULARITY IN ELECTRICITY MARKETS

Description Ongoing developments

Increasing the locational granularity by using zonal or 
nodal prices or price signals on both the transmission 
and distribution level (including re-dispatch costs or 
flexibility markets) captures the new network constraints 
and conveys efficient locational signals. 

Because a high share of VRE might lead to an increasingly 
constrained transmission system, determining prices at a 
granular spatial level would reflect this condition, avoiding 
costly re-dispatch, incentivising demand response and 
showing price signals that would incentivise generation 
capacity investment in the right location of the network.

•	 Several US independent system operators have 
implemented locational pricing: ISO-NE (ISO New 
England); NYISO (New York ISO); ERCOT (Electric 
Reliability Council of Texas); MISO (Midcontinent 
ISO); PJM (Pennsylvania – New Jersey – Maryland 
Interconnection) and CAISO (California ISO) (NPTEL, 
2012).

•	 Italy uses a zonal pricing mechanism and has divided 
the national transmission system into 10 zones 
(IRENA, 2017b).

•	 The pan-European market uses a zonal pricing 
mechanism, and some countries have divided the 
national transmission system into more bidding zones, 
including Denmark (two bidding zones), Italy (six 
geographical bidding zones), Norway (ive bidding 
zones) and Sweden (four bidding zones) (IRENA, 
2017b). 

should be designed, and new participants should 

be allowed to offer their flexibility services. For 

example, demand-side response should be able 

to participate in all wholesale markets (energy, 

ancillary service, and capacity market, if one is 

established), in the same way as the supply-side 

generators. 
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INNOVATION 19: INNOVATIVE ANCILLARY SERVICES

Description Ongoing developments

To address the variability and uncertainty of the increasing 
VRE in the grid, ancillary services products need to be 
adapted to increase the system flexibility, incentivise 
fast-response and ramping ability and remunerate each 
of the services, accordingly. The ancillary service market 
also should be open to new participants, such as battery 
storage, demand response and other distributed energy 
resources, and VRE generators.

•	 In the UK, US and Germany, new products for lexibility 
have been designed, and batteries are allowed to 
participate. 

•	 PJM, a system operator in the US, has developed 
diferent frequency regulation products for the slower 
conventional resources and for the faster battery 
storage ones.

•	 In the UK, a new product was introduced for battery 
storage: enhanced frequency response. 

•	 In Chile the irst pilot was implemented to enable a PV 
power plant to provide ancillary service to the utility 
grid and ensure grid stability.

•	 In the UK in 2018, the grid operator increased charges 
for suppliers and generators that inaccurately forecast 
electricity demand and supply, incentivising them to 
invest in lexibility.

•	 EirGrid, the Irish transmission system operator, has 
deined several additional system service products to 
cope with wind energy luctuations.

INNOVATION 20: RE-DESIGNING CAPACITY MARKETS

Description Ongoing developments

Capacity mechanisms are designed to ensure that 
sufficient reliable firm capacity is available, so that 
adequacy in the system is ensured in the long term.

Innovations in capacity markets include:

•	 Allowing renewables to participate in the capacity 
markets – even though their generation is intermittent 
and VRE generation can be integrated into the 
system. At times, they provide reliability, especially if 
there is some complementarity with other sources in 
the system or via integrated hybrid wind-solar-battery 
projects.

•	 Introducing a requirement for lexibility in the capacity 
market. This ensures that future generation is lexible 
and the integration of VRE.

•	 Allowing demand response, energy storage and cross-
border interconnections to participate in capacity 
markets.

•	 The main developments are taking place in the US and 
Europe, with the newest capacity mechanisms being 
approved in Belgium, France, Germany, Greece, Italy 
and Poland in 2018.

•	 California is implementing lexible requirements in its 
capacity market structure.

•	 PJM in the US, and France, allow participation of 
demand-responsive loads and VRE resources in 
capacity markets.

INNOVATION 21: REGIONAL MARKETS

Description Ongoing developments

Regional markets imply harmonised rules in the 
wholesale market, ancillary service market and capacity 
markets across the region. Creating a regional market by 
taking advantage of the interconnections consolidates 
balancing areas and increases flexibility. By sharing 
resources over large regions, the need for operating 
reserves, as well as curtailment requirements and costs, 
are reduced.

•	 Regional markets: European day-ahead and intraday 
market, West African Power Pool, South African 
Power Pool, Central America Power Market, western 
Energy Imbalance Market (US), etc.

•	 Denmark managed to reach a 50% VRE share in 2017 
due to strong interconnections with Germany, Sweden 
and Norway.
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Innovative retail market design

Electricity markets traditionally have been tailored 

to grid-connected, large-scale power plants that 

supplied electricity to a relatively easy-to-forecast, 

passive and inelastic demand. The increasing 

deployment of distributed generation, together 

with storage technology placed on the consumer-

end and improved demand response, turns 

consumers into active market participants. Market 

regulation is key to unlock demand-side flexibility: 

INNOVATION 22: TIME-OF-USE TARIFFS

Description Ongoing developments

Demand response can be achieved by exposing 
consumers to time-varying power prices so that they 
can voluntarily react to these prices, particularly for 
infrequent ultra-peak price periods (known as the 
implicit demand response), with or without automation. 

Based on tarif signals, consumers may opt to shift their 
consumption from peak time intervals to of-peak time 
intervals. This can result in reduced VRE curtailment 
or distribution congestion, and thus in savings in peak 
capacity investment. 

•	 The US utility Con Ed ofers an hourly pricing 
programme, enabling consumers to shift their load 
and save approximately 15% on the electricity bill.

•	 In Finland consumers have an option for dynamic 
pricing tarifs, based on the wholesale market spot 
price; 10% of consumers choose this tarif. 

•	 Hourly real-time pricing for the supply of electricity 
is used in ive European countries: Estonia, Romania, 
Spain, Sweden and the UK. In Spain and Estonia 
household customers can choose a tarif varying by 
the hour with the spot price. Between 25% and 50% of 
consumers have chosen it (ACER, 2016). 

•	 Other dynamic pricing methods apply to electricity 
households in Denmark, Norway and Sweden, where 
consumers incur spot market-based pricing through 
the monthly average wholesale price (ACER, 2016).

INNOVATION 23: MARKET INTEGRATION OF DISTRIBUTED ENERGY RESOURCES

Description Ongoing developments

Demand response can be achieved through allowing 
distributed energy resources to participate in the 
wholesale market, being exposed to market prices 
(referred to as the explicit demand response). 

Besides load shifting, distributed energy resources 
also can provide ancillary services or electricity to the 
grid, increasing flexibility in the system while being 
remunerated for it. 

•	 The system operator in New York released a market 
proposal that will enable participation of distributed 
energy resources and their complete integration into 
the energy and ancillary service markets.

•	 The EU’s Network Code on Balancing is proposing 
smaller quantities (MW) and shorter time frames for 
the balancing market, so that it becomes accessible 
for smaller sources, such as PV and wind, but also for 
demand response.

•	 Markets in which distributed energy resources are 
allowed to participate via aggregators: Belgium, 
France, Germany, etc.

INNOVATION 24: NET BILLING SCHEMES

Description Ongoing developments

Under net billing mechanisms, the electricity injected in 
the grid from a rooftop PV owner is compensated based 
on the value of the kWh injected at that moment. The 
invoice issued is based on the value of the withdrawn 
energy, after subtracting the value of the injected 
energy as opposed to net metering schemes, where the 
invoice is based on the difference between the amount 
of electricity injected and withdrawn. The prosumer is, 
therefore, an active participant and can provide grid 
flexibility based on price signals.

•	 Regions that implement net billing: Mexico (time-
varying tarifs determined in advance), California 
(dynamic tarifs), Mexico and New York (location-
varying tarifs), Arizona (tarifs based on avoided cost 
of electricity). 
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The operation of power systems is changing 

due to new technologies and market regulations 

and driven by new challenges. Firstly, increasing 

the share of distributed generation and the 

decentralisation of the system turns the distribution 

grid into a bi-directional power flow network, which 

requires new operational practices. To facilitate 

the integration of such technologies, distribution 

companies should assume new roles. Also, co-

operation between distribution and transmission 

system operators is required to better integrate 

distributed energy resources into the whole 

system. 

Secondly, new operations practices to manage 

the uncertainty of VRE generation are required. 

Advanced VRE generation forecasting methods 

and tools have been developed to reduce the 

uncertainty. Other operational practices to increase 

flexibility are emerging, such as new operations 

of pumped hydro storage. With rich VRE sources 

areas located far from demand centres (especially 

wind), grid congestion occurs for limited periods 

of time. Innovative operation practices emerge to 

replace the high investment required to reinforce 

the lines: either using or dynamic line rating. 

• 25 Future role of distribution system
  operators

• 26 Co-operation between transmission 
  and distribution system operators

• 27  Advanced forecasting of variable
  renewable power generation

• 28  Innovative operation of pumped
  hydropower storage

• 29  Virtual power lines

• 30  Dynamic line rating

Operation 
of distributed 
energy resources

Accommodating 
uncertainty

Grid 
reinforcement 
deferral 

25

26

27

28

29 30SYSTEM 
OPERATION

Figure 12 System operation innovations
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Operation of distributed energy resources

Electric power systems are experiencing a deep 

transformation worldwide. Grids are becoming 

a more prominent part of the whole energy 

spectrum. Traditionally considered the “sleeping” 

part of the industry, grids are taking an important 

and active role in integrating VRE. 

The emergence of distributed energy resources 

such as rooftop solar PV, micro wind turbines, 

battery energy storage systems, plug-in electric 

vehicles, smart home appliances, etc. have 

turned consumers into active participants in the 

electricity system. This will have a significant 

impact on the roles and responsibilities of system 

operators. In particular, the responsibility of 

distribution system operators would expand from 

being simple electricity carriers to having an active 

role in operating the network and facilitating the 

participation of distributed energy resources in 

the system. Also, co-ordination with transmission 

system operators would need to tighten, with 

information flowing in both directions. 

INNOVATION 25: FUTURE ROLE OF DISTRIBUTION SYSTEM OPERATORS

Description Ongoing developments

The responsibility of distribution system operators 
should expand to efectively manage the distributed 
energy resources connected to their grid, enabling their 
integration into the grid and maximising the beneits 
they can provide.

This new role would include:

•	 Procurement of grid services from distributed energy 
resources.

•	 Operation of distributed energy resources to optimise 
the use of existing grids and defer new unnecessary 
investments, either through direct control or through 
price signals. 

•	 The main developments are taking place in the US and 
Europe, with the newest capacity mechanisms being 
approved in Belgium, France, Germany, Greece, Italy 
and Poland in 2018.

•	 California is implementing lexible requirements in its 
capacity market structure.

•	 PJM in the US, and France, allow participation of 
demand-responsive loads and VRE resources in 
capacity markets.

INNOVATION 26: CO-OPERATION BETWEEN TRANSMISSION AND DISTRIBUTION SYSTEM OPERATORS

Description Ongoing developments

The distribution system operator should act as a neutral 
market facilitator for participation of distributed energy 
resources in upstream services and markets. For these 
resources to participate in wholesale markets, eicient 
co-ordination between the distribution and transmission 
system operators becomes essential. 

The distribution system operators also should contribute 
to or act as a data exchange platform between the 
transmission system operators and the owners of 
distributed energy resources, providing visibility to 
the transmission system operators on the type and 
availability of these resources.

This would enable a smooth integration of distributed 
energy resources into the system, increasing its 
lexibility and maximising the beneits of the already 
connected assets. 

•	 Key regions where programmes have been 
implemented for co-ordination among transmission 
and distribution system operators: Belgium, Austria, 
Italy, all Nordic countries, Estonia, Spain, Netherlands.

•	 In Belgium the transmission and distribution system 
operators collaborated to develop a centrally shared 
IT platform. Through this data hub, the data related 
to procuring distributed energy resources for 
lexibility can be shared, and all users and generators 
connected to the distribution / transmission grid can 
provide lexibility services to the transmission system 
operators on a daily basis (Elia, 2018). The other 
countries named above have also developed data 
hubs.

•	 The SmartNet project, funded by the European 
Commission, has the objective to identify models 
for transmission and distribution system operator 
interactions.
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The variability and uncertainty of wind and solar 

generation pose a major challenge to power 

system operation. Balancing generation with 

load in real time requires greater power system 

flexibility. It requires the procurement of more 

back-up capacity, also called reserve capacity, 

to cope with this variability. Existing pumped 

hydropower plants are flexible plants that can be 

operated to increase the system’s capability to 

react to generation variability. Tools and models to 

better forecast renewable energy generation also 

are being developed. 

INNOVATION 27: ADVANCED FORECASTING OF VARIABLE RENEWABLE POWER GENERATION

Description Ongoing developments

New models could improve the accuracy and detail of 
renewable energy generation forecasting, by using 
cloud-based computing, improved mathematical models 
(that produce forecast results in 15 minutes instead of 
an hour), very high-resolution weather forecasts and 
machine learning / AI. Better forecasting the renewable 
energy generation decreases uncertainty for system 
operators, resulting in better integration of renewable 
energy. 

Long term (i.e., daily and seasonal) forecasting is also 
important for transmission system operators to plan for 
adverse forecast weather conditions (e.g., the negative 
North Atlantic Oscillation in Europe, which led to low 
wind speeds). Improved seasonal forecasting can allow 
the system operator to plan for alternative capacity 
during the period when such extreme events occur.

•	 Improvement in weather forecasting accuracy: 10-
30%. 

•	 Countries where advanced weather forecasting 
projects are piloted: US, Germany, Netherlands, 
Spain, China.

INNOVATION 28: INNOVATIVE OPERATION OF PUMPED HYDROPOWER STORAGE

Description Ongoing developments

Pumped hydro storage plants are lexible plants that 
can be operated in a way that complements wind / solar 
power generation in the short term, reacting to 
variability with fast ramps, as well as in the long term, 
given the complementarity in daily, weekly or seasonal 
generation patterns.

•	 Key regions with innovative operation of pumped 
hydro storage: Japan, Portugal, Costa Rica, Iceland, 
Denmark, Norway, Switzerland, Republic of Korea, 
China, UK, France, Brazil, Singapore, Malaysia, Italy, 
Australia, US.
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Grid reinforcement deferral 

The electrical transmission system is becoming 

more complex with higher shares of renewable 

generation. Changing demand patterns and 

new utility-scale VRE generation assets require 

efficient management of transmission assets to 

prevent congestion and curtailment of renewable 

generation. When VRE penetration is high, 

congestion in grids might occur for limited periods 

of time. Non-wire alternatives are entering the 

system as a substitute for expensive upgrades 

to the transmission infrastructure, using either 

batteries, building-integrated wind-solar-battery 

hybrids or dynamic line rating.

INNOVATION 29: VIRTUAL POWER LINES

Description Ongoing developments

Batteries located at both sides of a congested part of the 
grid point can provide back-up energy storage during 
a contingency event to relieve thermal overload. These 
virtual transmission lines defer or avoid the need to 
upgrade physical transmission lines. A relatively modest 
amount of storage can be used to serve the small portion 
of peak demand that would will exceed transmission 
line capacity. This would reduce the curtailment of VRE 
generation due to grid congestion.

•	 The French transmission system operator RTE is 
piloting a project (Ringo project) that aims to install 
100MW of energy storage to alleviate grid congestion 
and increase the VRE share in the grid.

•	 Terna, the Italian transmission system operator, plans 
to utilise batteries to relieve the congestion between 
the north and south and reduce wind and solar 
curtailment. 

•	 Following the success of the 100 MW / 129 MWh 
Tesla battery in South Australia, Australia is installing 
utility-scale batteries at points of network congestion 
(80 MW across two sites were commissioned in 
regional Victoria in 2018). 

•	 The Republic of Korea is installing a number of 
distributed utility-scale lithium-ion battery systems 
(245 MWh in total) (Kenning, 2018).

INNOVATION 30: DYNAMIC LINE RATING

Description Ongoing developments

DLR implies that the capacity of the transmission lines 
varies dynamically according to weather conditions 
(e.g., the thermal capacity of the line is higher when the 
wind blows or when the temperature drops, because 
of the better cooling). DLR mitigates grid congestion, 
facilitates wind energy integration, enables economic 
beneits and improves the reliability performance of 
power systems.

•	 In Germany DLR systems have been examined and 
installed to improve the integration of wind generation 
into the transmission system and for better congestion 
management.

•	 In Europe 11 transmission system operators have 
DLRs in operation. 

•	 DLR also is used in distribution networks, e.g., UK 
Power Networks and Northern Power Grid in the UK.
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Figure 13 The innovation landscape for variable renewable power integration
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Starting with the innovations mapped in 

Chapter 2, this chapter highlights 11 emerging 

solutions that illustrate the bringing together of 

several innovations in a complementary way, thus 

facilitating the integration of higher shares of VRE 

into the system. 

Innovations are not implemented in isolation. 

Innovative solutions for VRE integration come 

from the synergies of different innovations across 

all four dimensions: technology, markets, business 

models and system operation.

Without a proper business model, innovations 

in technologies do not have a real impact. 

Also, regulations require adaptation to create 

a framework that enables new values to be 

remunerated, or for system operation to integrate 

new technologies into actual system practices. 

Matching and leveraging from synergies among 

innovations in multiple components of the power 

system, to formulate solutions for a renewable-

powered system, is called “systemic innovation”, 

as illustrated by Figure 14. 

SYSTEMIC INNOVATION IS NEEDED 
FOR AN INYTEGRATED RENEWABLE ENERGY SYSTEM

BUSINESS 
MODELS

SYSTEM 
OPERATION

MARKET 
DESIGN

New opportunities
to operate the system

Enable new revenue
streams for technologies

Design regulations 
to incentivise investments

Creates 
business cases

ENABLING 
TECHNOLOGIES

Private sector identifying
new business opportunities

How to monetise

the value created?

Figure 14 Systemic innovation for power sector transformation
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Emerging technologies that enable the integration 

of renewable energy into a power system 

allow new ways to operate the system. They 

provide new services that enhance the system’s 

flexibility, helping to address challenges posed 

by the variability and uncertainty of renewable 

generation. For example, large-scale batteries can 

be used for short-term flexibility needs, permitting 

systems to operate with back-up power for at most 

a few hours, and usually shorter. Digitalisation and 

automation could enable demand response in the 

system’s current conditions, unlocking the huge 

flexibility potential on the demand side. 

Operational flexibility ensures that grid operators 

can meet daily, hourly or sub-hourly fluctuations 

in supply and demand. This kind of short-term 

operational flexibility has not traditionally been 

explicitly valued. A range of technologies is now 

available that could provide the services needed for 

a large share of VRE integration. The key question 

is how to monetise the new value streams, created 

so that appropriate business models can support 

the further development and deployment of these 

technologies. 

One way to enable value creation and adequate 

revenue streams is to implement supportive 

regulation. Appropriate market designs are 

important to achieve policy objectives through a 

well-functioning electricity market, as discussed in 

the IRENA report Adapting market design to a high 

share of variable renewable energy (IRENA, 2017b). 

Incentives that stimulate flexibility by encouraging 

flexible behaviour on the supply side, as well as 

properly rewarding demand through demand-side 

response, are all innovative regulations. These, in 

turn, enable innovative business models. Adapting 

the design of the market to the changing paradigms 

in power systems is important in accelerating the 

energy transition.

However, even when regulation is missing, the 

private sector might still identify some new business 

model opportunities enabled by technological 

advancements. For example, in the absence of 

demand-response programmes implemented 

by the regulatory body, private companies start 

offering customers energy services, such as 

load shifting and energy savings, using batteries 

and artificial intelligence in exchange for a lower 

electricity bill. The rise of the corporate power 

purchase agreement market was a major new 

feature during 2017/18 as corporations seek to 

lower their total electricity costs by procuring 

low-cost, fixed-price VRE in the US, Europe and 

Australia.

Solutions to unlock flexibility across the whole 

power system

As explained in Chapter 1, system flexibility 

traditionally was provided by generation, which 

followed demand. However, greater flexibility is 

required in the system with the growing share of 

VRE generation, connected across all levels of the 

supply chain. An emerging, powerful approach 

for further unlocking flexibility is coming from the 

demand side. With the increased decentralisation 

and digitalisation of the system, many generation 

technologies are connected to the consumer end, 

while digital technologies can support in providing 

demand response and other services to the grid. 

Also, flexibility in the grid is becoming increasingly 

important, through increased transmission 

capacity and the establishment of regional 

markets. Figure 15 illustrates the transition from a 

system in which generation is the only source of 

flexibility to one that has flexibility sources across 

the entire supply chain. 

The optimal strategy for integrating even higher 

shares of VRE is country- and context-specific. 

Solutions emerging from the synergies among 

innovations across all dimensions of the system will 

make it possible to create reliable and affordable 

power systems that are based predominantly 

on renewable energy. This chapter identifies 11 

solutions that are being implemented across the 

globe and that unlock flexibility in the power 

system, as shown in Figure 16.

The following sub-sections elaborate on each 

of these 11 solutions. They explain the types of 

innovations required for a sound solution and 

the potential impact of the solution on the power 

system. A few case studies in which the solutions 

have been implemented are also cited. 
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Figure 15 Traditional flexibility providers (left) versus emerging flexibility providers (right)
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Figure 16  Solutions created by combining innovations in enabling technologies, business models, 

market design and system operation 

SUPPLY-SIDE FLEXIBILITY SOLUTIONS GRID FLEXIBILITY SOLUTIONS

Solution I:
Decreasing VRE generation uncertainty
with advanced weather forecasting
• Internet of things
• Artificial intelligence and big data
• Increasing time granularity in electricity markets
• Increasing space granularity in electricity markets 
• Advanced forecasting of variable renewable
 power generation

Solution II:
Flexible generation to accommodate variability
• Flexibility in conventional power plants
• Internet of things
• Artificial intelligence and big data
• Blockchain
• Increasing time granularity in electricity markets
• Innovative ancillary services
• Re-designing capacity markets
• Innovative operation of pumped hydropower
 storage 

Solution III:
Interconnections and regional markets 
as flexibility providers
• Internet of things
• Artificial intelligence and big data
• Blockchain
• Regional markets
• Increasing time granularity in electricity markets

Solution IV:
Matching RE generation and demand over large 
distances with Supergrids
• Supergrids
• Internet of things
• Artificial intelligence and big data
• Regional markets

Solution V:
Large-scale storage and new grid operation
to defer grid reinforcements investments  
• Utility-scale batteries
• Renewable power-to-heat 
• Renewable power-to-hydrogen 
• Internet of things
• Artificial intelligence and big data
• Increasing space granularity in electricity markets
• Virtual power lines
• Dynamic line rating 
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SUPPLY-SIDE FLEXIBILITY SOLUTIONS DEMAND-SIDE FLEXIBILITY SOLUTIONS SYSTEM-WIDE STORAGE FLEXIBILITY SOLUTIONS

Solution VI:
Aggregating distributed energy resources
for grid services
• Behind-the-meter batteries
• Electric-vehicle smart charging
• Renewable power-to-heat 
• Internet of things
• Artificial intelligence and big data
• Blockchain 
• Aggregators 
• Market integration of distributed energy resources
• Innovative ancillary services
• Co-operation between transmission and 
 distribution system operators 

Solution VII:
Demand-side management
• Behind-the-meter batteries
• Electric-vehicle smart charging
• Renewable power-to-heat
• Internet of things
 Artificial intelligence and big data 
• Energy-as-a-service
• Time-of-use tari�s 
• Net billing schemes 
• Advanced forecasting of variable renewable 
 power generation

 

Solution VIII:
RE mini-grids providing services to the main grid
• Renewable mini-grids
• Behind-the-meter batteries
• Electric-vehicle smart charging
• Renewable power-to-heat
• Internet of things
• Artificial intelligence and big data
• Blockchain 
• Peer-to-peer electricity trading
• Community-ownership models
• Market integration of distributed energy    
 resources

 

Solution IX:
Optimising distribution system operation with 
distributed energy resources
• Internet of things
• Behind-the-meter batteries
• Electric-vehicle smart charging
• Artificial intelligence and big data 
• Aggregators
• Net billing schemes
• Future role of distribution system operators
• Virtual power lines

Solution X:
Utility-scale battery solutions 
• Utility-scale batteries
• Internet of things
• Artificial intelligence and big data
• Aggregators 
• Innovative ancillary services 
• Increasing time granularity in electricity markets
• Increasing space granularity in electricity markets
• Re-designing capacity markets
• Virtual power line

Solution XI:
Power-to-X solutions 
• Renewable power-to-hydrogen
• Renewable power-to-heat
• Artificial intelligence and big data
• Innovative ancillary services
• Virtual power lines

Enabling  technologies
Business models
Market design
System operation

Solutions
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3.1 SUPPLY-SIDE FLEXIBILITY SOLUTIONS 

Dealing with variability and uncertainty in 

balancing the power system is not a new issue 

for power system operation. Demand has always 

been variable and uncertain to some extent, but 

relatively easy to forecast. However, as the share 

of VRE supply increases in a system, the variability 

and uncertainty of VRE generation becomes 

more frequent and significant, posing additional 

challenges to system operation. Solutions to 

address this on the supply side include: 

• Minimising the uncertainty of wind and 

solar generation through advanced 

weather forecasting. This solution depends 

on the methodology and technique used. 

Enhancements from the use and management 

of big data and artificial intelligence can 

increase the accuracy of the forecast and hence 

the overall reliability of the system. 

• Incentivising existing generation towards 

more flexible behaviour, for example from 

fast-responding pumped hydro storage or 

fast-ramping gas generation. This also involves 

remunerating non-flexible power plants to 

become flexible through technical upgrades. 

This solution is focused on technological and 

market design innovation, which could have a 

significant impact on system flexibility. 
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7

6

18

17

27

Enabling technologies

• Internet of things

• Artificial intelligence and big data

Market design

• Increasing time granularity 
 in electricity markets

• Increasing space granularity
 in electricity markets 

System operation

• Advanced forecasting of variable
 renewable power generation

Decreasing VRE 
generation uncertainty 

with advanced 
weather forecasting

Figure 17 Synergies between innovations for decreasing uncertainty of VRE generation with advanced forecasting

SOLUTION I

 Decreasing VRE generation uncertainty 

with advanced weather forecasting

At the system operation level, effective VRE 

forecasting is crucial to integrate wind and 

solar resources into the grid, especially at high 

penetration levels. As one of the most cost-

effective tools available to system operators, 

advanced forecasting helps reduce the uncertainty 

associated with VRE generation, providing support 

in operation planning to counteract its variability. 

Better forecasting does not remove the need 

for action, it just gives longer to plan. Accurate 

forecasting can help improve unit commitment 

and dispatch efficiently and reduce reliability 

issues, hence reducing the amount of operating 

reserves needed in the system. Also, it permits 

VRE to be used to provide system services such 

as operating reserves. For example, through blade 

pitching, wind turbines can provide upward and 

downward reserve. When system services can be 

obtained also from VRE, the power system can 

integrate more VRE (IRENA, IEA and REN21, 2018). 

High-quality weather forecasting can accurately 

predict output on a two- to six-hour interval, 

greatly improving system reliability. Today, forecast 

errors typically range from 3% to 6% of the rated 

capacity an hour ahead and from 6% to 8% a day 

ahead on a regional basis (as opposed to for a 

single plant). In comparison, errors for forecasting 

load typically range from 1% to 3% a day ahead 

(Lew et al., 2011). Even slight improvements in 

generation forecasting have the potential to 

result in large operational and economic benefits. 

(Key innovation: Advanced forecasting of variable 

renewable power generation)

Thanks to enabling technologies, advanced 

weather forecasting models now take into 

consideration site-specific parameters and real-

time data gathered from advanced meteorological 

devices. By using the significant processing power 

afforded by modern ICT, such as cloud-based 

computing, improved mathematical models (which 

produce forecast results for 5 or 15 minutes instead 

of an hour) and artificial intelligence, together with 

the big data collected on past weather patterns 

and generation outputs, accuracy and locational 

resolution of VRE generation forecast could be 

improved. Some other weather forecast models 
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also use advanced cloud-imaging technology, 

sky-facing cameras to track cloud movements, and 

sensors (installed on the turbines) to monitor wind 

speed, temperature and direction. (Key innovations: 

Artificial intelligence and big data; Internet of Things) 

A successful example is the EWeLiNE, a machine-

learning-based software used in Germany. It 

uses artificial intelligence and the data from 

solar sensors, wind turbine sensors and weather 

forecasts to predict power generation. It therefore 

helps minimise losses due to surplus power 

generation and intermittency in the renewable 

energy integrated system. Another example is 

Utopus Insights, a company based in New York and 

India that is focused on improved forecasting for 

the electrical grid using machine learning as a way 

to respond to renewable energy growth, which 

poses a significant challenge to balancing supply 

and demand. Along with predicting and managing 

peak loads, the Utopus Insights software will 

anticipate icing events that can knock down power 

lines, block solar panels and cause wind turbines 

to emit unpleasant sounds (Polhamus, 2017). 

Market design would need to adapt in order to 

best capture the benefits of improved forecasting. 

Improved weather forecasting can be used to 

update commitment and dispatch and transmission 

schedules more frequently. This enables better 

scheduling of the system and reduces the need for 

expensive operating reserves. Accurate solar and 

wind generation forecasts could give conventional 

generators sufficient time to ramp up or down, 

thereby reducing emissions and balancing the 

system cost-effectively. 

Increasing time and space granularity in the 

wholesale market helps to capture the value of 

advanced weather forecasts for VRE generation 

in the market and dispatch schedule. ERCOT, in 

Texas, has reduced the dispatch time intervals 

from 15 minutes to 5 minutes, allowing updates 

in generation schedules until 10 minutes before 

the actual power dispatch. This change in the 

rule helps to minimise forecast error and to 

reduce wind curtailment due to better accuracy in 

forecasts (Bridge to India, 2017). (Key innovations: 

Increasing time granularity in electricity markets; 

Increasing space granularity in electricity markets)

Impact of better forecasting through digital technologies:

• Artificial intelligence can improve the renewable energy generation forecast from 88% to 94%. 

Digital technologies, such as machine-learning algorithms, when applied to weather and power plant output data, 

can increase the accuracy of renewable forecasts to up to 94%, from around 88% across the industry. Most of these 

systems are in the pilot phase. In addition, retrofitting digital systems can improve VRE integration by allowing 

operational data to be provided directly to operators (BNEF, 2017).

• 30% improvement in accuracy for solar irradiation forecasting when using artificial intelligence. 

In 2015 a project by IBM and a team of partners, developed through the US Department of Energy’s SunShot 

Initiative, was able to show an accuracy improvement of 30% for solar forecasting due to the building of a better 

solar forecasting model using deep-machine-learning technology. The self-learning weather model and renewable 

forecasting technology, named Watt-Sun, integrated large sets of historical data and real-time measurement from 

local weather stations, sensor networks, satellites and sky-imaging cameras (NREL, 2015a).

88%    94 %

ACCURACY in renewable power 
generation forecast

30 %
IMPROVEMENT in accuracy
for solar irradiation forecasting
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Impact on VRE curtailment:

• 10% reduction in wind curtailment from a 670 MW solar-wind facility enables powering of 14 000 homes.

IBM created the Hybrid Renewable Energy Forecasting (HyRef) solution for the Chinese State Grid’s Jibei Electricity 

Power Company Limited to perform advanced data analysis and improve wind power predictions for a 670 MW 

solar-wind energy facility. HyRef uses weather modelling capabilities, advanced cloud-imaging technology and 

sky-facing cameras to track cloud movements, along with wind turbine sensors, weather forecasts and images of 

clouds to forecast power outputs for periods ranging from 15 minutes to a month in advance. The technology has 

helped integrate more renewable energy into the grid through a reduction in wind power curtailment of 10%. This 

additional energy can power approximately 14 000 homes (NREL, 2013).

Impact on cost savings: 

• USD 60 million in savings between 2009 and 2016 for an investment of USD 3.8 million that improved 

forecasted wind generation by 37.1% in Colorado, US. 

Colorado utility Xcel Energy calculated that a 37.1% improvement in wind generation forecasting saved the utility’s 

customers USD 60 million between 2009 and 2016. The forecast was made based on surface-level measurements 

when the average wind turbine hub could be 80-100 metres above the ground. Also, some measuring stations were 

around 50 km away from the turbines. The improvement in forecasting was achieved by deploying a state-of-the-

art wind forecasting system that was specific to each farm and that provided hub-height speeds and was updated 

every 15 minutes. Its wind production displaces approximately 11.7 million tonnes of carbon dioxide emissions 

annually (Baskin, 2016; RAL, 2014).

• Between around USD 5 million and USD 146 million in annual cost savings (capacity reserve, frequency 

regulation reserve and production cost savings) for improved short-term wind forecasting in California. 

A study done for the California Independent System Operator (CAISO) shows that improved short-term wind 

forecasting in the CAISO market can result in annual total cost savings (capacity reserve, frequency regulation 

reserve and production cost savings) of approximately USD 5 million to USD 146 million considering various 

scenarios (NREL, 2015b). In a low-wind scenario, a total of 7 299 MW of available wind capacity is expected, and 

in a high-wind scenario a total of 11 109 MW of available wind capacity is expected. The time-based variability in 

the wind speed determines the instantaneous penetration level and the degree to which the forecasting accuracy 

influences the actual dispatch of generation.

Wind scenario Forecast improvement Annual savings (USD millions)

Low
10%

5 050 

High 25 100

Low
25%

14 800

High 62 900

Low
50%

34 700

High 146 000

Source: NREL, 2015

10 %
REDUCTION
in wind
curtailment

$  60
MILLION

SAVINGS due to
37% improvement
in wind forecast

146 
MILLION

SAVINGS due to 50% 
improvement in 
short-term wind forecast  

UP TO

USDUSD
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IMPLEMENTED SOLUTION

Germany is using advanced weather forecasting 

to reach its renewable energy target 

Since 2012 the Deutscher Wetterdienst (German 

Meteorological Service) has been working on 

optimising its weather forecasts for renewable 

energy applications within the two research 

projects EWeLiNE and ORKA, funded by the 

Federal Ministry for Economic Affairs and Energy 

(BMWi). Based on the findings of the ORKA project 

in December 2015, this successful co-operation 

was continued in a new project, ORKA2, 

implemented in January 2016. The working field 

has been expanded through prediction of the 

current-carrying capacity of power lines. 

In the EWeLiNE project, the German Meteorological 

Service and the Fraunhofer Institute for Wind 

Energy and Energy System Technology are working 

with the three German transmission system 

operators: Amprion GmbH, TenneT TSO GmbH 

and 50 Hertz Transmission GmbH. Their goal is 

to improve the weather and power forecasts for 

wind turbines and solar PV plants and to develop 

new forecast products focusing specifically on 

grid stability. EWeLiNE takes real-time data from 

solar panels and wind turbines around Germany 

and feeds it into an algorithm that uses machine 

learning to calculate the renewable energy output 

for the next 48 hours. Researchers then compare 

the real data with EWeLiNE predictions to refine 

the algorithm and improve its accuracy.

PerduS, another research project funded by the 

BMWI, was launched in March 2016. It focuses on 

Saharan dust outbreaks and on improving weather 

and PV power forecasts during such weather 

situations, thereby supporting the incorporation 

of an increasing share of renewable energy into 

the German power mix (DWD, 2018). For example, 

on 5 April 2014, a large day-ahead Germany-wide 

PV power forecast error, on the order of 10 GW, 

occurred. During this and preceding days, Saharan 

dust was transported to Germany. 

SUMMARY TABLE:  BENEFITS AND COSTS OF DECREASING VRE UNCERTAINTY THROUGH 

ADVANCED WEATHER FORECASTING

Decreasing VRE generation uncertainty 
with advanced weather forecasting

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from minutes to weeks

COST and COMPLEXITY

Technology and infrastructure costs X

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges • availability of historical weather data for small players

regulation can incentivise this 

solution, e.g., providing VRE 

balance responsibility would 

improve their forecast
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At the operation level, supply-side resources 

that are quick ramping and that have short time 

activation and short reaction time can add great 

flexibility to the grid. Typically, hydropower and 

gas-fired plants offer such fast ramping and fast 

reaction times. Hydro plants have the capability to 

react instantaneously, at zero costs. However, for 

gas-fired plants, the flexibility cost increases with 

the steepness and the length of the ramp, and they 

are greatly exposed to gas fuel costs, particularly 

for markets reliant on imported liquefied natural 

gas (LNG). Pumped hydro storage plants can 

provide a great degree of flexibility in terms of 

both supply (firm electricity as needed) and 

demand (pumping to refill reservoirs in times of 

excess supply). (Key innovation: Innovative 

operation of pumped hydropower storage)

On the technology side, with technical 

enhancements, the normally inflexible generating 

technologies also can contribute to system 

flexibility (Jacobs et al., 2016). At the power plant 

level, operational flexibility is characterised by 

three main features: the overall bandwidth of the 

operation (turndown ratio, ranging between 

minimum and maximum load); the speed at which 

the net power feed-in can be adjusted (ramp rate); 

and the time required to attain a stable operation 

when starting from a standstill (start-up time) 

(Agora Energiewende, 2017). Research has shown 

that coal power plants, although traditionally 

believed to be relatively inflexible, can in fact 

provide flexible output, supported by the necessary 

technical and operational upgrades (Cochran et al., 

2013) and if the owner is incentivised or forced to 

run at a capacity utilisation rate average that is 

well below the optimal design rate of 70-85%. Both 

India and Australia are examining retrofits to 

existing fleets to accommodate lower utilisation 

rates and more flexible ramping management. 

(Key innovation: Flexibility in conventional power 

plants)

Regarding market design, encouraging power 

plants to operate as balancing loads, rather than as 

base loads, will require new revenue streams that 

compensate operators for making these changes 

and incurring extra costs in plant operation. For 

example, the transition of a coal power plant from 

base load to balancing load implies that operators 

will likely have to invest in new equipment, while 

facing lower annual capacity factors and more 

6

7

8

11

19

20

17

28

Enabling technologies

• Flexibility in conventional power plants

• Internet of things

• Artificial intelligence and big data

• Blockchain

Market design

• Increasing time granularity 
 in electricity markets

• Innovative ancillary services

• Re-designing capacity markets

System operation

• Innovative operation of pumped
 hydropower storage (if aplicable)

Flexible generation
 to accommodate 

variability

Figure 18 Synergies between innovations for increased flexible generation

SOLUTION II

 Flexible generation to accommodate variability
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frequent forced outages. Innovative market 

regulations need to be designed in order to 

adequately remunerate and incentivise operators 

to run such plants for balancing, while also 

maintaining profits. 

A way to achieve this is through increasing the 

time granularity in wholesale energy markets. 

This better reflects the conditions at a particular 

time and remunerates efficient response from the 

existing generators. Trading products or contracts 

with shorter intervals, as well as trading as close 

as possible to real time, helps to internalise in the 

price the value of flexibility, thus creating value for 

the flexible sources that are capable of responding 

in near-real time by ramping up or down easily. 

The more reflective the prices are of the short-

term demand-and-supply conditions, the better 

are the price signals sent to the generators that 

can quickly alter their output when needed by 

the system. Increases in the shares of wind and 

solar generation will increase the volumes of 

intraday trading necessities and the need to adjust 

production schedules to the most recently updated 

forecast. This requires the market time frame 

(both the settlement period and gate closures) to 

adapt to fully exploit the potential of renewable 

energy sources and the flexible behaviour of other 

existing generators in the system, to counteract 

the VRE generation. 

On the day of delivery, where intraday markets 

are in place, participants must submit their bids 

for supply and demand for any given trading 

interval, also called the settlement period. Market 

participants can trade up to a certain point before 

the settlement period, called the gate closure. 

One of the examples with a low time granularity 

is Germany where the gate closure is between 5 

and 30 minutes before the start of the physical 

delivery for a 15-minute settlement period (EPEX 

SPOT, 2019), while in England the gate closure is 

16 to 19 minutes before the 30-minute settlement 

period (IEEFA, 2018). A narrower gate closure 

would reduce forecasting errors for renewable 

generation and minimise the amount of costly 

reserve generation that must be contracted to 

respond to unpredicted variability. (Key innovation: 

Increasing time granularity in electricity markets)

In real time, system operators use primary, 

secondary or tertiary reserves to handle the real-

time deviation in forecasted demand and supply. 

Such ancillary service products need to be adapted 

to increase the system’s flexibility, incentivise fast 

response and ramping ability, and remunerate 

each of the services accordingly. For instance, PJM 

Interconnection, a transmission system operator 

in the US, has developed different frequency 

regulation products for the slower conventional 

resources and the faster battery storage resources. 

Also, opening the market to all new actors, 

including small players and distributed energy 

resources, and making all actors responsible for 

balancing the system could improve the system 

flexibility. Marginal pricing of balancing energy and 

the removal of price caps will allow prices to reflect 

the real value of electricity. This also will provide 

the correct incentives to invest in flexibility and to 

offer balancing energy and reserve services. (Key 

innovation: Innovative ancillary services)

Through capacity market mechanisms, sufficient 

reliable firm capacity can be assured if 1) such 

capacity mechanisms are designed in a way 

to allow the equal participation of all flexibility 

service providers, such as demand-side response, 

interconnectors and storage operators, and 2) 

such mechanisms are designed as a response to 

real identified adequacy concerns. However, for a 

future system with a high share of VRE, flexibility 

in the system is required due to the variability 

introduced by these renewable sources. By 

introducing flexibility requirements in capacity 

market products, investments in power plants 

can be incentivised. (Key innovation: Redesigning 

capacity markets) 

A system where energy is traded more quickly, 

closer to real time and in shorter increments, is 

more difficult to manage and requires a greater 

degree of automatisation. Enabling technologies, 

such as digital systems, can monitor remote 

generators and automatically send simple 

instructions and corrections to the operators. Data 

reporting from generators and power exchanges 

can inform grid operators’ expectations and allow 

them to make better decisions on energy and 

service procurement. ICT developments and 

advanced control centres will unlock opportunities 
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and have the potential to change the way that 

energy systems are operated, providing greater 

flexibility to the system. 

Until recently it was costly to put in enough 

sensors, transmit high-frequency data, store the 

large volume of data, perform smart analytics 

of the data and tune the process for optimal 

performance. These constraints are being 

overcome as digital technologies unleash a “full 

digitalisation” of the process. It makes the grid 

intelligent and flexible, giving it the capability 

to manage variability and uncertainty. On the 

operations end, the Internet of Things can 

increase the generation flexibility by lowering the 

minimum capacity factor and increasing the ramp 

rate. (Key innovations: Artificial intelligence and 

big data; Internet of Things)

Impact of increased time granularity in the wholesale markets:

• Integration costs in the US are lower with faster dispatch: USD 0/MWh to USD 4.40/MWh in areas with five-

minute dispatch, compared to USD 7/MWh to USD 8/MWh in areas with hourly dispatch.

Five-minute dispatch is currently the norm for independent system operators throughout the US, serving more 

than two-thirds of the national load. With faster dispatch, load and generation levels can be more closely matched, 

reducing the need for more expensive regulating reserves. Five-minute scheduling was adopted not to enable 

renewable generation integration, but because it reduces power system operating costs. Five-minute scheduling 

has helped reduce regulation requirements to below 1% of peak daily load. Integration costs prove to be lower in 

areas with faster dispatch. For example, integration costs have ranged from USD 0/MWh to USD 4.40/MWh in areas 

with five-minute dispatch, compared to USD 7/MWh to USD 8/MWh in areas with hourly dispatch (WGA, 2012). 

• An additional 15-minute intraday call auction increased the efficiency of the German electricity intraday 

market and helps set a clear price signal; refurbishments of coal power plants helped to increase flexibility 

and increase renewable generation share. 

In December 2014 EPEX launched an additional 15-minute intraday call auction at 3 p.m. on the day before (D-1). 

This helped optimise the constraints due to the hourly product in the day-ahead and intraday markets. This is 

a uniform price auction for the 96 quarters for the following day. It has increased the efficiency of the German 

electricity intraday market and helps set a clear price signal. The variation of the price also has decreased 

since the implementation of the 15-minute intraday call auction (EPEX SPOT, n.d.). Hard coal power plants are 

adjusting their output on a 15-minute basis to participate in the intraday market. Upgrades at Weisweiler power 

plant reduced minimum load by 170 MW and 110 MW at two generation units and increased the ramp rate by 

10 MW/minute. Retrofits of the Bexbach power plant reduced the minimum load from 170 MW to 90 MW. These 

retrofits, and operating the plants flexibly, increases operation and maintenance costs. However, these increases 

are small compared to the fuel savings associated with higher shares of renewable generation in the system (Agora 

Energiewende, 2017).

• The need for balancing power is reduced by several hundred GWh a year when the gate closure is reduced 

from 75 minutes to 15 minutes before delivery. 

For instance, RWE’s transmission system operator Amprion in Germany revealed in documentation provided to 

the energy regulator that if the 75-minute period could be reduced to just 15 minutes before delivery, the need for 

balancing power in its zone alone could be reduced by several hundred GWh a year.
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Impact of innovations in the ancillary service market:

• National Grid, the transmission system operator in the UK, could save USD 262 million by introducing a new 

ancillary service product.

Grid operators have to deal with increasing volatility due to a growing share of wind and solar power. The deployment 

of the sub-second Enhanced Frequency Response by National Grid in the UK is expected to provide National Grid 

with greater control over frequency deviations, resulting in potential cost savings of GBP 200 million (USD 262 

million) (KPMG, 2016). 

• Allowing renewable energy generators, battery storage systems and industrial loads to provide ancillary 

services could lead to 70% procurement costs savings for transmission system operators and to a 200% 

increase in VRE installed capacity. 

In Germany, alongside conventional generators, renewable energy generators, battery storage systems and 

industrial loads also were allowed to participate in the balancing markets in 2009. In the period from 2009 to 2015 

the balancing market size (in GW) decreased by 20%, the ancillary service procurement costs for transmission 

system operators decreased by 70%, while in the same period the system stability increased and the installed 

capacity of VRE increased by 200%. This indicates that allowing alternative energy resources to participate in 

ancillary service markets can help increase system stability while reducing costs (Wang, 2017).

Impact of zonal or nodal prices:

• Investment in transitioning to a nodal pricing system has been recovered within one year of operation by 

different independent system operators in the US.

Nodal pricing system implemented in US resulted in better congestion management, improved grid reliability, 

increased retail access and competition, reduced transition costs, improved planning and better co-ordination with 

regulatory agencies (Eto et al., 2005). Investment in transitioning to a nodal pricing system has been recovered 

within one year of operation by different independent system operators, as Figure 19 illustrates.

ISO-NE = Independent System Operator – New England; NYISO = New York Independent System Operator; ERCOT = Electric 
Reliability Council of Texas; MISO = Midcontinent Independent System Operator; PJM = Pennsylvania – New Jersey – Maryland 

Interconnection.

Source: Neuhof and Boyd, 2011.
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IMPLEMENTED SOLUTION 

Increased flexibility of coal power plants and 

market design in Germany

Operators of existing coal power plants can 

technically provide much more flexibility than is 

often believed. In countries such as Germany and 

Denmark, targeted retrofit measures have been 

implemented on existing power plants, greatly 

enhancing their technical flexibility. Furthermore, 

effective market incentives – including intraday 

electricity markets – have been introduced in order 

to remunerate the provisioning of flexibility. Such 

measures have enabled renewable generation to 

be integrated more easily and in an economically 

efficient way, thus limiting wasteful curtailment.

State-of-the-art hard coal power plants can 

operate at minimum load levels of 25% to 40% of 

the nominal load. State-of-the-art lignite power 

plants can achieve minimum loads of 35% to 50% 

of the nominal load. By contrast, power plants built 

10 to 20 years ago in industrialised countries had 

minimum load levels of 40% (hard coal) to 60% 

(lignite). Retrofitting can reduce minimum loads 

even further. In Germany, for example, minimum 

load levels of 12% have been achieved (Agora 

Energiewende, 2017). Figure 20 illustrates how 

hard-coal-fired power plants, and to some extent 

lignite-fired power plants, are already providing 

significant operational flexibility in Germany, 

adjusting their output to the variation in renewable 

energy feed-in and demand.

Impact of digitalisation on the wholesale market:

• Digital system implementation and data analytics led to an 8% increase in renewable energy generation, a 

25% reduction in curtailment and a 10% reduction in operation and maintenance costs. 

General Electric estimates that by implementing digital systems and data analytics, renewable energy operation 

and maintenance costs can be reduced by 10%, production increased by 8% and curtailment cut by 25% (Neuhoff 

and Boyd, 2011).
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Figure 20  Power generation from nuclear, hard coal and lignite power plants and demand in Germany, 

23 to 30 March 2016

Source: Agora Energiewende, 2017.
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Whether, and to what extent, flexibility retrofitting 

measures are profitable varies on a case-by-case 

basis in relation to the plant characteristics and the 

market environment (e.g., age of the plant, market 

share of renewables, general market design, 

remuneration options for flexibility). However, it 

has been seen that flexibility retrofitting is likely 

to be profitable in Germany when the market is 

properly designed to remunerate the flexibility. The 

introduction of short-term electricity markets and 

the adjustment of balancing power arrangements 

are important measures for remunerating 

flexibility. The introduction of a 15-minute-based 

intraday market incentivised the retrofits of coal 

plants. 

In Germany, some power plant operators 

deliberately push flexibility, even though this 

reduces the plant’s life. This relates in part to the 

shift in energy policy away from coal over the 

coming decades. It also explains the relatively 

higher flexibility of German power plants compared 

to other countries. 

In systems with high shares of wind and solar PV, 

conventional plants must serve the load that is 

not covered by variable renewables – that is, the 

residual load curve. Therefore, the operation of 

these plants has to be significantly more flexible, 

and a proper market design should be adapted. 

The need for flexibility and the challenges faced 

by conventional power plants in Germany are 

illustrated in Figure 21.

Market design and flexibility providers 

in Denmark 

In Denmark, the development of the electricity 

market is the foundation for the integration of VRE. 

It allows for better balancing of VRE over a large 

market area by incentivising the increase in thermal 

power plant flexibility, and through the 

establishment of dynamic and close-market 

coupling. 

Denmark has been part of the Nordic power market 

since 2000. The Danish generation mix consists of 

wind and thermal sources, with the thermal power 

plant fleet almost exclusively comprising combined 

heat and power production. As the share of VRE 

increased, the role of CHP plants changed from 

being the main base load of the power system to 

becoming a key source of system flexibility. 

The default ramping ability in a thermal power 

plant built to deliver a continuous amount of 

power is typically 1% of maximum power output 

per minute. Danish thermal power plants are 

built or retrofitted to ramp on average 4% per 

minute, in response to the demand for flexibility 

in the production fleet, expressed through power 

price fluctuations throughout the day. Improved 

ramping properties allow the plant to increase 

or decrease participation in the market more 

quickly and to follow the volatility in power prices. 

Similarly, the minimum load is as low as 15% in 

some Danish thermal power plants, whereas the 
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Figure 21  Flexibility requirements in Germany. Example load curves for two weeks during winter in Germany

Source: Agora Energiewende, 2017.
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standard load, if the plant is not optimised, is 30% 

to 40% (Energinet, 2018).

A number of issues in the market design 

influence flexibility. Some of the most important 

characteristics of the Nordic market design are 

listed in Figure 22. 

An advantage of a very low minimum load on 

thermal power plants is that they can participate 

in the day-ahead market with minimum load, say 

20%, and then participate in the intraday and 

balancing markets with the remainder of the plant 

capacity. If there is a great demand for flexibility, 

the prices are likely to be higher in the intraday 

and the balancing markets. Therefore, plants with 

higher levels of flexibility will be able to minimise 

the production sold at low prices and maximise the 

production at high prices, yielding higher profits 

(Energinet, 2018).

Flexibility incentivised in California’s 

power market 

California’s independent system operator, CAISO, 

has proposed several changes in the power market 

to incentivise system flexibility due to large solar 

PV generation. One of the changes being proposed 

is in the day-ahead market, to change the granularity 

from 1 hour to 15 minutes2 (CAISO, 2018a). The 

reduction in scheduling intervals would allow 

power-generating resources to follow the load 

curve as forecasted by CAISO more closely. CAISO 

also may be able to reduce procurement from the 

real-time market, especially during morning and 

evening ramping times. 

In November 2016 CAISO implemented a separate 

flexibility ramping product on the ancillary service 

market: Flexible Ramp Up and Flexible Ramp 

Down Uncertainty Awards, which are products to 

procure ramp-up and ramp-down capability for 

15-minute and 5-minute time intervals through the 

ancillary service market. The product is procured 

in terms of megawatts of ramping required in a 

five-minute duration, and any resource capable of 

fulfilling the ramping requirement can participate. 

The price for providing ramp-up service is capped 

at USD 247/MWh, and the price for providing 

ramp-down service is capped at USD 152/MWh 

(CAISO, 2018b).

Following CAISO’s successful implementation, the 

New York Independent System Operator (NYISO) 

also proposed a similar flexible ramping product 

as part of its 2018 Master Plan (Avallone, 2018).

2  Other changes proposed include combining Integrated Forward Market (IFM) and Residual Unit Commitment (RUC), and procurement 

of imbalance reserves that will have a must-offer obligation to submit economic bids for the real-time market.
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DAY-AHEAD INTRADAY BALANCING

Market type
Auction/Marginal  

pricing

Continuous bid  

matching

Prioritised bid  

activation/mix of marginal 

price and pay ad bid

Minimum product size 1 MW 1 MW 5 MW

Gate closure time 12-35 hours 60 minutes 45 minutes

Bid linking Yes No No

Validity periods 60 minutes 60 minutes 60 minutes

Settlement of 

imbalances
1 hour (2-price model)

Figure 22. Key characteristics of the design of the Nordic market

Source: Energinet, 2018.
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SUMMARY TABLE:  BENEFITS AND COSTS OF FLEXIBLE GENERATION TO ACCOMMODATE VARIABILITY

Flexible generation to  
accommodate variability

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from seconds to hours

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges

• Efective lexible generation needs improved modelling tools 
to account for lexibility related parameters such as ramps, 
turndown ratio, start-up time, and simulations will need lower 
time resolution to capture variability.

refurbishment of thermal plants

3.2 GRID FLEXIBILITY SOLUTIONS

The grid itself is a powerful flexibility provider when 

it is strong and well interconnected. Emerging 

innovative solutions that could further increase 

grid flexibility include:

• Creating regional power markets that can 

help exploit the synergies from renewable 

energy development across the region. 

Regional markets can help manage fluctuations 

in their electricity production by increasing 

the geographical scope and thus reducing the 

probability of a concurrent lack of renewable 

energy. 

• Building a high-voltage grid, or supergrid, to 

transport electricity to another region and to 

avoid renewable energy curtailment in places 

that have the potential for large amounts of 

surplus renewable generation in the system. 

The cost of building such a grid is high and must 

be measured against the economic benefits of 

both of the systems that the grid is linking. 

• Enabling the integration of a higher share of 

renewable energy generation while avoiding 

grid reinforcements, through innovative 

solutions such as:

• The use of battery storage.

• The use of power-to-X solutions (e.g., power-

to-hydrogen or power-to-heat) – that is, 

converting electricity to another energy 

carrier that can then be stored or transported. 

These are known as virtual power lines.

• Using dynamic line rating to allow more 

VRE through the grid, when meteorological 

conditions allow. 
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Creating a regional market by taking advantage 

of the interconnections between power systems 

is a very effective way of increasing flexibility in 

power systems. Increased transmission capacity 

and interconnections allows electricity to be 

transported more readily within a balancing area, 

meaning that more of an area’s resources can 

be used to help balance supply and demand. 

Consequently, operators in different systems can 

buy and sell electricity and other grid services from 

one other, creating regional markets (Aggarwal 

and Orvis, 2016). 

In terms of market design, creation of the regional 

electricity market will require harmonisation of the 

rules of all participating markets to allow electricity 

to flow freely in response to price signals. Truly 

integrated regional markets imply harmonised 

rules in the wholesale market, the ancillary service 

market and the capacity market across the region. 

In general, when a diverse portfolio of energy 

resources is balanced over a wide geographical 

area, fluctuations in the output tend to be localised, 

greatly minimising variability in the electric grid. 

Also, regional markets take advantage of the spatial 

complementarities among renewable energy 

sources. (Key innovation: Regional markets)

There are multiple ways to improve co-ordination 

among different systems, such as: 

• Reserve sharing, whereby multiple balancing-

area authorities maintain, allocate and supply 

the same set of operating reserves for each 

balancing area.

• Co-ordinated scheduling, in which balancing-

area authorities exchange energy over shorter 

time scales (short-term dispatch on a 5-minute 

to 1-hour time scale). This increases dispatch 

efficiency by making available a larger array 

of resources for commitment. Co-ordinated 

scheduling requires increased communication 

and planning and the design of market 

mechanisms to compensate participants for 

energy production. 

• Consolidated operation, or the merging of 

two or more balancing areas into one system 

operator. This combines all of the time scales 

of system operation including unit commitment 

(24 hour), short term dispatch (5 minutes to 1 

hour) and reserves provision (Zaman, 2018). 

(Key innovation: Increasing time granularity in 

electricity markets) 

7

8

6

17

21

Enabling technologies

• Internet of things

• Artificial intelligence and big data

• Blockchain

Market design

• Regional markets

• Increasing time granularity 
 in electricity markets Interconnections 

and regional markets 
as flexibility providers

Figure 23 Synergies between innovations for unlocking flexibility though interconnections and regional markets

SOLUTION III

Interconnections and regional markets as flexibility providers
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Enabling technologies can help a regional 

market operator to handle orders from all 

participating countries in a transparent manner. 

With increasing penetration of VRE, increasing 

granularity of the power market in terms of time 

and space can help in integrating more VRE in the 

grid. As the granularity increases, the modelling of 

power markets becomes increasingly complex. 

Interlinking power markets in a particular region 

can lead to further complexity, as the 

market / system operator needs to ensure the 

participating country’s energy security before 

power can flow through the interconnections. The 

number of bidders and contracts also will increase 

greatly once the power markets merge. 

Robust IT systems are essential for the market 

operator to process the orders efficiently and 

seamlessly. Digital innovations such as the Internet 

of Things, artificial intelligence and big data can 

play an important role in managing that complexity. 

Blockchain technology, as an interoperable layer 

of technology that allow different parts of the 

system to communicate at a lower cost, might 

facilitate transactions and payments in a large 

regional market, with many actors involved. 

(Key innovations: Internet of Things; Artificial 

intelligence and big data; Blockchain)

Impact on VRE integration:

• 715 405 GWh of avoided curtailed renewable energy in four years due to the regional market, meaning 0.5% 

of total VRE generation in California, US.

The Western Energy Imbalance Market helped avoid curtailment of 715 405 GWh of renewable energy from 2014 to 

mid-2018, avoiding emissions of 306 112 tonnes of carbon dioxide-equivalent (CAISO, 2018).

• 49% wind power integrated into Denmark’s power system due to interconnections.

Significant interconnection with neighbouring countries (Germany, Sweden and Norway) allows Denmark to 

integrate around 49% wind power without major curtailment. Between 2008 and 2015 wind power generation 

was curtailed only twice (by 200 MW to 300 MW for 6 to 8 hours, in 2008 and in 2010) due to outage in one of 

the interconnectors (DEA, 2015). The excess wind power is used or stored as pumped hydropower storage by 

neighbouring countries (IEEFA, 2018).

• 50% reduction in power curtailment in Ireland due to interconnection with the UK. 

Export of power from Ireland to the UK (via two sub-sea interconnections) helped reduce power curtailment by an 

estimated 50% in 2013. Ireland has limited cross-border interconnection equivalent to just 7% of its total installed 

generation, which is below the target for all EU Member States of 10% by 2020 (IEEFA, 2018). 

• Regional markets unlock synergies among renewable energy generation in Europe.

Better use of current interconnections and the deployment of new ones provides various advantages such as 

increased flexibility of the European system by exploiting access to hydro reserves in Norway, and by predictable 

solar power generation in countries like Italy, Spain and Greece (Neuhoff and Boyd, 2011). 

49 %
WIND GENERATION 
in Denmark due to 
interconnections 

50 %
CURTAILMENT 
REDUCTION due
to interconnection 

CO2

MORE THAN
700 000 GWh

Avoided 
curtailment 
(2014-2018)



INNOVATIONS CRE ATING SOLUTIONS FOR A RENE WABLE- POWERED FUTURE 

81

Impact of interconnections and regional markets on operation costs:

• Annual savings of EUR 260 million due to increased co-operation among transmission system operators in 

Germany. 

The German regulatory agency’s instruction to increase co-operation among transmission system operators and to 

collectively procure various types of balancing power from generation companies is expected to save around EUR 

260 million per year (Knight, 2010). Annual re-dispatch, due to congestion, costs of EUR 138.2 million in Germany. 

Co-ordinating the use of transmission capacities renders annual costs of EUR 56.4 million, resulting in considerable 

savings on re-dispatch (DIW, 2013). 

• Annual savings of USD 5 billion to USD 8 billion due to regional trade in the Western African Power Pool. 

The World Bank estimated that the economic benefit of regional trade in the Western African Power Pool would be 

around USD 5 billion to USD 8 billion per year due to the reduced cost of operations while making power generation 

more sustainable, displacing baseload oil-fired power generation with cleaner sources of electricity such as natural 

gas, solar and hydropower (World Bank, 2018).

• Economic benefit of EUR 40 billion per year by 2030 from integrating the European market in a high renewable 

energy scenario (Neuhoff and Boyd, 2011). 

• Savings of USD 72 million to USD 208 million per year for trading balancing services between regions in the US.

Special markets are developing in the US to trade grid balancing services between regions that to date have been 

operated independently from one another. Without needing to build new transmission capacity, but just simply 

by allowing trade between regions, is expected to save customers USD 72 million to USD 208 million per year 

(Aggarwal and Orvis, 2016). 
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EUR 260 MILLION

SAVINGS in Germany due to TSOs 
co-operation

UP TO USD 8 BILLION

ANNUAL SAVINGS due to regional 
trade in West Africa

EUR 40 BILLION

ANNUAL BENEFIT
for integrating EU market

UP TO USD 208 MILLION

ANNUAL SAVINGS for trading 
balancing services within US

$
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IMPLEMENTED SOLUTION

Southern African Power Pool (SAPP)

The Southern African Power Pool (SAPP) was 

created in August 1995 to promote regional co-

operation and co-ordination in the planning and 

operation of the electricity business (Beta, 2016). 

Currently the SAPP includes 12 Southern African 

Development Community (SADC) countries3. The 

pool has a total installed generation capacity of 

62 GW, planned generation capacity (2015-19) of 

23.6 GW and a peak demand of 55 GW. Primarily, 

the SAPP uses the cheapest source of power 

generation in the region to meet demand. 

An assessment done by IRENA on the SAPP 

concluded that by 2030 the share of renewable 

energy can increase from 10% to 46%. This would 

mean that around 80% of the new capacity addition 

from 2010 to 2030 would be related to renewable 

energy technologies. The financial investment 

required in enhancing the interconnections would 

be minimal (only 0.2% of total investment required) 

compared to the resulting benefits of international 

power trade. One of the largest clean energy 

power generation projects in the region is the 

Grand Inga project in the Democratic Republic of 

the Congo. This 40 000 MW hydropower project 

can be economically viable only if the inter-country 

transmission capacity is enhanced. 

Western Energy Imbalance4 Market (EIM), US

In November 2014 CAISO and PacifiCorp 

launched the western Energy Imbalance Market 

(EIM) (PacifiCorp, 2018). Currently the EIM has 

eight active members5, and four new members6 

are to join by 2020. The western EIM was aimed at 

balancing the power demand for every five minutes 

with the lowest-cost energy available across the 

combined grid. It leverages the flexible back-up 

resources and the demand across the combined 

grid. Apart from reducing the cost of power7, the 

western EIM also improves the grid integration of 

renewable energy (EIM, 2018). The EIM has helped 

to avoid the curtailment of 715 405 GWh since its 

inception (up to the first two quarters of 2018), 

avoiding 306 112 tonnes of carbon dioxide-

equivalent emissions (CAISO, 2018c).

XBID Project in Europe

The transmission system operators of 11 countries, 

along with the power exchanges EPEX SPOT, GME, 

Nord Pool and OMIE, started a joint initiative – 

single intraday coupling (known under its 

commercial name as the XBID project) – 

within the framework of European Commission 

Regulation 2015/1222 of 24 July 2015 establishing 

a guideline on capacity allocation and congestion 

management (CACM Guideline). The XBID project 

is aimed at creating a joint, integrated intraday 

cross-border market. The project went live in June 

2018 with 14 countries8. It is expected to increase 

liquidity in the intraday markets, especially for 

newly joined markets, as bids / orders that were 

not met in local markets can now be matched with 

the larger integrated market. 

This project also is expected to increase market 

efficiency since the capacity allocation and energy 

matching process are being done at the same 

time implicitly. The increased market liquidity and 

efficiency are expected to better facilitate the 

market integration of renewable energy with the 

grid. Also, since more resources are available in the 

integrated market, the need for power reserves 

is expected to decrease, leading to a decreased 

cost of power (Nord Pool, 2018). The remaining 

countries in the EU and in Southeast Europe are 

expected to join in the coming years.

3  Angola, Botswana, the Democratic Republic of the Congo, Eswatini, Lesotho, Malawi, Mozambique, Namibia, South Africa, 
United Republic of Tanzania, Zambia and Zimbabwe.

4 The “imbalance market” in the US is called the “balanced market” elsewhere.

5 Idaho Power Company, Powerex, Portland General Electric, Puget Sound, Arizona Public Service, NV Energy, PacifiCorp and CAISO.

6 Balancing Authority of Northern California / SMUD, Los Angeles Department of Power & Water, Salt River Project, Seattle City Light.

7 The western EIM has helped save USD 401 million in power costs from its inception to the second quarter of 2018 (CAISO, 2018c).

8  Austria, Belgium, Denmark, Estonia, Finland, France, Germany, Latvia, Lithuania, Norway, the Netherlands, Portugal, Spain and Sweden.
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SUMMARY TABLE:  BENEFITS AND COSTS OF INTERCONNECTIONS AND REGIONAL  

MARKETS AS FLEXIBILITY PROVIDERS

Interconnections and regional  
markets as flexibility providers

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed
from seconds to days (with a big enough region,  

regional markets can deliver flexibility over longer time frames)

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

to partially 

integrate 

markets

to fully 

integrate 

markets

Required changes in the role of actors 

Other challenges

• Political and regulatory challenges 

• Regional mindset and trust, strong institutional  
arrangements and governance model

if interconnections are not in place

co-ordination between 

transmission system 

operators and market 

players in different markets – 

for fully integrated markets

co-ordination between 

transmission system  

operators and market  

players in different markets  

– for partially integrated markets
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As an enabling infrastructure, a supergrid is a 

large transmission network that makes it possible 

to trade high volumes of electricity across great 

distances. Supergrids are high-voltage direct 

current (HVDC) power lines (greater than or equal 

to 500 kV) or ultra-high-voltage direct current 

(UHV DC) power lines (greater than or equal to 

800 kV). DC technology is preferred for developing 

supergrids because the transmission of power over 

large distances using AC technology is challenging, 

as AC systems require reactive power support and 

also have 30% to 40% higher line losses than DC 

technology (Siemens, 2018). Supergrid networks 

are typically built independent of the conventional 

AC grid and can interact with the existing AC grid 

at a few or multiple nodes. 

Resource-rich areas, such as geographies with high 

irradiation and / or wind speed, may not necessarily 

be in close proximity to major demand centres 

such as cities or industrial hubs. Supergrids are one 

of the solutions being explored for transporting 

large volumes of electricity over long distances, 

from resource-rich locations to demand centres. 

For instance, wind energy potential is much higher 

at offshore sites than at onshore sites (Cuffari, 

2018). Geographies with high solar irradiation such 

as those in the African desert may be optimal for 

deploying solar PV generation, but may not have a 

high local energy demand. 

AC grids prevail because DC lines so far can be 

used only for point-to-point transmission and 

do not easily form the integrated grid networks 

that exist today. Research and development by 

equipment manufacturers has been intense over 

the past few years for DC breakers, and products 

have become available that would make a meshed 

DC grid feasible. The EU-Project PROMOTioN 

seeks to address challenges to the development 

of meshed HVDC offshore transmission grids 

(PROMOTioN, 2018). 

The longer the distance and the higher the 

power to be transmitted, the more HVDC can be 

economically beneficial. DC grids are potentially 

more efficient at connecting sources of renewable 

energy with demand areas located at great 

distance, making it possible to average out local 

variations in wind and solar power while bringing 

power to areas without much sunshine or wind. 

7

6

10

21

Enabling technologies

• Supergrids

• Internet of things

• Artificial intelligence and big data

Market design

• Regional markets
Matching renewable
energy generation

and demand over large 
distances with supergrids

Figure 24  Synergies between innovations for matching renewable energy generation 

and demand using supergrids

SOLUTION IV

Matching renewable power generation and demand 

over large distances with supergrids
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sSolar power from the Sahara could power cloudy 

Germany, and wind power from all over Europe 

could keep the lights on at night. This would enable 

the integration of renewable power on a bulk scale. 

(Key innovation: Supergrids)

The Internet of Things, artificial intelligence and 

big data can support the operation of such grids. 

(Key innovations: Internet of Things; Artificial 

intelligence and big data)

Regarding market design, because supergrids 

usually enable the trading of electricity between 

different power systems, the harmonisation of 

trading rules and the creation of some type of 

regional market is needed. (Key innovation: 

Regional markets) 

Impact on renewable energy integration:

• 576 MW of offshore clean energy integrated in the German power system through an HVDC line.

As a part of the German Energiewende, the HVDC HelWin1 was built to integrate offshore wind power with the 

German grid. It is a 130-kilometre-long, 250 kV HVDC transmission line owned and operated by TenneT to transmit 

power from Nordsee Ost and Meerwind Süd / Ost wind parks. It can transmit up to 576 MW of clean energy to more 

than 700 000 consumers (Offshorewind.biz, 2015).

• Increased use of renewable energy and greater system reliability by connecting the UK and Denmark.

Viking Link is a proposed offshore and onshore 1 400 MW HVDC link between the UK and Denmark, including 

submarine and underground cables. The 770-kilometre-long transmission line is expected to enable effective use 

of renewable energy and increase security of energy supply for both countries. Denmark is aiming for half of the 

electricity it uses to come from wind power by 2020 (Viking Link, 2018). 

Being able to balance wind production and demand across countries and closer integration between electricity 

systems are vital for the efficient transition towards a green energy future. The project is expected to be operational 

by 2022 (Viking Link, 2018).

576 MW
OFFSHORE WIND INTEGRATED 
in the power system with HVDC line

770 KM
HVDC connection line to balance wind 
production and demand between UK 
and DK

 

UK DK
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IMPLEMENTED SOLUTION 

North Sea Wind Power Hub consortium 

The North Sea Wind Power Hub is a proposed 

energy island complex to be built in the middle of 

the North Sea as part of a European system for 

sustainable electricity. The deployment estimates 

range from 70 GW to 150 GW of offshore wind in 

the North Sea in 2040 (NSWPH, 2018). A Power 

Link Island will be able to accommodate a large 

number of links to wind turbines and / or offshore 

wind farms and facilitate the distribution and 

transmission of wind-generated electricity via DC 

connections to the North Sea countries (the 

Netherlands, Belgium, the UK, Norway, Germany 

and Denmark). These connections – so-called 

Wind Connectors – will not only transmit wind 

power from the wind farms to the hub / island, but 

simultaneously serve as interconnectors between 

the energy markets of these countries, enabling 

them to trade electricity across their borders 

(TenneT, 2017a).

A consortium of transmission system operators is 

responsible for the initiative: TenneT Netherlands, 

TenneT Germany and Energinet from Denmark. 

In September 2017 the Dutch gas transmission 

system operator Gasunie joined the initiative with 

its interest in the power-to-hydrogen economy: 

wind power also can be converted to sustainable 

hydrogen for large-scale transport to shore or for 

storage or buffering purposes (TenneT, 2017a). 

Raigarh-Pugalur 800 kV UHV DC project in India

The Powergrid Corporation of India Limited 

(PGCIL), a transmission network operator in India, 

has teamed up with ABB to build an 800 kV UHV 

DC network from Raipur in central India to Pugalur 

in southern India. Once constructed, this 

transmission line will be among the world’s longest, 

at 1 830 kilometres. Serving about 80 million 

people, the project will transmit wind power from 

southern India to the demand centres in the north 

during periods of excess wind generation, and will 

transmit thermal power from the north to the 

south when wind generation is low (ABB, 2017).

SUMMARY TABLE:  BENEFITS AND COSTS OF MATCHING RENEWABLE ENERGY GENERATION  

AND DEMAND OVER LARGE DISTANCES WITH SUPERGRIDS 

Matching renewable energy generation 
and demand over large distances  
with supergrids

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed
from seconds to weeks  

(not as exclusive solution but as a valuable contribution)

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges
• International, political needed,  

regarding ownership, rights, revenue allocation, etc.

agreed regulatory frameworks between  

the connected regions

cost of the supergrid



INNOVATIONS CRE ATING SOLUTIONS FOR A RENE WABLE- POWERED FUTURE 

87

Increased deployment of VRE may result in 

network congestions at both the distribution and 

the transmission level. In terms of market design, 

zonal or nodal prices would help reflect the 

network constraints and provide better operational 

and investment signals. (Key innovation: Increasing 

space granularity in electricity markets)

Interconnections and grid reinforcements are 

key enablers for integrating a high share of VRE 

generation. However, these may require substantial 

investments, and most of the time the entire grid 

capacity might not be fully used. Therefore, 

innovative solutions emerge from system 

operation to increase VRE integration while 

deferring grid investments:

One solution involves using enabling technologies 

such as 1) utility-scale battery storage or 2) power-

to-hydrogen or power-to-heat solutions. Operating 

these technologies in a certain way can make them 

serve as virtual power lines.

Another solution involves 3) dynamic line rating, 

which implies allowing higher “dynamic” current, 

meaning allowing more VRE through the grid 

when actual atmospheric conditions offer better 

cooling (e.g., cables and lines can be utilised to 

maximum capacity without risk of overheating). 

The meteorological variables that influence the 

thermal state of the conductor are: the speed 

and direction of wind, the ambient and the solar 

radiation. 

Solution 1: Utility-scale battery storage systems

Utility-scale storage systems can be deployed at 

different points in the distribution and transmission 

network to store excess power during non-peak 

hours. These systems can then be discharged to 

meet load requirements in the local area during 

peak hours, without the need for transporting 

electricity through congested grid lines. This 

reduces network congestion and forms virtual 

power lines. In this case, instead of being merchant 

assets, batteries are network assets owned by the 

grid operator and used exclusively for managing 

the grid. For instance, Terna, a transmission system 

operator in Italy, has planned a pilot battery 

storage project of 35 MW on part of its 150 kV grid 

in southern Italy, for grid congestion management 

(Terna, n.d.). RTE, the French transmission system 

operator, is carrying out a similar project called 

Ringo. (Key innovations: Virtual power lines; 

Utility-scale batteries)

6

5

4

1

7

18

29

30

Enabling technologies

• Utility-scale batteries

• Renewable power-to-heat 

• Renewable power-to-hydrogen 

• Internet of things

• Artificial intelligence and big data

Market design

• Increasing space granularity 
 in electricity markets

System operation

• Virtual power lines

• Dynamic line rating

Large-scale storage and
new grid operation 

to defer investments in 
transmission and distribution

grid reinforcement

Figure 25 Synergies between innovations for investments in transmission grid reinforcement

SOLUTION V

Large-scale storage and new grid operation to defer 

grid reinforcements investments 
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Solution 2: Power-to-hydrogen or power-to-heat

Some of the best wind resources are located 

in offshore or rural areas. Wind energy can be 

converted into hydrogen, which can be liquefied 

and transported to regions with energy deficits 

or demand centres. This facilitates wind power 

development without requiring large investments 

in new transmission capacity, although the costs 

and energy losses of electrolysers are still very 

high. Similarly, the renewable power can be 

converted to heat in order de-congestion the grid 

and avoid investments in network infrastructure. 

(Key innovations: Virtual power lines; Renewable 

power-to-hydrogen; Renewable Power-to-heat)

Solution 3: Dynamic line rating 

Power lines can carry only a specific amount of 

current at any given temperature. If more current 

is allowed through, this can lead to overheating of 

the cables. The amount of electric current that a 

transmission or distribution line can safely carry 

without overheating is often expressed in terms 

of static ratings, which system operators use to 

calculate the line capacity. However, these static 

ratings ignore the effect of cooling of power lines 

by weather conditions (the speed and direction 

of wind, the ambient and the solar radiation), 

especially in windy areas where wind energy 

plants are also installed. In such areas where lines 

are co-located with wind energy plants, weather 

monitoring equipment can be used to estimate the 

power line temperature and the resultant increase 

in current-carrying capacity. (Key innovation: 

Dynamic line rating)

Impact on renewable energy integration:

• In the UK, E.ON Central Networks has applied dynamic line rating systems, and estimates increased integration 

of wind energy into the grid by 30% (Fernandez et al., 2016). 

• The TWENTIES project – involving various stakeholders such as European transmission system operators, 

generation companies, power technology and wind equipment manufacturers, etc. – concluded that dynamic 

line rating forecasts lead to an average increase in transmission capacity of 10% to 15% (Alen Pavlinić, 2017).

Impact on operational costs:

• A study by Durham University, ScottishPower Energy Networks, Imass, PB Power and AREVA T&D concluded that 

the adoption of dynamic line rating can provide a 67% gain in energy transfer capacity at 62% of the re-tensioning 

cost (Roberts et al., 2008).

67 %
GAIN in energy 
transfer capacity

INCREASED 
INTEGRATION of 
wind energy with 
dynamic line rating

30 %
10-15 %
ADDITIONAL 
transmission 
capacity available 
with dynamic line 
rating
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IMPLEMENTED SOLUTION

Solution 1: RINGO Project – virtual power line 

in France

The virtual power line designed by the French 

utility RTE, called the Ringo Project, will come into 

service in 2020 for a test period of three years. The 

project will use energy storage systems to relieve 

congestion instead of constructing extra power 

lines. The concept relies on artificial intelligence 

solutions to aid the dispatching process and to 

optimise the management of the electricity current 

in the grid. 

Because the grid operator cannot disrupt the 

market by injecting electricity into the grid, a 

simultaneous battery storage and retrieval system 

has been designed to operate at three locations 

in the network. These battery storage systems will 

be placed where the lines are congested and will 

absorb large amounts of VRE resources. The battery 

capacity at each site will be 12 MW / 24 MWh.

The project envisions that from 2020 to 2023 the 

batteries will be operated solely by RTE as virtual 

power lines. Starting in 2023 they will be open for 

use by third parties for potentially multiple uses 

such as frequency regulation, demand and supply 

adjustment, congestion resolution and energy 

arbitrage, among others.

Solution 2: Surf ‘n’ Turf Initiative – Orkney, UK

The Surf ‘n’ Turf initiative uses the power 

generated from the tidal and wind energy 

produced at the island of Eday, Orkney. Eday is 

home to 150 people who collectively own a 900 kW 

wind turbine that was vulnerable to curtailment for 

various reasons, including lack of network 

infrastructure. Now the Surf ‘n’ Turf initiative 

converts excess wind and tidal energy to produce 

hydrogen via a 500 kW electrolyser in Eday. In 

Kirkwall (Orkney’s capital) systems are being 

developed to make use of the hydrogen produced, 

which is transported from Eday via ships (Surf ‘n’ 

Turf Initiative, 2018). The hydrogen can be used 

either during emergencies in industries and 

households, or during lean seasons when 

renewable energy generation is low. Figure 26 

shows the schematic structure of the initiative.

Later, another 1 MW electrolyser was added in 

the island of Shapinsay, which also transported 

hydrogen to Kirkwall. Based on this, the BIG HIT 

project is being initiated which is expected to 

demonstrate that the Orkney Islands of Scotland 

have a replicable model and that hydrogen can be 

used as a flexible local medium for energy storage. 

Hydrogen is used for multiple purposes that 

include producing auxiliary power, heat for ferries 

in the Kirkwall harbour, fuelling a fleet of hydrogen 

range-extended light vehicles and heating of 

buildings in the Kirkwall area (BIG HIT, 2018).

O2

O2

H2

H2 H2

Excess
Renewable
Energy

Wind energy

Tidal energy
O2 - Atmosphere

(Bi-product)

Excess H2

H2 Storage

Electrolyser

H2 to Gas Grid

H2 Fuel Cells

Hydrogen to industry

Hydrogen for fuel

Hydrogen to buildings

Electric cars

Electric grid

Figure 26 Illustrative structure of the Surf ‘n’ Turf initiative 
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Solution 3: Terna’s pilot applications of dynamic 

line rating

The Italian transmission system operator Terna is 

conducting pilot applications of dynamic line 

rating systems on four of its transmission lines: 

Spezia-Vignole (380 kV), Bargi-Calenzano 

(380 kV), Misterbianco-Melilli (220 kV) and 

Benevento2-Foiano (150 kV). The project involves 

deploying two sets of dynamic line rating 

equipment on the transmission line itself and 

deploying dynamic line rating equipment on the 

two end-point substations. It also utilises the 

weather forecast data taken from the Epson Meteo 

Centre to estimate the dynamic line rating value. 

This has allowed greater capacity of transmission 

lines during favourable weather conditions, 

enabling increased integration of wind generation 

from nearby wind farms (Carlini et al., 2013).

Solution 3: Dynamic line rating system in US

Oncor Electric Delivery Company, a transmission 

and distribution utility operating in Texas, 

implemented a dynamic line rating system in a 

project funded under the US Department of 

Energy’s Smart Grid Demonstration Program. The 

dynamic line rating system monitored the real-time 

capacity of eight transmission lines that were being 

used for daily operations and wholesale market 

transactions. Oncor observed that the real-time 

transmission line capacities were above ambient-

adjusted ratings by 8% to 12% for 132 kV transmission 

lines, and by 6% to 14% for 345 kV lines for about 

84% to 91% of the time. Oncor now plans to deploy 

additional dynamic line rating systems in West 

Texas for congestion relief (US DOE, 2014). 

E.ON Central Networks has proposed calculating 

the rating of the Skegness-Boston line dynamically 

in its control system (ENMAC) from local weather 

measurements to co-ordinate allowed generation 

automatically. This takes into account the cooling 

effect of the wind. This enhancement through 

dynamic line rating should facilitate the connection 

of around 30% more generation as compared to 

fixed winter / summer ratings (Yip et al., 2009). 
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SUMMARY TABLE:  BENEFITS AND COSTS OF AVOIDING INVESTMENTS IN TRANSMISSION  

AND DISTRIBUTION GRID REINFORCEMENT 

AVOIDING GRID REINFORCEMENT USING STORAGE TECHNOLOGY

Avoiding grid reinforcement  
using storage technology

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

COST and COMPLEXITY

Technology and infrastructure costs

for power-to- 

heat solutions

for utility- 

scale batteries

for power-to- 

hydrogen 

solution

Required changes in the regulation framework

Required changes in the role of actors 

Clear regulation established for the 

technologies used as network assets  

as opposed to market assets

New tasks for transmission and 

distribution system operators

AVOIDING GRID REINFORCEMENT WITH INNOVATIVE OPERATION OF EXISTING POWER LINES

Avoiding grid reinforcements  
with innovative operation  
of existing power lines

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Note:  This cost-benefit comparison is confined within system boundaries and focuses on the power sector alone. Wider benefits, which 
are excluded from this comparison, can be significantly higher than costs. 

Potential cost of the control system
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3.3 DEMAND-SIDE FLEXIBILITY SOLUTIONS 

An emerging, powerful approach to increase 

system flexibility is to unlock demand-side 

flexibility through the better management of load 

and distributed energy resources: 

• If distributed energy resources are provided 

with better visibility to network and system 

operators, they can help balance the grid and 

provide ancillary services (spinning reserve, 

fast frequency response for stability and security, 

and reactive power for voltage support). Apart 

from the deployment of distributed energy 

resources, this solution requires a change 

in the regulatory framework, to allow these 

resources to provide such services Given that 

the deployment of distributed energy resource 

technologies is already happening, using these 

technologies to maximise their benefits for the 

system is vital. This can have a great impact on 

the flexibility of the system at relatively limited 

cost (ICTs for aggregators, etc.). 

• The current advancements in metering, 

communication and control infrastructure 

make possible the development of demand-

side management programmes, targeting 

different types of customers through 

appropriate incentives. Automation processes, 

enabled by using smart appliances (converting 

houses into smart homes), can increase the 

consumer’s responsiveness to price signals. 

Managing these large amounts of data with 

artificial intelligence can further improve 

the effectiveness of the demand response, 

increasing the predictability and reliability of 

the system. 

• Emerging mini-grid solutions (not only 

providing energy access in remote areas but 

also connected to the main grid) also operate 

independently and provide grid flexibility 

when connected to the main grid. Peer-to-peer 

electricity solutions are emerging inside the 

mini-grids, providing consumers and prosumers 

with a marketplace to trade electricity without 

the need for a retailer. Blockchain technology 

has the potential to be a game changer in this 

peer-to-peer trading, replacing the middleman. 

• Using distributed energy resources for 

providing power to avoid distribution or 

transmission network congestion and to 

minimise network reinforcement needs 

is another way of integrating distributed 

generation into the grid. Using these resources 

smartly in the local grid can increase flexibility 

and accommodate a higher VRE share. 
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Enabling technologies

• Behind-the-meter batteries

• Electric-vehicle smart charging

• Renewable power-to-heat (residential)

• Internet of things

• Artificial intelligence and big data

• Blockchain 

Business models

• Aggregators 

Market design

• Market integration of distributed 
 energy resources

• Innovative ancillary services

System operation

• Co-operation between transmission 
 and distribution system operators 

Distributed 
energy resources 
providing services

to the grid

Figure 27 Synergies between innovations that permit grid services based on distributed energy resources

SOLUTION VI

Aggregating distributed energy resources for grid services

Distributed energy resources consist of various 

resource types and technologies that may be 

located at low- to medium-voltage networks, 

including distributed generation plants such as 

rooftop solar PV, and other enabling technologies 

such as behind-the-meter batteries, EVs, residential 

heat pumps and demand response, among others. 

(Key innovations: Behind-the-meter batteries; 

Electric-vehicle smart charging; Renewable power-

to-heat) In most of the systems, these resources 

are operated based on a “plug-and-forget” 

approach. With further deployment, this approach 

can harm the system. 

Regarding market design, an emerging, powerful 

solution to increase grid flexibility is the better 

management of distributed energy resources to 

respond to the system’s overall condition. A key 

innovation to achieve this is to enable these 

resources to participate in the wholesale market, 

the ancillary service market and the capacity 

market (if established) and be exposed to market 

price signals. This can be done either via 

aggregators or by decreasing the capacity limit in 

such markets. Distributed energy resources should 

be allowed to participate in the day-ahead and the 

intraday energy markets, in the same way that 

supply-side generators bid in these markets. 

Some wholesale market operators in the US 

have experienced success with this approach. 

For example, PJM, the largest market operator 

in the country, has successfully enabled demand 

response in order to bid into its ancillary service 

markets to provide regulation services. ERCOT 

gets only half of its spinning reserves from 

demand response. In December 2017 the NYISO 

released a concept proposal for market design 

that would enable the participation of distributed 

energy resources in the wholesale as well as the 

ancillary service markets. As per this proposal, 

distributed energy resources will be treated in the 

same way as other market resources. They will be 

able to participate in capacity reserve markets, 

regulation service markets, etc., either directly or 

via the aggregators of the small-scale distributed 

energy resources (<100 kW) (NYISO, 2017). (Key 

innovations: Market integration of distributed 

energy resources; Innovative ancillary services)
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Allowing distributed energy resources to 

participate in wholesale markets would turn 

consumers into active participants, with incentives 

to act to the benefit of the entire system and 

facilitating the integration of these renewable 

energy generators into the system. To allow this 

interaction, innovations in system operation are 

needed: distribution companies may act as market 

facilitators by technically validating the offers 

submitted by the distributed energy resource to 

the upstream markets, and ensuring that no 

distribution constraints are violated. 

This role would be similar to what a system operator 

does today with the wholesale market results. 

Close co-operation and co-ordination between 

transmission and distribution system operators 

in the electricity system becomes key for taking 

advantage of the increasing flexibility options 

available in a decentralised system. As electricity 

flows are changing significantly, and as more and 

more balancing reserve capacity is located at the 

distribution level, the distribution system operator 

needs to co-operate with the transmission system 

operator responsible for balancing the entire 

system. (Key innovations: Co-operation between 

transmission and distribution system operators)

The amount of voltage or frequency support 

provided individually by different resources can be 

small. Business models that enable the aggregation 

of these resources can effectively make them 

behave like a single, large, predictable source by 

co-ordinating the behaviour of a large number of 

distributed devices, using ICT devices (the concept 

of virtual power plants, or VPPs). A VPP is basically 

a system that relies on software and a smart grid 

to remotely and automatically dispatch and 

optimise the distributed energy resources. In 

orchestrating distributed generation, solar PV, 

storage systems, controllable and flexible loads, 

and other distributed energy resources, VPPs can 

provide fast-ramping ancillary services, replacing 

fossil fuel-based reserves. PJM in the US shows 

that 80% of the distributed energy resource 

capacity comes through VPPs. (Key innovation: 

Aggregators)

Digital enabling technologies enable distribution 

automation that is needed to manage the 

unintended consequences of decentralised assets, 

such as reverse power flows. However, this may 

not be enough. Direct control over distributed 

energy resources, through VPPs, will better enable 

grid operators to balance intermittency and power 

flows. Digital systems will support this process by 

improving the monitoring of end-devices and the 

data integration among utility systems. Distribution 

automation and digital systems are already being 

introduced to the grid, with distributed energy 

resource management systems (DERMS) and 

VPPs close behind. 

For example all Nordic countries are moving 

towards the implementation of data hubs for 

electricity meter data and market processes. 

Governments and regulators in Denmark, Finland, 

Norway and Sweden have given transmission 

system operators the responsibility of introducing 

a data hub for each of the electricity retail markets. 

The Danish data hub is fully implemented and 

handles all communication between suppliers and 

the distribution system operators. The Norwegian 

data were scheduled to go live in February 2019. 

According to the respective national transmission 

system operators, the Finnish data hub will go live 

in spring 2021 and the Swedish data hub in the 

beginning of 2021 (NordREG, 2018). 

The data hubs will connect all of the smart meters 

on the distribution network, making it possible 

to extract information on what is going on in the 

network. This will reduce the cost of billing and, 

more importantly, make it possible to use the 

information to run the system more efficiently. 

Aggregators will use this information and create 

services that can serve both the customers and the 

grid, extracting more flexibility from consumers. 

This would digitalise demand in such a way that 

it would be manageable through markets and 

aggregators.

Machine learning is still in the experimental stages. 

Blockchain technology can aid in making the 

process more efficient. (Key innovations: Internet 

of Things; Artificial intelligence and big data; 

Blockchain)
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Impact on demand:

• 20% of daily power demand can be met and 30% savings on energy bills can be achieved by aggregators in 

South Australia. 

The South Australian government and Tesla are developing a network of 50 000 home solar PV connected into a 

aggregator. The VPP is expected to meet around 20% of South Australia’s average daily power demand (250 MW). 

Additionally, the new power plant is expected to lower energy bills for participating households by around 30%, 

and it will benefit all South Australians with lower energy prices and increased energy stability (Government of 

Australia, 2018).

• A field trial conducted with PowerMatcher Suite in the Netherlands showed that peak demand can be reduced 

by 30% to 35% by managing heat systems (micro CHP and heat pumps) (TNO, 2016).

Impact on ancillary service procurement:

• 57% reduction in ancillary service procurement in Eastern Australia by allowing the participation of batteries 

and demand response. 

In Eastern Australia’s National Electricity Market (NEM), demand response is playing an increasingly important role 

in facilitating the renewable energy transition: approximately 180 MW of new demand-response resources have 

entered the ancillary service markets in the first half of 2018. NEM allowed independent distributed energy resource 

aggregators to bid into the NEM’s Frequency Control Ancillary Services (FCAS) markets for the first time beginning 

in July 2017. The entry of the new utility-scale battery (known as the Hornsdale Power Reserve) and distributed 

energy resources into the markets were the major drivers behind a 57% reduction in FCAS costs between the fourth 

quarter of 2017 and the first quarter of 2018 (Grover, 2018).

• 50% of spinning reserves are coming from demand response in the US ERCOT system, and 10% of resource 

adequacy needs are covered by demand response in the PJM system. 

PJM has successfully enabled demand response to bid into its ancillary service market to provide regulation services. 

Also, PJM meets approximately 10% of its total resource adequacy needs from demand response. ERCOT gets half 

of its spinning reserves from demand response. 

Impact on energy costs for consumers:

• Reduction of USD 3/MWh in the wholesale price for each additional 50 MW of capacity brought into the 

system with the VPP. 

In South Australia the wholesale price is estimated to drop by around USD 3/MWh for all customers with each 

additional 50 MW of capacity that is brought onto the system via the VPP. The Australian VPP Tesla proposal could 

reduce the wholesale price by around USD 8/MWh, or around USD 90 million per year across all South Australian 

customers, which means 30% of the total energy bill (Frontier Economics, 2018). 

Deferred investments in generating capacity:

• The US Energy Information Administration estimated the cost of a new coal power plant at between USD 2 934 

and USD 6 599 per kW depending on the technology used, and the cost of setting up a gas-fired plant at 

between USD 676 and USD 2 095 per kW. VPPs can provide financial benefits to asset owners of distributed 

energy resources by maintaining demand and supply balance at a cost of around USD 80 per kW (Enbala, n.d.). 

20 %
DAILY POWER
demand met 
by aggregators 

30 %
LOWER ENERGY BILLS 
being connected 
to a aggregator 

57 %
REDUCTION in 
ancillary service 
COSTS with 
batteries and 
demand response

USD 3/MWh

PRICE REDUCTION 
for each 50 MW 
VPP into the 
system

USD/MWhMW

50 % 35 %
SPINNING 
RESERVES coming 
from demand 
response

REDUCTION IN PEAK 
DEMAND by managing 
residential heat 
systems
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IMPLEMENTED SOLUTION 

The VPP Next Kraftwerke, providing grid 

services to Elia (Belgium) 

Belgium has involved demand-response 

solutions in its daily electricity market operations 

in a practical manner. The electricity transmission 

system operator Elia accepts distributed energy 

resource capacity to compensate for the 

mismatches between production and peak power 

demand, in which industrial customers are given 

primary importance. Transmission and distribution 

system operators have collaborated to develop a 

centrally shared IT platform, which enables the 

sharing of all of the data related to procuring 

distributed energy resources for flexibility. Through 

this data hub, all users and generators connected 

to the distribution / transmission grid can provide 

flexibility services to the system operators on a 

daily basis (Elia, 2018). 

Distributed energy resource aggregator 

companies, such as REstore and Next Pool, provide 

the required capacities to Elia. This is done under 

stress conditions, in which hundreds of megawatts 

have already been contracted, in order to add 

lexibility to Belgian system operations. REstore 

aggregates flexible industrial capacities – 1.7 GW 

in total – and constantly monitors the grid load. 

At peak demand moments, companies in REstore’s 

portfolio help to maintain grid balance by load 

shifting. 

Through digitalisation, Next Kraftwerke is 

aggregating 5 000 energy-producing and energy-

consuming units in the VPP Next Pool. With a total 

capacity of over 4 100 MW (not only in Belgium) 

the VPP trades the aggregated power on different 

energy spot markets. The VPP contributes 

substantially to stabilising the grid by smartly 

distributing the power generated and consumed 

by the individual units in times of peak load. 

Transmission system operators, such as Elia, use 

control reserve to balance the electricity system. 

Secondary reserves need to be fully activated 

within 7.5 minutes and are the most important 

balancing product for Elia. To test whether the 

aggregators can provide secondary reserves in 

a comparable quality as the current units, a pilot 

project was conducted in 2017 in which Next 

Kraftwerke and the other participants proved 

that VPPs are able to fulfill technical requirements 

(Trilations, n.d.).

In April 2018 Elia launched its first blockchain pilot 

project, exploring the opportunities offered by 

blockchain technology as a payment system to 

address the business side of such complex, rapid 

transactions. This would facilitate remunerating 

the distributed energy resources for the services 

provided. If the pilot project proves successful 

it will constitute a major step forward towards 

establishing a Belgian electricity grid that offers 

a wide variety of decentralised and sustainable 

energy sources. This is merely an example of how 

digitisation can drastically change the energy 

sector in the coming years / decade. 

Sonnen Baterie provides grid services in 

Germany

The sonnenCommunity is an aggregator in 

Germany consisting of about 10 000 customers 

with battery storage, solar PV generation, or both. 

Launched in 2015 the sonnenCommunity was used 

mostly for peer-to-peer trading within the VPP; 

however, in summer 2017 the VPP became available 

to the power grid to provide frequency regulation. 

Compared to other alternatives, such as pumped 

hydro storage, this distributed “virtual” storage 

resource can react very quickly (sub-second), 

making it a great provider of primary frequency 

services. 

A small part of this storage is made available to 

the German power grid. This would therefore help 

reduce wind curtailment, by charging the storage 

batteries when there is oversupply. This reduces 

both variability in renewable generation and 

expensive grid expansion requirements. By being 

paid for these benefits via the frequency response 

market, the sonnenCommunity provides battery 

owners with “free” electricity in return. Since the 

battery is needed only sporadically, for a few 

minutes a week, the availability, performance and 

life span of the battery are practically unaffected.

In May 2017 Sonnen partnered with the German 

grid operator TenneT to launch the pilot project 

Sonnen eServices. This project integrated batteries 
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into the power system via a blockchain solution 

(developed by IBM). Re-dispatch measures are 

necessary in Germany, where the wind energy 

produced in the north cannot be transported to 

the industrial centres in the south of the country. 

In this pilot project, a network of residential solar 

batteries will be made available to help reduce 

the limitations imposed on wind energy at times 

of insufficient transport capacity. In 2016 the 

measures to manage grid congestion cost Germany 

around EUR 800 million, a large part of which was 

for wind curtailment (Grey Cells Energy, 2018).

The blockchain presents the operator from TenneT 

with a view of the available pool of flexibility, 

ready to be activated with the push of a button. 

After this, the blockchain records the batteries’ 

contribution. Blockchain technology could be 

a crucial enabler in documenting, verifying and 

securing transactions within a future power system 

composed of millions of small, decentralised power 

sources, including both prosumers and consumers. 

The platform is designed to ensure the verifiability 

and transparency of the transactions made by the 

small-scale batteries. It simplifies the way that 

suppliers of locally distributed flexible energy can 

provide services to support power grid operators 

in the future. It also is being tested to ensure that 

it can fulfil TenneT’s requirements for data security, 

restricted access and privacy (TenneT, 2017b).

Tesla’s VPP contributes to renewable energy 

integration and system stability in South 

Australia 

Tesla proposed the development of a 250 MW 

VPP – the world’s largest built – to contribute to 

stabilising the Australian state’s electricity 

infrastructure and to improve the security and 

reliability of the grid in an area where nearly half 

the electricity comes from wind farms. The 

initiative will start with a trial in 1 100 public housing 

homes. 

The technology involves four key components:

• Smart meters installed in every participating 

household to assist in controlling the rooftop 

solar and battery, and to measure the power 

flows;

• A network of rooftop solar PV systems installed 

on public housing (5 kW solar panel system);

• Battery storage installed on public housing in 

South Australia (5 kW / 13.5 kWh Powerwall 2 

Tesla battery); and

• A computer system to control the storage, 

use and transfer of renewable and battery-

stored power between houses and the grid, 

to maximise the value for customers while 

delivering services to the grid when needed. 

The business model is also one of the innovations. 

The panels and batteries will not carry any upfront 

charge for the participating households. Instead, 

it will be funded by selling electricity and with 

government funds. Officials will provide an AUD 2 

million (USD 1.6 million) grant, as well as an AUD 

30 million (USD 23.8 million) loan from the state’s 

Renewable Technology Funds. 

The impact of such a solution would be considerable 

in terms of renewable energy integration, with 

approximately 130 MW of added rooftop solar 

PV generation capacity and 130 MW / 330 GWh 

of distributed, dispatchable battery storage. This 

approximately doubles if the roll-out is extended 

to a similar number of private customers. 

In terms of the flexibility added to the system, 

the participation of 50 000 households in the 

programme would add 250 MW of peak capacity 
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to the system or, alternatively, reduce the demand 

on the central grid by 250 MW, freeing the capacity 

to be supplied to other customers. 

In terms of cost reduction, the wholesale price 

in South Australia is estimated to drop by 

about USD 3/MWh for all customers, with each 

additional 50 MW of capacity brought into the 

system that would not otherwise be operating. 

This suggests that if only the public housing 

customers participated in the arrangement, the 

Tesla proposal could reduce the wholesale price 

by around AUD 8/MWh, or about AUD 90 million 

per year, across all South Australian customers. 

The savings would be approximately double if the 

project could achieve its full scale of production 

of 250 MW. Moreover, the government also has 

provided estimates showing that it could lower the 

power bills of those who sign up by 30%.

The additional, distributed, dispatchable battery 

storage – to be aggregated and managed in a VPP 

– will improve security and system stability. For 

example, based on the first full month of trading in 

December 2018, the Tesla 100 MW battery resulted 

in about a 75% reduction in the costs being paid by 

customers for frequency control services. The VPP 

results could be similar (Frontier Economics, 2018).

SUMMARY TABLE:  BENEFITS AND COSTS FOR AGGREGATING DISTRIBUTED ENERGY 

RESOURCES FOR GRID SERVICES

Distributed energy resources  
providing services to the grid 

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from seconds to hours

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges
• Close co-ordination among diferent stakeholders,  

including prosumers

ICT platform, provided that the distributed 

energy resources and smart meters are in place

active consumers, distribution  

and transmission system operators,  

new players, such as aggregators
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Thanks to enabling technologies, automation is 

one of the most important requirements for 

demand response and demand-side management, 

without which customers could not respond to 

price signals in real time. Digital technologies are 

emerging in smart homes to facilitate demand-

side management. The Internet of Things connects 

devices such as local battery storage, rooftop solar 

PV, home appliances and smart meters through 

the Internet, enabling information gathering and 

exchange. 

Internet of Things is basically composed by 

digitisation of assets, collection of data about the 

assets and computational algorithms to control 

the system formed by the interconnected assets. 

Cloud-based control systems would enable the 

management of these devices. Computational 

algorithms, used to control the system, might 

be replaced by artificial intelligence. At its core, 

artificial intelligence is a series of systems that 

acts intelligently, is able to recognise patterns, 

draws inferences and makes decisions using its 

own cognitive judgment, the way humans do. 

(Key innovations: Internet of Things; Artificial 

intelligence and big data)

In terms of market design, price signals are 

needed for smart houses to not only increase their 

energy efficiency, but also to represent a flexibility 

source for the system. Time-of-use tariffs could be 

designed to incentivise consumers to shift loads 

during specific time intervals to support the system 

and the integration of a high share of VRE. This will 

allow an increase in consumption when renewable 

energy generation is available, and a decrease in 

consumption when there are generation constraints 

in the system. This has the potential to substantially 

reduce renewable energy curtailment and improve 

the system’s reliability and predictability. 

With real-time pricing, even shorter-term variations 

in renewable energy output can be balanced with 

demand response. Under time-of-use tariffs, 

customers have the choice to adjust their electricity 

consumption to save on their energy expenses. 

Automated response is more customer friendly 

and efficient. In a smart home with rooftop solar 

PV that can also inject electricity into the grid, a 

net billing mechanism in place would properly 

remunerate the renewable energy injected. Under 

net billing mechanisms, the balance is determined 

not based on the number of kWh, but on the value 
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Enabling technologies

• Internet of things (Smart home)

• Behind-the-meter batteries

• Electric-vehicle smart charging

• Artificial intelligence and big data 

• Renewable power-to-heat (residential)

Business models

• Energy-as-a-service

Market design

• Time-of-use tari�s 

• Net billing schemes 

System operation

• Advanced forecasting of variable   
 renewable power generation

Demand-side
management

Figure 28 Synergies between innovations for enabling demand-side management

SOLUTION VII

Demand-side management 
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of the kWh consumed or injected into the grid. The 

invoice issued by the supplier is based on the value 

of the withdrawn energy, which is reduced by the 

value of the injected energy. 

By making prosumers responsible for their 

interactions with the grid, the integration of 

VRE generation into the grid is facilitated. 

Advanced tools to forecast renewable energy 

generation would help to decrease uncertainty. 

(Key innovations: Time-of-use tariffs; Net billing 

schemes; Advanced forecasting of variable 

renewable power generation)

New business models have emerged with 

digitalisation at the consumer’s end. Energy as a 

service (EaaS) is an innovative business model 

where a service provider offers various energy-

related services rather than only supplying 

electricity (i.e., kWh). Using automatic control 

systems, distributed energy resources can provide 

reactive power support for voltage control. The 

thermostatically controlled demand can be altered 

in such a way that the set points are adjusted 

according to the frequency. 

Energy service providers can use remotely 

controlled intelligent devices to manage 

consumption and reduce the load during peak 

demand hours, without compromising customer 

comfort. Smart home solutions can be bundled as 

an integrated solution that includes monitoring, 

automation, the controlling of energy consumption, 

home safety and home intelligence. A recent survey 

indicates that the number of “connected homes9” 

or smart homes grew from 17 million to 29 million 

in the three years from 2015 to 2017, implying a 

compound annual growth rate of 31% (McKinsey, 

2017). (Key innovation: Energy-as-a-service)

9  A “connected home” is networked to enable the interconnection and interoperability of multiple devices, services and applications, 

ranging from communications and entertainment to health care, security and home automation.

Impact on demand reduction:

• 17% of the peak demand shifted to non-peak hours through time-of-use tariffs in Sweden. 

Electricity consumption during peak hours declined from 23% to 19% of total electricity demand in a pilot project 

that used price signals for demand response in Sweden; 17% of the peak demand was therefore shifted to non-peak 

hours (WEF, 2017).

• 5% of total electricity sales (around 200 billion kWh) was saved during a demand-response programme in the 

US in 2015.

A 1% reduction in electricity sales for a utility means on average a 0.66% reduction in peak demand for that utility 

(Nadel, 2017) .

• Utilities’ peak demand could be reduced by 10% on average using demand response.

The American Council for an Energy-Efficient Economy (ACEEE) has estimated that demand-response programmes 

can be used to reduce peak demand by 10% or more (Nadel, 2017).

• A Google data centre using artificial intelligence experienced a 40% reduction in demand used in cooling. 

Google’s DeepMind AI reduced the energy used for cooling at one of the company’s data centres by 40% (a 15% 

overall reduction in power usage), using only historical data collected from censors and applying a machine-learning 

algorithm to predict the future temperature and pressure of the data centre and to optimise efficiency (Evans and 

Gao, 2016).

17 %
PEAK DEMAND 
SHIFTED to 
non-peak demand 

10 %
Peak demand
REDUCTION

200
BILLION KWh
ENERGY SAVED with 
demand-response 
programme



INNOVATIONS CRE ATING SOLUTIONS FOR A RENE WABLE- POWERED FUTURE 

101

S
o

lu
ti

o
n

 V
II

 
D

e
m

a
n

d
-s

id
e

 m
a

n
a

g
e

m
e

n
t

IMPLEMENTED SOLUTION 

Reducing renewable energy curtailment – 

reverse demand-response programme in Arizona

The Arizona Public Service Company (APS), a 

utility in the US, experiences demand peaks in 

summer and mild temperatures with lower demand 

through the remaining three seasons. As 

temperatures increase in the summer months, air 

conditioners represent the main load, which is a 

good match for solar PV. However, with more 

moderate temperatures during the remaining nine 

months of the year, the utility has excess solar PV 

electricity that often remains unutilised. During 

some time intervals in the daytime, electricity 

prices turn negative on account of higher solar 

generation from the distributed resources. A 

strategy was needed for load shifting on a daily 

basis to absorb the excess generation from the 

renewable energy into the grid. 

APS recently proposed a new programme that 

aims to reduce the need to curtail solar energy 

during periods of negative pricing. Instead of 

curtailing renewable production, APS will pay 

customers to use this energy in order to keep the 

renewables online and smoothen the load curve. 

This will be similar to load shifting, but because 

it is less predictable relative to on-peak / off-peak 

price arbitrage (due to the intermittency of the 

renewables), the APS programme will be specific 

to dispatchable non-essential loads. APS’s plan 

includes incentives for smart thermostats, EV 

charging infrastructure, energy storage and 

water heater timers, along with a new “reverse 

demand-response” product that aims to balance 

system load with excess renewable generation. 

For example, EVs with smart charging could off-

take the free energy when the reverse demand 

response is activated. During these times, smart 

appliances (e.g., dishwashers, washing machines, 

dryers, etc.) can also be run. 

APS’s reverse demand response helps to avoid 

renewables curtailment while also creating a value 

for the utility’s customers.

Finnish dynamic pricing structure and smart 

homes

In Finland, consumers have an option to choose a 

dynamic pricing tariff structure for electricity. 

Retail suppliers offer dynamic pricing by choice 

(without regulation). The price is determined based 

on the Nord Pool spot price for the price area of 

Finland. Customers that choose a dynamic pricing 

tariff structure pay the hourly price, the retailer’s 

premium and a monthly fixed fee to the retailer 

that they chose to contract with.

Impact on energy costs for consumers:

• 15% savings on utility bill with time-of-use tariffs for 350 households. 

Con Edison’s Community Power pilot project would give 350 New York City Housing Authority households access 

to solar energy for a discounted price. The consumers managed to save 15% on their electricity bills, or around 

USD 80 (Con Edison, 2018).

• Up to 40% savings on utility bill using artificial intelligence for demand management. 

BeeBryte, a France- and Singapore-based “software-as-a-service” (SaaS) company, provides cloud-based 

intelligence software that can monitor real-time load in large commercial and industrial facilities. Using artificial 

intelligence for weather forecast, occupancy, usage and energy price signals, the software can automatically switch 

loads such as HVAC systems to battery storage based on time-of-use charges and delivers up to 40% savings in 

utility bills (BeeBryte, n.d.).

 

15 %
SAVINGS on the 
electricity bill with 
time-of-use tari�s

40 %
DEMAND 
REDUCTION for 
cooling using AI

40 %
SAVINGS using AI 
for demand 
management



3

102

INNOVATION L ANDSCAPE FOR A RENEWABLE-POWER FUTURE

By the end of 2017 around 9% (about 340 000) 

of customers had opted for this tariff structure 

(Finish Energy Authority, 2018) (Eurelectric, 2017), 

which allowed them to check electricity prices for 

each hour of the succeeding day from the chosen 

retailer’s website. The prices are published based 

on the spot market timetable. Therefore, the prices 

for the next day (24 hours), starting from midnight, 

are finalised at around 2 p.m. The price that the 

customer pays for a particular time slot would 

depend on the time of consumption. The customer, 

like all the other consumers in Finland, requires an 

hourly metering that he / she can see, one day after 

the delivery, on the web portal or app of the local 

distribution system operator.

With the technology available today, it is possible 

to automatically optimise, for example, lighting, 

heating, ventilation and the use of white goods 

according to weather conditions and market prices. 

Some retailers offer price-optimised heating hours, 

depending on weather conditions and the actual 

heating capacity. This enables the current heating 

system to operate efficiently and helps save up to 

15% of heating expenses (Eurelectric, 2017).

Flex PowerPlay – home automation in Australia 

for solar self-consumption 

Smart buildings are ultimately all about the 

energy used at the right time in the right place. 

Flex PowerPlay, a smart home energy platform 

launched in 2017 in Australia consists of three 

elements: solar panels, a home battery and a 

monitoring system. The Energy App allows users 

to simply switch between appliances and 

automatically control power loads, helping control 

energy and its costs. Optimisation solutions like 

this will be essential for users to get the most out 

of their solar system and reduce electricity bills. 

Users can monitor their power generation and 

use it in real time on a smartphone, laptop or 

tablet. PowerPlay, working with smart technology-

enabled appliances, can be programmed to turn 

the lights on when darkness falls and off again 

when daylight returns. Users also can remotely 

control the air conditioner, television and sound 

systems. The platform not only shows the exact 

amount of real-time energy generation, but also 

allows consumers to automatically optimise the 

consumption. 
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Other case studies: Energy as a service 

for demand-side management 

Con Ed, a utility in New York, offers a rebate of 

USD 85 to customers for enrolling in its Demand 

Response programme. The customers allow the 

utility to adjust their thermostat for a maximum of 

10 times each year (Con Edison, 2016). 

PassivSystems, in the UK, provides home energy 

monitoring and energy management solutions 

by integrating home technologies (e.g., storage 

heaters, heat pumps) with the Passiv platform 

and back-end systems in an Internet-connected 

solution. It demonstrates that the energy usage in 

homes could be managed on an aggregated level 

in response to various energy tariffs and demand-

side incentives provided by the grid and network 

operators (DECC, n.d.). 

Similarly, STEM, a US-based energy services 

provider, helps commercial and industrial 

customers reduce their energy bills by using the 

energy stored in their batteries during periods 

of peak demand. The company combines the 

battery storage with a cloud-based analytics 

system to identify the best time to draw energy 

from the battery storage (Colthorpe, 2017). STEM 

uses artificial intelligence-enabled technology to 

maintain a consistent level of energy usage, thus 

helping businesses control their demand charges 

(Pickerel, 2018).

“Battery as a service” is another variation of the 

EaaS business model, which provides storage 

systems for customers to store energy during 

periods of low demand and to draw from that 

stored energy during periods of peak demand. For 

instance, the European energy service provider 

E.ON has developed a Solar Cloud for solar PV 

owners to store the surplus energy supply through 

a cloud solution. This virtual electricity account 

can be accessed not only for energy demand at 

home, but also in other places. The key advantage 

of power clouds is that consumers do not have to 

invest in a physical battery. Customers can also save 

on their energy bills by avoiding peak-use charges 

(E.ON, 2018). In 2018, in the German market alone, 

there were more than 1.6 million operators of solar 

systems. According to E.ON, and based on data 

from the Sunroof co-operation between E.ON and 

Google, another 10 million roofs in Germany are 

suitable for installing PV systems. Such services 

therefore have great market potential.

SUMMARY TABLE:  BENEFITS AND COSTS OF DEMAND-SIDE MANAGEMENT

Demand-side management Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from minutes to days

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges • Consumers participation and guaranteed privacy

smart meters, ICT

price signals to consumers

active consumers - automation as facilitator
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As an enabling technology, renewable mini-

grids are integrated energy infrastructures 

combining loads and renewable energy resources. 

Mini-grids combine power demand with distributed 

energy resources into a single controllable entity 

that can be operated separately from the grid. 

Mini-grids enable renewable energy deployment in 

both connected areas (allowing local generation to 

provide independence from the main grid at times) 

and developing areas, where distributed generation 

can power remote communities. (Key innovation: 

Renewable mini-grids)

All types of distributed energy resources may be 

connected to a mini-grid, including distributed 

generation plants such as rooftop solar PV, battery 

thermal management, EVs, residential heat pumps 

and demand response, among others. (Key 

innovations: Behind-the-meter batteries; Electric-

vehicle smart charging; Renewable power-to-heat)

These assets, connected to the mini-grid, can be 

individually owned by consumers or shared by a 

community. Community ownership (CO) models 

are innovative business models that enable the 

sharing of ownership and management energy-

related assets, such as energy generation systems, 

energy storage systems, energy efficiency 

systems, and district cooling and heating systems. 

CO models allow the sharing of costs, enabling 

participants to own assets with lower investment 

amounts. This encourages people to unite and act 

on energy and other socio-economic challenges 

that are specific to their local areas and 

communities. It also encourages solidarity and co-

operation within communities. (Key innovation: 

Community-ownership models)

Often, mini-grids can enable peer-to-peer (P2P) 

electricity trading between participants. The P2P 

concept involves a platform-based business model 

of an online marketplace where consumers and 

distributed energy suppliers transact electricity 

at the desired price. This energy can be bought 

by any consumer with whom there is a direct 

connection. An emerging innovation that facilitates 

P2P transactions is blockchain. (Key innovations: 

Peer-to-peer electricity trading; Blockchain)

If connected to the distribution network, the 

mini-grid can provide flexibility services to the 

main grid if the market design allows. Recent 

breakthroughs are positioning renewable energy 

mini-grids as an innovative solution, as these 
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Enabling technologies

• Renewable mini-grids

• Behind-the-meter batteries

• Internet of things

• Artificial intelligence and big data

• Blockchain 

• Electric-vehicle smart charging

• Renewable power-to-heat (residential)

Business models

• Peer-to-peer electricity trading

• Community-ownership models

Market design

• Market integration of distributed energy   
 resources

Renewable energy 
mini-grids providing

services to the main grid

Figure 29  Synergies between innovations for enabling mini-grids to provide services to the main grid

SOLUTION VIII

Renewable energy mini-grids providing services to the main grid
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dadvancements can facilitate the provision of 

ancillary services to the main grid and improve 

efficiency and cost effectiveness. Intelligent 

sensors can be employed for monitoring the 

operations of the national grid, to automatically 

switch between the national grid and the 

mini-grid. 

In switching between grids, DC mini-grids offer 

an additional advantage as they can quickly 

connect / disconnect from the national grid. They 

do not need frequency synchronisation, unlike AC 

mini-grids, thereby ensuring a continuous supply 

of electricity for critical applications such as large 

data centres. Additionally, mini-grids can help 

in reducing the congestion in interconnections 

between the mini-grid and the national grid. These 

systems can enable demand-side response by 

choosing to connect with the national grid during 

periods of low demand and disconnecting from 

the national grid during periods of peak demand. 

For these services to be properly remunerated, 

distributed energy resources that are connected 

to the mini-grid need to participate in wholesale 

markets. (Key innovation: Market integration of 

distributed energy resources)

However, matching local demand with local 

generation in a mini-grid requires the complex 

tools of an operator. Only digital enabling 

technologies allow a mini-grid to automatically 

forecast demand, adjust generation, optimise 

reserves, control voltage and frequency, and 

connect or disconnect from the main grid (if 

possible). The more effectively these sources are 

balanced, the cheaper the generation costs for the 

mini-grid and the higher the revenue from the 

additional services it can provide to the main grid. 

(Key innovations: Internet of Things; Artificial 

intelligence and big data)

Companies such as Power Ledger and LO3 Energy, 

and research initiatives like The Energy Collective, 

have been experimenting with P2P trading with 

local mini-grids using blockchain technology. With 

smart contracts, trades can be made automatically 

throughout the network using price signals and 

real-time renewable energy production data. 

Companies are now working on intelligent grids 

that use digitalisation and smart contracts to 

automate the monitoring and redistribution of the 

mini-grid energy.

Impact of mini-grids:

• 30% savings in electricity costs for local residents in a mini-grid in Germany that feeds the excess electricity 

generated into the grid. 

The village of Feldheim owns and operates a local mini-grid system consisting of solar-, wind- and biomass-based 

generation sources and a battery storage system. The solar plant produces over 2 700 MWh per year, the biogas 

plant can produce 4 GWh per year, and the wind turbines have a capacity of 74.1 MW. Excess electricity generated 

is fed into the national grid. Additionally, the mini-grid uses its battery storage system to provide flexibility services 

for frequency control to the main grid. As a result of the mini-grid system, local electricity costs have come down 

by over 30% (Eid, 2016; Guevara-Stone, 2014). 

• Plug-and-play mini-grid in Bulgaria can deliver off-grid electricity at a cost of USD 0.28/kWh.

Bulgaria’s International Power Systems has developed Exeron, a plug-and-play system that can effectively switch 

between multiple energy sources such as solar PV panels, wind and a battery system. This system can enable mini-

grid operators to remotely monitor and control the total load and also helps improve the overall efficiency of the 

mini-grid system (Exeron, 2018). The system results in significant savings in operational expenses and can provide 

off-grid electricity at a cost of USD 0.28/kWh.

USD

0.28/KWh

O�-grid 
electricity cost

30 % 10 %

SAVINGS in 
electricity costs 
for local residents

REDUCTION
in energy 
consumption with 
DC mini-grid
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IMPLEMENTED SOLUTION 

Connected mini-grids in the Netherlands 

In the Netherlands mini-grid pilot projects have 

been undertaken to focus on sustainable and 

smart energy management. These pilot projects, 

also referred to as the “SIDE system” (Smart 

Integrated Decentralised Energy system), are an 

integration of various renewable energy-based 

technologies for electricity and heating. The local 

mini-grids comprise solar PV for generating 

electricity and solar thermal systems, electric 

boilers and heat pumps for generating heat. A 

SIDE network uses an intelligent management 

system to integrate different components and to 

balance local supply and demand, reducing costs. 

For example, solar panels collect energy when the 

sun shines, and charge EVs. Any surplus power is 

either stored in a battery or sent by the system to 

power other houses in the community. The study 

data show that SIDE systems are less expensive 

than the conventional grid-powered systems in the 

long run and do not require expensive infrastructure 

upgrades (Wood, 2018).

The local mini-grid also is connected to the national 

grid and allows the feeding of excess power 

generated in the mini-grid into the national grid. 

Results from the pilot project showed that the cost 

of electricity was reduced greatly due to the solar 

PV, while the cost of heating also declined, albeit 

slightly, due to the cheaper solar thermal systems 

(de Graaf, 2018). 

Connected mini-grids in Australia

The Australian Renewable Energy Agency 

(ARENA) will be investing USD 8.7 million towards 

a USD 21.9 million 30 MW / 8 MWh battery storage 

facility adjacent to the Wattle Point Wind Farm. 

This battery system will use local wind power and 

solar PV power to create a mini-grid system. The 

mini-grid system would provide fast response 

during outages in the main grid and reduce 

congestion on the interconnector linking South 

Australia with Victoria. The mini-grid also can 

island the local network using 90 MW of wind farm 

and solar PV modules (AGL, 2017).

Brooklyn Microgrid 

Brooklyn Microgrid, developed by the New York-

based start-up LO3 Energy, is a pilot microgrid 

using blockchain technology that is intended 

initially to be a “virtual microgrid” operating over 

existing wires and eventually to include physical 

resiliency. Residents and businesses that produce 

electricity locally can sell their surplus to a network 

that is connected to other neighbourhood 

participants. The microgrid has the role of 

interconnecting the users in a reliable way, either 

using the main grid network or using a private 

community network if available.

The platform therefore allows peer-to-peer 

transactions that take advantage of blockchain. 

The software records and accounts for every unit 

of energy produced by members’ energy systems. 

A Smart Contracts application makes surplus 

units of energy available on the TransActive Grid 

market to be bought and sold by local community 

members, with payments through their utility 

bills. The pricing in these contracts is market 

driven and based on the supply-demand curve. A 

fluctuating amount of supply is available from the 

sellers, while the producers set their bid price, and 

the trade represents a match between the two. 

The prosumers (producers and consumers) also 

• A mini-grid system is providing reliable and clean back-up to the Indian grid.

IBM has installed solar PV-powered DC mini-grids for its data centre in Bangalore, India. The system can provide 50 

kW of DC for 330 days a year and result in a 10% reduction in energy consumption as compared to AC power (IBM, 

2011). The mini-grid system provides a reliable and clean back-up to the grid.
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dmay deal with typical suppliers if their bid is not 

high enough for local, clean energy. The current 

installation covers more than 50 participants in 

Brooklyn.

The concept of a smart microgrid using blockchain 

was brought in with two key objectives. First, 

it offers an alternate option for residents and 

businesses to monetise their surplus power. 

Residents with solar PV panels previously have 

been able to sell excess energy to utility companies, 

but they are limited to a single consumer at a pre-

set price. Additionally, when a blackout occurred 

in the area, their PV systems would be switched 

off despite their capability to generate their own 

power. Since Superstorm Sandy caused a series of 

blackouts across the US in 2012, the reliability of 

the grid has been called into question. 

SUMMARY TABLE:  BENEFITS VERSUS COSTS OF MINI-GRID SOLUTIONS

Renewable energy mini-grids 
 providing services to the main grid

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from seconds to days

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

active consumers - automation  

as facilitator

mini-grid, smart meters, ICT
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The increasing penetration of distributed 

generation has led to an unpredictable and reverse 

flow of power in the system, which can affect the 

traditional planning and operation of distribution 

and transmission networks. To effectively manage 

the distributed energy resources connected to 

the distribution network, distribution companies 

need to become active system operators instead 

of being mere network managers, much as the 

transmission system operators are. As distribution 

system operators, these companies should be able 

to procure flexibility services from their network 

users, such as peak shaving and voltage support. 

By mandating distributed energy units to comply 

with certain communication requirements and 

dispatch signals, distribution companies can 

actively operate these technologies, or at least 

send them price signals, in order to undertake peak 

load and manage the congestion in the network. 

With the deployment of enabling technologies, 

such as EVs, and the new load that they connect to 

the grid, distribution system operators also can 

manage EV charging stations smartly to leverage 

on the extra storage capacity connected to the 

grid. Optimal combinations and harnessing 

synergies among different distributed energy 

resources can greatly increase system flexibility. 

Battery storage systems, deployed by end 

consumers, can store the surplus energy produced 

from renewable sources such as solar PV or can be 

charged using grid electricity when it is cheap. 

Batteries can then be discharged at the request of 

the distribution system operator, during peak time 

intervals, to fulfil demand. (Key innovations: 

Electric-vehicle smart charging; Behind-the-meter 

batteries)

Meeting peak demand through locally stored 

energy reduces the need to draw power from 

the transmission system operators, thereby 

decreasing grid congestion and deferring network 

investments. Using distributed energy resources 

to avoid investment in the grid is also known as 

“virtual power lines”. For instance, UK Power 

Networks, a distribution network operator in the 

UK, recently announced its plan to create London’s 

first virtual power plant, comprising solar panels 

and a fleet of batteries across 40 homes in the city. 

A trial concept was conducted in February 2018, 

6

7

2

3

24

12

25

29

Enabling technologies

• Internet of things

• Behind-the-meter batteries

• Electric-vehicle smart charging

• Artificial intelligence and big data 

Business models

• Aggregators

Market design

• Net billing schemes

System operation

• Future role of distribution system   
 operators

• Virtual power lines

Optimising distribution
system operation
with distributed

energy resources

Figure 30  Synergies between innovations for optimising distribution system operation with distributed energy 

resources

SOLUTION IX

Optimising distribution system operation with distributed energy resources
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swherein a fleet of 45 batteries was used to meet 

peak demand. The project is expected to provide 

an alternative to the traditional approach of 

increasing network capacity to meet peak demand 

(Hill, 2018). (Key innovations: Virtual power lines; 

Aggregators)

Active network management must be adopted as 

an alternative to conventional grid reinforcement 

in order to efficiently integrate distributed 

generation. Regulatory mechanisms that aim to 

foster the new roles of the distribution companies 

and their active interaction with distributed 

energy resources include non-firm connection 

agreements, bilateral flexibility contracts and 

local markets. A European Commission proposal 

from November 2016 mandates Member States to 

ensure that the regulation enables and encourages 

distribution companies to procure flexible services 

from network users (EC, 2016a). This can be 

done via bilateral contracts between agents 

and distribution system operators, or through 

economic incentives (prices with some locational/

temporal differentiation). In the UK, a form of 

variable network access for distributed generation, 

known as a non-firm connection agreement, allows 

the distributor to temporarily curtail the power 

injected or withdrawn by the end-user, for security 

reasons. (Key innovation: Future role of distribution 

system operators)

A well-designed compensation mechanism to 

help minimise the negative impacts and maximise 

the value of distribution generation for the 

overall system is net billing. Under this scheme, 

compensation for the injected renewable energy 

is based on time- or location-varying tariffs. 

Consumers can respond to price signals and help in 

grid balancing, thereby reducing grid congestion. 

(Key innovation: Net billing schemes)

To become grid and system operators, distribution 

companies will need to adopt enhanced use of 

information and communication technologies and 

innovative systems to solve network constraints. 

The emergence of many advanced digital 

technologies – such as sensors, smart meters, 

artificial intelligence and robotics – has unlocked 

new and efficient ways of network management. 

These solutions comprise, among others, automated 

voltage control or automatic grid reconfiguration 

to reduce the loading of a distribution feeder by 

transferring a part of the distributed generation 

feed-in to a neighbouring one. Grid networks 

enabled by such technologies are often referred 

to as “smart grids”. (Key innovations: Internet of 

Things; Artificial intelligence and big data)
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Impact on cost savings by optimising distribution operation:

• USD 1.32 billion in cost savings achieved through innovations in energy networks in the UK. 

Innovations by distribution network operators in the UK – including creating smarter networks, improving 

transmission-distribution processes related to connections of distributed generation, planning and shared services, 

assessing the gaps in customer experience and considering changing the requirements of transmission and 

distribution systems – has enabled close to USD 1.32 billion in cost savings for consumers, which will be realised 

between 2018 and 2023 (Engerati, 2018). Western Power Distribution, a distribution system operator in the UK, 

estimates the total cost of the transition to be USD 150 million, considering recurring costs such as licences and new 

employees (Engerati, 2018). 

• Up to ~ USD 5,16 billions (GBP 4 billion) of savings can be released by 2030 in the UK through a smart and 

flexible network that enables distribution system operators to easily access flexible assets on the grid. 

Open Utility is developing an online marketplace platform that would allow distribution system operators to access 

location-specific flexible sources. These operators will play a critical role in actively balancing local smart grids and 

facilitating the roll-out of distributed generation, storage and EVs. Open Utility’s resource optimisation algorithms, 

delivered via an intuitive online service, lower barriers to entry and manage the deployment of localised flexibility 

in a highly efficient and scalable way (BEIS, 2018).

• Since 2004 over 1 300 innovation projects have been delivered across both gas and electricity networks 

in the UK, allowing network operators to better understand how to integrate new energy technologies such 

as EVs, renewable distributed generation and decarbonised sources of gas into the energy system (Northern 

Powergrid, 2018). 

Impact on peak demand reduction:

• 60% peak demand reduction from the grid by managing distributed energy resources, achieved by a 

distribution network in the UK. 

UK Power Networks, a distribution company in the UK, will install a fleet of battery systems on around 40 homes 

across London that are already fitted with rooftop solar PV arrays. In total a combined capacity of 0.32 MWh will be 

installed via modules coupled with 8 kWh batteries. The batteries would be aggregated into a virtual power plant, 

which could reduce the evening peak by 60% through remote discharge of batteries (Willuhn and Brown, 2018). 

The peak times (a couple of hours per weekday) could account for 93% of the “distribution use of system costs”; 

encouraging consumers to reduce their energy usage during peak times is key.

Note: The original figure of GBP 1 billion was converted to USD based on the United Nations operational rate of change on 10 July 2018. 

USD 1.32 BILLION
SAVINGS through innovations 
in distribution networks

$ $
~USD 5 BILLION
SAVINGS by 2030 through
smart and flexible network 

 

13 000 PROJECTS
Innovation projects in UK across 
gas and electricity networks 

60 %
PEAK DEMAND REDUCTION by 
managing distributed energy 
resources
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sIMPLEMENTED SOLUTION 

UK Open Networks project

Open Networks is a project launched in the UK 

by the Electricity Networks Association, a national 

trade association representing transmission and 

distribution networks. The project is expected to 

lay the foundation for the transition of distribution 

network operators to the role of distribution 

system operators. Its objectives include developing 

improved transmission / distribution system 

operator processes, planning of shared services 

and a need-gap assessment for customers 

(Engerati, 2018).

Western Power Distribution, a distribution network 

operator in the UK, has released a four-point 

plan for its transition into a distribution system 

operator. This includes expanding and rolling 

out smart network solutions to higher voltages, 

contracting with aggregators and customers for 

various services, transmission / distribution system 

operator co-ordination, and ensuring the integrity 

and safety of the lower-voltage networks (Engerati, 

2018).

Piclo online marketplace in the UK 

Open Utility is developing an online marketplace, 

called Piclo, to enable distribution system operators 

to access location-specific flexible resources. 

These operators will play a critical role in actively 

balancing local smart grids and facilitating the roll-

out of distributed generation, storage and EVs. A 

smart and flexible network could reduce the UK’s 

emissions from electricity generation and realise a 

savings of up to EUR 4 billion by 2030, but only if 

the distribution system operators can quickly and 

easily access flexible assets on the grid. Open 

Utility’s resource optimisation algorithms, delivered 

via an intuitive online service, lower the barriers to 

entry and manage the deployment of localised 

flexibility in a highly efficient and scalable way.

The trial saw good engagement by customers and 

sellers, with stakeholders logging in regularly to 

check the details of the electricity transactions. 

Piclo matches generation and consumption 

according to preferences and locality, providing 

customers with data visualisations and analytics. 

It has provided a transparent, easy-to-use 

mechanism for its subscribers to offer renewable 

energy to consumers wanting to source from 

a renewable generator. Daily, weekly and 

monthly visualisation proved to be very useful 

in understanding the energy demand, as well as 

the “distribution use of system” (DUoS) charges 

that are meant to cover electricity distribution 

costs. Understanding that peak times (a couple of 

hours per weekday) could account for 93% of the 

DUoS costs encouraged consumers to reduce their 

energy usage during these times (Open Utility, 

2016). Customer feedback showed that distance 

from the generators, rather than technology, was a 

key factor in determining the supplier. Customers 

preferred local suppliers to distant ones. In the 

context of the Cornish local energy market, four 

consumers in Cornwall consumed 54% of the 

Cornish generation. 

New York’s Reforming the Energy Vision 

The state of New York has developed a roadmap 

titled “Reforming the Energy Vision (REV)”, under 

which the New York Public Service Commission 

has mandated six large investor-owned utilities to 

undertake several measures to integrate distributed 

energy resources. These include creating charging 

systems for EVs, creating online marketplaces for 

energy products and services, building virtual 

power plants and enabling the connectivity of 

distributed energy resources to the grid, and 

developing storage on demand, among others. 

The costs of these products and services will be 

recovered through the modification of tariff 

structures. Utilities have already launched multiple 

demonstration projects (New York State, 2018).
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SUMMARY TABLE:  BENEFITS AND COSTS OF OPTIMISING DISTRIBUTION SYSTEM OPERATION  

WITH DISTRIBUTED ENERGY RESOURCES 

Optimising distribution system operation 
with distributed energy resources

Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from minutes to days

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges • Grid instability management

smart meters, ICT

new incentives and regulatory framework  

for distribution system operators

new role of distribution system operators
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s3.4 SYSTEM-WIDE FLEXIBILITY SOLUTIONS 

Some enabling technologies can support a range 

of different applications, enhancing flexibility in 

several different parts of the system. 

Utility-scale battery solutions are able to address 

the intraday variability of renewable energy 

generation, providing flexibility on: 

• The supply side: Storage batteries, coupled 

with VRE plants, can counter-balance their 

output. Despite the impressive decrease in 

battery costs in recent years, this solution is still 

at the high end of the cost scale. It can have a 

direct impact on the flexibility of the generation 

plant itself, but its impact on the reliability of the 

system depends on the adoption of solutions 

for all variable generators.

• The grid: Although battery storage systems 

gained momentum from their potential 

benefits in firming renewable power output 

and facilitating its integration, their advantages 

go beyond that, providing wider services 

to the grid such as load shifting, frequency 

regulation and reserves. To become a fully 

competitive option, battery costs still need to 

decrease. However, regulatory adjustment to 

allow batteries to provide ancillary services 

could provide a new revenue stream for them 

and encourage their wider adoption. As a fast-

responsive technology, the impact on system 

flexibility is high. 

Reducing congestion: Using batteries to 

reduce congestion in the grid and allowing the 

deferment of investments in the network is also 

an emerging solution for some transmission 

system operators. As most such projects 

are in the pilot stage, the impact of battery 

usage on system flexibility is not well defined. 

Additionally, existing regulations can impose 

restrictions, for example, on transmission 

system operators owning batteries.

Power-to-X solutions, such as power-to-

hydrogen and power-to-heat, are able to 

address the short-term variability of renewable 

energy generation and also can help address 

seasonal variability, providing the option to 

store energy over longer periods of time. It also 

is a system-wide solution that offers flexibility 

on the supply side, provides grid services and 

avoids grid congestion:

• The supply-side: Power-to-X can decouple 

generation from demand by converting surplus 

renewable generation into heat or hydrogen. 

Both have a great impact on providing the 

needed flexibility for integrating high shares of 

renewable generation, but at different costs for 

different maturity levels of technologies. 

• The grid: As a flexible load, the electrolyser can 

offer grid balancing services provided that it 

is of sufficient capacity and responsiveness to 

participate in power balancing markets. Since 

hydrogen can be converted back to electricity 

to provide constant power when the renewable 

source is unavailable, it helps to stabilise the 

grid (EC, 2016b). Additionally, the electrolyser 

can be cycled up and down rapidly, to be used 

as a flexible load providing low-cost balancing 

services to the power system.

• Reducing congestion: Power-to-hydrogen 

and power-to-heat can be used to store the 

renewable energy produced when the grid 

is too congested and this power cannot be 

transmitted directly to demand centres. 
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As enabling technologies, utility-scale batteries 

facilitate the integration of renewables from 

several fronts. First, they can help cope with the 

variability of renewables by storing energy in cases 

of excess generation, avoiding curtailment and 

supplying electricity to the grid when resources 

are scarce. Second, they are flexible and fast-

responding technologies that help to maintain the 

balance in the system when sudden changes occur. 

Batteries provide stability and reliability services 

that become critical with the penetration of 

renewables, such as a need for faster frequency 

regulation and voltage control. (Key innovation: 

Utility-scale batteries) 

In terms of business models, a utility-scale 

battery can, depending on its size, function as a 

single market player, or it can serve as part of an 

aggregator. (Key innovation: Aggregators) 

Supply-side flexibility: Battery storage system 

coupled with VRE power plants

Coupling a specific VRE generation source with 

a battery reduces the variability of the power 

output at the point of the grid interconnection, 

thus facilitating better integration of the 

renewable energy into the grid. The battery 

storage system can smoothen the output of VRE 

sources and controls the ramp rate (MW per 

minute) to eliminate rapid voltage and frequency 

fluctuations in the electrical grid. Further, due to 

the smoothening of the generation, renewable 

energy generators can increase compliance 

with their generation schedules and avoid the 

payment of penalty charges for any deviation in 

generation output. Generation smoothening also 

would allow renewable energy generators to take 

better positions in the market-based auctions for 

energy / capacity, due to the increased certainty 

and availability of round-the the-clock energy. 

If a significant amount of renewable capacity 

installation is planned in an electricity system, the 

deployment of battery storage systems along with 

such renewable capacity also can be devised. 

Furthermore, large-scale battery storage can 

be coupled with aggregated local distributed 

generation plants such as rooftop solar PV. These 

battery storage systems are connected to the 

utility network and can be controlled directly by 
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Enabling technologies

• Utility-scale batteries

• Internet of things

• Artificial intelligence and big data

Business models

• Aggregators 

Market design

• Innovative ancillary services 

• Increasing time granularity 
 in electricity markets

• Increasing space granularity 
 in electricity markets

• Re-designing capacity markets

System operation

• Virtual power line

Utility-scale
battery solutions

Figure 31  Synergies between innovations with utility-scale batteries

SOLUTION X

Utility-scale battery solutions
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sthe utility or by aggregators working on behalf of 

utilities. The stored electricity can be used later in 

the locality when the demand exceeds the supply. 

A pilot is being implemented in Walldorf, Germany, 

with a 100 kW battery system connected to 40 

households (GTAI, 2018). 

Grid flexibility: Battery storage systems 

providing services to the system

Battery storage systems can be used to provide 

services to the grid due to their fast-response 

capability. Ancillary grid services, such as primary 

(fast) frequency regulation, secondary frequency 

regulation, voltage support and capacity reserve, 

among others, will grow in significance as VRE 

penetration increases, although they have different 

dynamics in terms of performance, varying by the 

market and the time of year. Some applications 

require high power for short durations (e.g., fast 

frequency regulation response), while others call 

for power over longer periods (e.g., firm capacity 

supply). These different services imply various 

charge / discharge cycles. Each technology, 

therefore, is likely to find different market 

segments where it can compete on performance 

and cost (IRENA, 2018a).

Table 2 shows the suitability of various battery 

technologies for different applications, followed 

by details about some of these services.

In terms of market design, a critical issue for 

electricity storage that will assist in its economics 

is the ability to derive multiple value streams by 

providing a range of services with one storage 

system. This will enable the “stacking” of the 

revenue streams and will improve the project 

revenues. In many countries, this will require 

changes in the market structure and regulations, 

or require the creation of new markets for ancillary 

grid services, and the introduction of more granular 

markets to reward individual services more directly 

(e.g., primary and secondary frequency reserves, 

firm capacity, etc.). This will open up new 

opportunities for their deployment, given that 

battery storage will increasingly offer competitive 

services to these markets. At the same time, 

renewable capacity firming or time-shift services 

from battery storage technologies will also expand. 

(Key innovations: Innovative ancillary services; 

Increasing time granularity in electricity markets; 

Increasing space granularity in electricity markets;; 

Re-designing capacity markets)

APPLICATION  TYPE OF BATTERY

Lithium-ion Lead acid Sodium-sulphur Flow batteries

Load shifting – 

reducing excess 

renewable energy 

curtailment

Suitable Suitable Suitable Suitable

Frequency  

restoration reserves 
Suitable Unsuitable Unsuitable Unsuitable

Capacity reserves Suitable Suitable Suitable Potentially suitable

Transmission and 

distribution system 

upgrade deferral

Suitable Suitable Suitable Potentially suitable

Voltage support Potentially suitable Unsuitable Unsuitable Unsuitable

Spinning reserve Potentially suitable Suitable Potentially suitable Potentially suitable

Table 2. Suitability of various battery technologies for different grid applications

Note:  “Suitable” means that the battery type has been used for the respective application at the pilot or the commercial level.  
“Potentially suitable” means that the battery type has the potential to be used for the respective application, but with few or no 

 installations. “Unsuitable” means that the battery type is unlikely to be suitable for the respective application.

Source: Adopted from HDR, 2017.
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In many countries, the participation of energy 

storage systems in electricity markets is not 

allowed. A wide range of revenue streams for 

storage providers is enabled by clear regulations 

defining the ownership models and the operating 

models. This can include participation in wholesale 

electricity markets, the sale of frequency response 

services to system operators or participation in 

capacity markets. For example, in 2016 the UK grid 

operator awarded contracts for 201 MW of its first 

“enhanced frequency response” tender, which is 

directed towards storage systems. 

In the US the Federal Energy Regulatory 

Commission (FERC) voted to remove barriers to 

the participation of electricity storage resources 

in the capacity, energy and ancillary service 

markets operated by the regional transmission 

organisations and the independent system 

operators. This order will allow utility-scale 

batteries to help support the resilience of the bulk 

power system. In February 2018 FERC passed a 

rule to allow storage providers to participate in 

US wholesale electricity markets (FERC, 2018). 

Another recent FERC order allows energy storage 

systems to participate in capacity markets, 

mandating system operators to revise tariffs and 

establishing rules that recognise the physical and 

operational characteristics of energy storage 

systems (Walton, 2018).

Systems around the world are already including 

storage in their planning efforts. For example, in 

the Californian power system, the California Public 

Utilities Commission mandated that the three big 

utilities must have 1 325 MW of energy storage in 

operation by 2020. Similarly, Asia Pacific, North 

America and Western Europe are expected to be 

the leading markets for utility-scale energy storage 

capacity for ancillary services through 2026, 

accounting for more than 32 GW (Colthorpe, 2018). 

Battery storage system used for decongesting 

the grid 

To support system operation, large-scale storage 

systems can be deployed at different points in the 

distribution and transmission network to store 

excess power during non-peak hours. These 

systems can then be discharged to meet load 

requirements in the local area during peak hours, 

without the need for transporting electricity through 

congested grid lines, thereby reducing network 

congestion and creating “virtual power lines”.

In this case, batteries are not merchant assets 

but network assets, owned by the grid operator 

and used exclusively for managing the grid. For 

example, Terna, a transmission system operator in 

Italy, is deploying a pilot battery storage project of 

35 MW on part of its 150 kV grid in southern Italy for 

grid congestion management (Terna, n.d.). RTE, the 

French transmission system operator, is carrying 

out a similar initiative called the Ringo project. (See 

Innovation Brief: Virtual power lines)

Impact on VRE integration: 

• 8 million kWh of additional wind integration was enabled in Alaska using battery storage. 

In Alaska a local utility called Kodiak Electric Association, in collaboration with Berlin-based energy storage firm 

Younicos, has installed an advanced lead-acid battery storage system of 3 MW / 750 kWh with a 4.5 MW wind 

power project, resulting in additional wind integration of 8 million kWh (IRENA, 2015). 

• Solar and batteries are expected to reduce fossil fuel use by 97% on the island of Hawaii. 

In 2014 Aquion Energy, an energy storage system provider, completed installation of a 1 MWh battery system as 

part of an off-grid solar microgrid at Bakken Hale on the island of Hawaii. The system is designed to generate 

350 MWh per year. This is expected to reduce fossil fuel usage by 97% and carbon dioxide emissions by more than 

5 000 metric tonnes (ESA, 2014).

8 MILLION kWh
ADDITIONAL WIND
integrated using batteries 

97 %
FOSSIL FUEL USE
REDUCTION in Hawaii
with solar and batteries

3 MW / 750 kWh
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Impact on system operation: 

• 200% increase in VRE installed capacity, 70% decrease in ancillary service procurement costs and 20% 

decrease in balancing market size in Germany.

In Germany, alongside conventional generators, renewable energy generators, battery storage systems and 

industrial loads have been allowed to participate in the balancing markets since 2009. In the period 2009-2015 the 

balancing market size decreased by 20% (in GW), and ancillary service procurement costs by transmission system 

operators decreased by 70%, while in the same period the system stability increased and the installed capacity of 

VRE increased by 200% (Wang, 2017). 

• Around USD 262 million in cost savings for consumers due to the deployment of the sub-second Enhanced 

Frequency Response by National Grid in the UK, which allows the participation of batteries in balancing markets. 

Contracts were awarded to more than 200 MW of battery storage in July 2016 (National Grid, 2017).

• 10% to 20% reduction in the frequency response capacity procurement expected by PJM. 

PJM, a power transmission operator in the US, has deployed energy storage systems that are providing cost-

efficient frequency response, reducing the use of fossil fuel generation. PJM has forecasted that a 10% to 20% 

reduction in frequency response capacity procurement could result in USD 25 million to USD 50 million in savings 

for its consumers (HDR, 2017). 

• 75% reduction in the costs for frequency control services from a utility-scale battery in Australia.

Based on the first full month of trading in December 2017 the Tesla 100 MW battery resulted in about a 75% 

reduction in the costs being paid by customers for frequency control services (Frontier Economics, 2018). 

Impact on transmission network: 

• 400 hours of congestion reduced and savings up to USD 2.03 million on fuel costs per year.

A high-level demonstration study for mitigating transmission congestion using a 4 MW / 40 MWh battery storage 

system with four hours of storage showed that the New York Independent System Operator (NYISO) can save up to 

USD 2.03 million in fuel costs and reduce almost 400 hours of congestion (IEEE, 2017). 

• USD 2 billion in savings when about 1 500 MW of energy storage is deployed. 

A draft study commissioned by the state of New York estimates over USD 2 billion in savings if the state deploys 

about 1 500 MW of energy storage in lieu of traditional grid solutions by 2025 (NYSERDA, 2018). 

USD 262 
MILLION
SAVINGS due to 
batteries 
participation in 
balancing market

10-20%
REDUCTION in 
the frequency 
response capacity

200 %
INCREASE in
VRE installed 
capacity 

$

VRE

1500
MW

2 B.
USD400

HOURS
Transmission 
CONGESTION 
REDUCTION

USD 2 BILLION
GRID SAVINGS when
energy storage 
is deployed

75 %
REDUCTION in the 
costs for frequency 
control services
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IMPLEMENTED SOLUTION 

Large battery in Australia, coupled with a wind 

plant providing services to the system 

In 2017, the US company Tesla commissioned a 

lithium-ion battery storage capacity of 

100 MW / 129 MWh at the 315 MW Hornsdale Wind 

Farm in South Australia. The battery storage 

facility was installed to firm up the power generated 

from the Hornsdale Wind Farm and simultaneously 

provide ancillary services to the Southern Australia 

grid. A battery capacity of 70 MW is connected to 

the grid for providing grid services, and the 

remaining 30 MW is to be used for firming up the 

renewable power generated at the wind farm. The 

latter is designed to hold up to three-to-four hours 

of energy (McConnell, 2017). 

In addition the Australian Energy Market 

Commission changed the market rules, allowing 

energy storage to provide ancillary services and 

thus opening an additional opportunity for storage 

in the country (Stone, 2016). 

Large battery provides ancillary services to PJM 

in the US

Driven by FERC’s mandate to independent 

system operators to pay for the performance of the 

frequency providers, Renewable Energy Systems 

(RES), a UK-based firm, built a 4 MW / 2.6 MWh 

battery storage system that provides frequency 

regulation services to PJM, a regional transmission 

operator in the US (RES, 2016).

Frequency regulation is the injection and 

withdrawal of power on a second-by-second basis 

to maintain the grid frequency at the nominal 

level. The primary resources used for regulation 

– coal-fired steam plants and combined-cycle 

gas plants – are relatively slow at ramping and 

therefore cannot follow a fast-moving signal well. 

Realising this, FERC instituted Order 755, which 

requires the independent system operators to 

“pay for performance”. This resulted in energy 

storage systems receiving much higher revenue 

per megawatt for regulation than that received by 

traditional resources (RES, 2016).

PJM RegD Signal Battery Output

-100 %

100 %

0 %

Figure 32  PJM regulation services signal and battery response 

Source: RES, 2016.
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participants largely on how quickly and accurately 

they can respond to a PJM-provided signal. 

The battery installed by the UK firm continues 

to earn a very high performance score, having 

been programmed and designed with maximum 

speed of response and accuracy when providing 

frequency regulation. Figure 32 shows the signal 

received from PJM and how accurately RES’s 

storage system responds to it. 

Solar PV – wind – storage hybrid solution 

for Graciosa Island, Portugal 

Graciosa, a Portuguese island, has traditionally 

met its energy requirements through fossil fuel 

imports and diesel-based generation. However, 

the new Graciosa Hybrid Renewable Power Plant 

– comprising a 1 MW solar PV plant, a 4.5 MW wind 

plant and a 6 MW / 3.2 MWh battery storage 

system – has helped reduce the island’s reliance on 

imported fossil fuel while also reducing its 

greenhouse gas emissions. 

The project’s generated energy will be sold to 

the local utility, EDA. The project also uses the 

Greensmith Energy Management System (GEMS) 

software, which optimises energy generation based 

on various factors such as weather forecasts, load 

patterns, etc. Renewable energy consumption on 

the island is expected to increase from 15% to 65% 

of total energy consumption while eliminating the 

need for around 17 000 litres of diesel per month. 

The plant can currently meet 70% of local demand 

(Anteroinen, 2018).

SUMMARY TABLE:  BENEFITS AND COSTS OF UTILITY-SCALE BATTERY SOLUTIONS

Utility-scale battery solutions Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from seconds to hours

COST and COMPLEXITY

Technology and infrastructure costs

Required changes in the regulation framework

Required changes in the role of actors 

Other challenges
• Standards to be developed between DSOs  

and Battery providers

send right incentives to the new player that can 

generate, store and consume electricity

depends on scale and cost dropping

Batteries facilitate the 
integration of renewables: 
they are flexible and fast-
responding and can cope 
with the variable generation 
and help maintain the 
balance in the system
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Apart from using batteries as enabling 

technologies, electricity can be stored by being 

converted into hydrogen or heat. The value of 

storage is also given by its potential to decouple 

generation from demand, thus facilitating the 

integration of high shares of VRE and avoiding 

curtailment of the generation surplus. While 

intraday variations can be better managed with 

batteries, the electrification of other sectors shifts 

the demand from these sectors to the power 

sector. If well managed, this can add significant 

flexibility to the system. 

The process of converting the power generated 

from solar and wind sources to different types of 

energy carriers for use across multiple sectors, 

or to be reconverted back into power, has the 

potential to greatly increase the flexibility of the 

power grid. It builds an optional place to put the 

temporary surplus of power from VRE and reduces 

carbon by displacing fossil fuel energy sources in 

other sectors.

Power-to-hydrogen 

Power-to-hydrogen is the process of using 

electrolysis to split water into hydrogen and 

oxygen using electricity. Hydrogen is a versatile, 

clean and safe energy carrier that can be used 

as a fuel for power or as a feedstock in industry. 

It can be stored and transported as a liquid or 

a gas and can be combusted or used in fuel 

cells to generate heat and electricity. Therefore, 

hydrogen might play a key role in the seasonal 

storage of renewable electricity, while also having 

the potential to decarbonise other sectors when 

used for other applications, such as mobility 

applications, industrial uses or injection into the 

gas grid (see Figure 34).

Power-to-gas is the process of converting 

renewable energy to gaseous energy carriers such 

as hydrogen or methane. Power-to-gas also uses 

electrolysis to generate hydrogen from renewable 

power, which is then reacted with carbon dioxide in 

the presence of bio-catalysts to produce methane. 

Synthetic methane can be used as a direct 

replacement for fossil natural gas, for example in 

marine transport or power generation. It also is a 

low-cost way to arrange seasonal energy storage 

or to transport energy in large quantities by using 

existing infrastructure. 

5

4

7

19

29

Enabling technologies

• Renewable power-to-hydrogen

• Renewable power-to-heat

• Artificial intelligence and big data

Market design

• Innovative ancillary services

System operation

• Virtual power lines
Power-to-X
solutions

Figure 33  Synergies between innovations for power-to-X solutions

SOLUTION XI

Power-to-X solutions 
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A similar concept is power-to-liquid fuels, in which 

hydrogen generated from electrolysis is reacted 

with carbon dioxide to produce liquid fuels such 

as synthetic crude, gasoline, diesel and jet fuel. 

These electrofuels (liquid fuels produced from 

renewable power) can replace fossil fuels without 

the need to change end-use technologies (IRENA, 

2018d). Also, hydrogen can be used as feedstock 

to produce bulk chemicals, such as methanol or 

ammonia, that are used in the industry sector (a 

concept known as power-to-chemicals). 

Using hydrogen for energy storage provides 

unique opportunities. Hydrogen can be produced 

during times of excess renewable electricity and 

it can be converted back to electricity to provide 

power when the renewable source is unavailable, 

helping stabilise the utility grid. Additionally, the 

electrolyser can be cycled up and down rapidly 

to be used as a flexible load providing low-cost 

balancing services to the power system. (Key 

innovation: Renewable power-to-hydrogen)

Innovation in system operation could consist in 

using power-to-hydrogen as a solution to defer 

network investments. Some of the best wind 

resources are located offshore or in rural areas. 

Wind energy can be converted into hydrogen, 

which can be liquefied and transported to regions 

with energy deficits or demand centres. This 

facilitates wind power development without 

requiring large investments in a new transmission 

capacity. (Key innovation: Virtual power lines)

High investments and policy support are needed 

to adopt this solution. The Power-to-X alliance 

in Germany is investing up to EUR 1.1 billion to 

facilitate the production of green hydrogen and 

synthetic methane. 

Power-to-heat

Another enabling technology, renewable power-

to-heat, involves using the electricity produced 

from renewable energy sources to generate heat 

through heat pumps or large electric boilers. Heat 

pumps use electricity to transfer heat from 

Renewable
electricity

Grid

ELECTRICITY

By-product Biomass-
based

hydrogen

Imported 
hydrogen

Re-
electrification
(Power-to-Power)

High-grade 
heat

(>6500C)

Industry
feedstock

Storage
(salt caverns,

storage tanks)

Methanation

Co
2
 (CC)

Blending

Gas grid

Electrolyser

POWER BUILDINGS

INDUSTRY

TRANSPORT

Aviation

Heavy-duty

Fuel-cell
trains

Fuel-cell
electric
vehicles

Shipping

Figure 34  Integration of VRE into end-uses by means of hydrogen

Source: IRENA, 2018d.
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surrounding heat sources (air / water / ground) to 

buildings. Heat pumps can be used for demand-

side management applications, such as load 

shifting and peak shaving. Renewable power-to-

heat solutions can be implemented as either 

centralised or decentralised solutions. In the case 

of centralised heating systems, heat pumps or 

large-scale electric boilers generate heat, which is 

then transmitted to several buildings through a 

network of pipes. These systems are also known as 

district heating systems. Decentralised systems 

consist of heat pumps or electric boilers for heating 

individual buildings or residences. (Key innovation: 

Renewable power-to-heat)

Power-to-heat systems can use the excess 

electricity supplied from these sources to address 

heating needs and avoid the curtailment of 

renewable energy generation. For instance, the 

Inner Mongolia Autonomous Region in China had 

about 22.3 GW of installed wind power at the 

end of 2014, but also had very high curtailment 

levels due to transmission constraints, among 

other reasons (9% wind curtailment in 2014; 

15% wind curtailment in 2015 (Zhang, 2016)). To 

avoid curtailment, the Chinese National Energy 

Administration is installing electric boilers with a 

capacity of 50 MW, which can be used to generate 

heat using excess renewable energy for the district 

heating system that conventionally has depended 

on inefficient coal boilers. The project is targeted 

for completion in 2020 and aims to generate about 

2.8% of yearly planned district heat generation 

(IRENA, 2017).

The Swedish utility company Vattenfall will be 

investing around EUR 100 million over two years to 

build three power-to-heat units with a combined 

heating capacity of 120 megawatts-thermal. These 

units will use excess wind energy to heat water, 

which in turn will transmit heat to residences and 

commercial buildings. These units are expected to 

be operational by 2019, at which point a unit in a 

coal-fired plant with a total capacity of 330 MWh 

will be shut down, reducing the use of fossil fuels in 

heating applications (Vattenfall, 2017).

Thermal storage can store energy for days or even 

months to help address seasonal variability in 

supply and demand. This is of particular benefit for 

energy systems in regions that have a significant 

difference in heating and / or cooling demands 

between seasons. Surplus heat produced with 

renewables in the summer can be stored in 

thermal storage, which then can be used to meet 

winter heating demand, thereby reducing the need 

for non-renewable sources of heat during peak 

times. Thermal storage also can be used to store 

natural cold in winter, to then supply space cooling 

during the summer (IRENA, forthcoming b). Key 

technologies for seasonal storage are aquifers 

or other forms of underground thermal energy 

storage. 



INNOVATIONS CRE ATING SOLUTIONS FOR A RENE WABLE- POWERED FUTURE 

12 3

S
o

lu
ti

o
n

 X
I 

P
o

w
e

r-
to

-X
 s

o
lu

ti
o

n
s

Impact of power-to-hydrogen: 

• Storing solar and wind excess electricity in California using hydrogen would provide heat for up to 370 000 

homes or provide enough electricity for up to 187 000 homes.

A study by Lawrence Berkeley National Laboratory claims that between 2017 and 2025, between 3 300 GWh and 

7 800 GWh of solar and wind energy will be curtailed in California. Hydrogen gas made from excess electricity 

could be used to power fuel cell cars and trucks, or it could be blended with natural gas and used in anything that 

is gas fired. If all of the excess solar and wind energy that the study predicts will be curtailed in California were 

converted to methane and stored as renewable natural gas, it would provide enough energy to heat up to 370 000 

homes or provide enough electricity for up to 187 000 homes (Sempra, 2017).

• Electrolyser technology for utility-scale grid stabilisation services.

Hydrogenics Corporation completed a trial in 2011 with Ontario’s Independent Electricity System Operator aimed at 

demonstrating the use of electrolyser technology for utility-scale grid stabilisation services. Experimental analysis done 

by the US National Renewable Energy Laboratory also shows that electrolysers can rapidly change their load point in 

response to grid needs and at the same time accelerate recovery in case of frequency deviation (Gardiner, 2014). 

Figure 35 shows the result of the experiment conducted. A load simulator was used to generate harmonics on the 

grid (green line in figure), which reduces the frequency below the lower limit of 59.8 hertz (Hz). A control signal is 

generated when the frequency reaches a defined point, and that signal is transmitted to the electrolysers to reduce 

power consumption. The red and blue lines in the figure show the response of the electrolyser (by reducing the 

power consumption) once the frequency dips by 0.2 Hz. The time taken for such response is less than a second, 

enabling the electrolyser to provide such services. Commercial tenders from power companies are demanding fast 

response times including sub-second enhanced frequency response. Revenues from grid balancing payments serve 

to reduce the cost of hydrogen production via electrolysis (ITM Power, 2015; NREL, 2012). 

Source: NREL, 2017.
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Impact of power-to-heat: 

• Electric boiler with heat storage unit reducing curtailment during the night and providing ancillary services 

in Germany. 

The town of Lemgo in Germany implemented a 5 MW electric boiler in 2012 to contribute to district heating services. 

The electric boiler draws excess power from the grid during night time and generates revenue by providing this 

ancillary service. The electric boiler is accompanied by a heat storage unit that enables it to match supply and 

demand for heat. As per estimates, the electric boiler can compete with the existing combined heat and power 

plants during the 500 peak-load hours that occur every year. The boiler generated 27 terajoules or 7.5 GWh of heat, 

which comprised 5% of total heat supply in Lemgo in 2012 (IRENA, 2017c).

• A project in Denmark demonstrated that a 47% to 61% reduction in peak load could be achieved using EVs and 

heat pumps. 

The ability to reduce peak load by adding flexibility to residential heating demand was demonstrated as part of the 

eFlex project conducted by DONG Energy (now Orsted) in Denmark (DONG Energy, 2012). The project assessed 

the potential peak load reduction by using heat pumps attached to smart devices that can control its functioning, 

exposed to price-based demand-response programmes. The system was designed so that the heat pump would 

reduce its consumption or shut off during peak demand intervals (if the house is sufficiently heated) and turn back 

on during low demand intervals. The study indicated that optimising the heat pump’s performance resulted in 

reducing the peak load by 47% to 61%, depending on the time of day and prevailing temperature conditions.

IMPLEMENTED SOLUTION

POWER-TO-HYDROGEN 

DEMONSTRATION PROJECTS

HyStock, the Netherlands

HyStock is a project developed by EnergyStock, 

a subsidiary of the Dutch gas transmission system 

operator Gasunie, and is the first power-to-gas 

facility in the Netherlands. The project consists of 

a 1 MW proton exchange membrane (PEM) 

electrolyser together with a 1 MW solar field that 

will supply part of the electricity required to 

generate hydrogen from water. The HyStock 

project is located close to a salt cavern that can be 

used as a buffer to store the hydrogen being 

produced by the electrolyser after its compression. 

This hydrogen then can be inserted into storage 

cylinders and transported to end-users. The 

project also is investigating how this electrolyser 

could provide benefits to the power sector by, for 

example, providing ancillary services to the grid 

(EnergyStock, 2018).

HyBalance, Denmark 

HyBalance is a Denmark-based project that 

demonstrates the use of hydrogen in the energy 

system. Under this project, excess wind power is 

used to produce hydrogen by electrolysis, which 

helps to balance the grid. The hydrogen that is 

produced is then used in the transport and 

industrial sectors in Hobro, Denmark. The project 

is expected to help identify potential revenue 

streams from hydrogen as well as changes in the 

regulatory environment that are required to 

improve the financial feasibility of 

power-to-hydrogen.

H2Future, Austria 

H2Future consists of a 6 MW electrolyser, 

proposed to be installed at the Voestalpine Linz 

steel production site in Austria, and is expected to 

study the use of the electrolyser to provide grid 

balancing services such as primary, secondary and 

tertiary reserves, while also providing hydrogen to 

the steel plant. The hydrogen would be produced 

using electricity generated during off-peak hours 

to take advantage of time-of-use power prices.

5 % 47 - 61 %
Heat demand supplied by electric boiler 
from excess wind generation 

REDUCTION IN PEAK LOAD 
using EVs and heat pumps
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The REFHYNE project consists of a 10 MW 

electrolyser, established at a large oil refinery in 

Rhineland, Germany, to provide the hydrogen 

required for refinery operations. The electrolyser is 

expected to replace the existing supply from two 

steam methane reformers. At the same time, it is 

expected to balance the internal electricity grid of 

the refinery and to provide primary control reserve 

services to German transmission system operators. 

The pilot is expected to be evaluated after two 

years, and the data collected is expected to explore 

the conditions under which the electrolyser can 

become financially viable. This project also includes 

a study of a 100 MW electrolyser at the Rhineland 

refinery, for large-scale analysis (FCH JU, 2018).

GRHYD, France

A consortium led by ENGIE is demonstrating the 

GRHYD hydrogen energy storage project in France. 

France aims to meet 23% of its gross end-user 

energy consumption from renewable sources by 

2020, so the GRHYD project aims to convert the 

surplus energy generated from renewable energy 

sources to hydrogen. The hydrogen produced is 

blended with natural gas – called Hythane(1) – and 

incorporated into the existing natural gas 

infrastructure. The project aims to demonstrate 

the technical, economic, environmental and social 

advantages of mixing hydrogen with natural gas as 

a sustainable energy solution (ENGIE, 2018).

POWER-TO-HEAT PROJECTS 

Heat Smart Orkney project, Scotland

A wind power-to-heat scheme is being 

implemented as part of the Heat Smart Orkney 

project, which secured funding of GBP 1.2 million 

through the Scottish Government’s Local Energy 

Challenge fund. Households will be provided with 

energy-efficient heating devices that will draw the 

excess power generated from the community-

owned wind turbine, otherwise meant to be 

curtailed. The household heating devices will be 

connected to the Internet and will get switched on 

when the wind turbine receives a curtailment 

signal.

Power-to-heat expansion in Denmark

In 2015 the city of Aarhus, Denmark, expanded 

the capacity of an existing CHP plant by adding an 

80 MW electric boiler and a 2 MW electric heat 

pump to provide district heating services to the 

neighbourhood. The plan was to expand the heat 

pump’s capacity to up to 14 MW after assessing the 

performance of the existing heat pump (IRENA, 

2017). The electric boiler and the heat pump are 

designed to utilise the excess wind generation in 

western Denmark, typically the greatest in winter 

and coincident with the increased demand for heat.
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SUMMARY TABLE:  BENEFITS AND COSTS OF POWER-TO-X SOLUTIONS

POWER-TO-HYDROGEN SOLUTION 

Power-to-hydrogen solution Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed from minutes to months

COST and COMPLEXITY

Investments in technology and infrastructure

Required changes in the regulation framework

Required changes in the role of actors 

clear regulation established  

for the technologies used as network assets  

as opposed to market assets

access to stacked revenues,  

access to existing gas infrastructure

POWER-TO-HEAT SOLUTION 

Power-to-heat solution Low Moderate High Very high

BENEFIT

Potential increase in system flexibility

Flexibility needs addressed

from seconds to months 

(e.g., heat storage in large water caverns, containers or aquifers 

enables seasonal heat storage)

COST and COMPLEXITY

Investments in technology and infrastructure

Required changes in the regulation framework

Required changes in the role of actors 

access to stacked revenues
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The innovations for integrating high shares of 

VRE into power systems focus on increasing 

flexibility in the system while reducing the costs of 

system operation. In the EU, for example, 50% of 

the electricity cost is system integration costs. The 

flexibility of a power system – the extent to which 

the system can adapt the pattern of electricity 

generation and consumption to keep supply and 

demand in constant balance (IRENA, IEA and 

REN21, 2018) – is directly related to its ability 

to accommodate VRE generation at the lowest 

possible cost. 

With an objective to achieve a cost-effective 

global transformation that results in a low-carbon, 

sustainable, reliable and inclusive energy system, 

strategies need to minimise the costs related 

to the integration of VRE while maximising the 

associated benefits. Lack of proper planning for 

VRE integration in power systems may result in 

high constraints that increase system costs. Sound 

planning – anticipating system requirements 

and emerging flexibility solutions – increases the 

benefits from low-cost VRE generation (IRENA, 

2017b), as depicted in Figure 36. 

Total system 
costs with 
high VRE 

Total system
costs with

high VRE in a

Gross cost Gross benefit

Innovation
reducing
system 
cost  

Cost

Benefit

Figure 36 Innovation that maximises system benefits
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IRENA analysis concludes that investments 

in grid infrastructure reinforcement and the 

implementation of other flexibility options for VRE 

integration are of a similar order of magnitude 

to the total investments required in additional 

renewable energy generation technologies. These 

investments may add up to USD 18 trillion for the 

period from today to 2050 in a scenario in line 

with the Paris Agreement and the limited flexibility 

options being implemented (IRENA, 2018b). 

Innovation efforts in power systems can decrease 

the integration cost through solutions that increase 

flexibility in the system, as illustrated in Figure 37.

Of course, each solution has different 

implementation costs, challenges and benefits. 

However, the solutions that will support the 

integration of renewables, and their costs, will 

depend on the specific system context, and there 

is no one-size-fits-all solution. Depending on the 

system’s characteristics, some solutions may 

be more relevant than others. As described in 

Chapter 3, eleven solutions were identified that 

could unlock flexibility on the supply side, in the 

grids, on the demand side and in the system as a 

whole. This is depicted in Figure 38. 

This concluding chapter guides policy makers 

about solutions that could be the most easily 

adopted to increase the flexibility in their system. It 

is structured in two main parts. In the first part, an 

overview of the solutions is provided, summarising 

their benefits, costs and other implementation 

challenges that policy makers should be aware of 

and address when implementing such solutions. 

The second part of the chapter provides further 

guidance for policy makers on the solutions that 

might be most relevant to their context, and 

those that have limited applicability. For this, 

several predefined indicators, which define power 

systems and country contexts, have been used: 

1) population density in cities, 2) seasonality, 3) 

interconnections, 4) the geographical dispersion 

of VRE resources and demand, and 5) load profile 

versus VRE profile. 

Share 
of VRE  

100 % 

Low 

High 

Total system 
costs  

Low High 

The more innovative solutions are implemented,

the higher the share of VRE integrated and the lower the system costs

DEPLOYMENT OF INNOVATIONS 

System 

Operation

Enabling 

TechnologiesBusiness 

Models
Market 

Design

Figure 37 Innovation reducing total system costs for high shares of VRE
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SUPPLY-SIDE 

FLEXIBILITY SOLUTIONS

SYSTEM-WIDE STORAGE

 FLEXIBILITY SOLUTIONS

GRID 

FLEXIBILITY SOLUTIONS

FLEXIBILITY                                                                                         SOLUTIONS

DEMAND-SIDE 

FLEXIBILITY SOLUTIONS

I Decreasing VRE

 generation uncertainty
 with advanced generation

 forecasting

II Flexible generation to

 accommodate variability

III Interconnections and

 regional markets as
 flexibility providers

IV Matching RE generation
 and demand over large

 distances with Supergrids

V Large-scale storage and

 new grid operation to
 defer grid reinforcements

 investments  

VI Aggregating distributed

 energy resources
 for grid services

VII Demand-side
 management

VIII RE mini-grids providing

 services to the main grid

IX Optimising distribution

 system operation with
 with distributed energy

 resources

X Utility-scale battery

 solutions 

XI Power-to-X solutions 

Figure 38 Solutions that unlock the system's flexibility
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4.1  KEY SOLUTIONS: 
IMPLEMENTATION CHALLENGES 
VERSUS FLEXIBILITY POTENTIAL

Each of the key solutions identified targets 

different flexibility needs, ranging from the second 

and minute levels, used for balancing services in 

real time, to the hour and day and days levels, 

used for optimising the operation of available VRE 

generation. Longer-term flexibility needs, such 

as weeks and months, are used in more seasonal 

contexts. 

Most supply-side and grid solutions address very 

short-term flexibility needs, used for real-time 

operations – usually centralised services provided 

by flexible generators, utility-scale batteries and 

interconnections through regional markets. On 

the other hand, solutions that unlock flexibility on 

the demand side, mostly decentralised sources, 

provide minutes-to-hours flexibility for optimising 

the operation of the available generation sources. 

Hydrogen, but also heat storage, can store energy 

for up to months, thus providing seasonal flexibility. 

Table 3 outlines the key solutions and the flexibility 

needs addressed by them. 

FLEXIBILITY NEEDS ADDRESSED IN TIME SCALE

second minute hour day week month

Decreasing VRE generation 
uncertainty with advanced 
weather forecasting

Flexible generation  
to accommodate variability

Interconnections and regional 
markets as flexibility providers

Matching renewable energy gen-
eration and demand over large 
distances with supergrids

Avoiding grid reinforcement  
using large-scale storage 
technology 

Avoiding grid reinforcement with 
the innovative operation  
of existing lines

Aggregating distributed energy 
resources for grid services

Demand-side management

RE mini-grids providing services 
to the main grid

Optimising the distribution  
system operation with  
distributed energy resources

Utility-scale battery solutions

Power-to-hydrogen solution

Power-to-heat solution

Table 3. Flexibility needs addressed by the solutions
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Secondly, regardless of the specific flexibility need 

addressed in time scales, solutions also have a 

different impact on the overall flexibility of the 

system. In general terms, they can be compared 

to each other – assuming that all of them would be 

implemented in the exact same system. 

Also, the implementation of solutions poses 

different challenges, from investments needed 

in technology and infrastructure development 

to other kinds of obstacles, such as regulatory 

challenges, complexity rising from the co-

ordination of multiple stakeholders and/or 

possible changes in the roles of the main actors, 

to challenges created by the political environment, 

international settings, etc. In general terms, the 

solutions that need the least investments in 

technology or infrastructure are the ones based 

primarily on innovations in system operation and 

market design, which can incentivise old and new 

actors to effectively respond to the new system’s 

conditions, based on the existing assets. Table 4 

illustrates the high-level challenges that may 

appear for different solutions and innovations. 

Figure 39 compares the solutions in terms of their 

flexibility potential and the costs, while Figure 40 

compares the solutions in terms of the non-

technological challenges. While there is no “silver-

bullet” solution that has a very high impact with low 

cost and lesser challenges, Figure 39 shows that 

the investment required by a solution is generally 

directly proportional to the potential flexibility of 

the solution. However, the same proportionality 

does not hold true for the non-technical challenges, 

as illustrated by Figure 40. This is because each 

solution has diverse challenges, and it becomes 

difficult to compare one with another in an absolute 

way. Each of them comes from the specificities of 

the geo-political and power system context. 

INVESTMENT REQUIRED CHALLENGES

Enabling technologies •  High in hardware  

investment

• Operation of enabling technology

Business models •  Limited in hardware,  

but high in software 

(investment in personnel and 

software may be needed) 

• Change in regulation may likely be needed 

•  New Digital technologies need to be implemented  

(like sensors and predictive models)

Market design •  Limited in hardware,  

but high in software  

(e.g., investment in software  

in power exchanges  

and market participants)

• Change in the regulatory framework 

• Political challenges

• International co-operation may be needed

• Co-ordination between several different stakeholders

• Changing roles of the actors in the power sector 

•  Because of winners and losers, may take time to agree  

and implement

System operation •  Limited in hardware,  

but high in software (new 

software, tools, control  

systems may be needed)

• Availability of data 

• Data handling

• Change in regulations may be needed

Table 4. Challenges for implementing different innovations and solutions
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Figure 39 shows a high correlation between the 

technology and infrastructure costs that solutions 

require and their potential impact to increase 

system flexibility. Large-scale batteries, supergrids 

and the electrolyser for power-to-hydrogen 

applications are costly technologies and are part of 

solutions with high and very-high flexibility impact. 

However, many other solutions offer significant 

flexibility to unlock at lower costs. Each system 

needs to assess the level of flexibility needed and 

the synergies that can be created within its own 

context. 

Importantly, potential synergies exist among the 

solutions, which would result in lower investments 

when implementing them together. For example, 

investments in digital technologies to enable 

distributed energy resources to provide services 

to the grid would help at the same time for 

demand-side management purposes. Investments 

in power-to-heat solutions, such as residential heat 

pumps, would increase the impact of demand-side 

solutions, making demand-side management more 

efficient, providing services to the grid and even 

enabling distribution system operators to better 

optimise the operation of the system by taking 

advantage of these technologies. 

Also, an important variable in this assessment 

is given by the system context and set-up. For 

example, if the system is well interconnected, better 

regulation and operation of the interconnections 

would enable regional markets with no significant 

investment in infrastructure. However, if 

interconnections are not in place, the costs could 

significantly increase. The same applies for the 

Potential to increase system flexibility

Low Moderate High Very high

Power-to-X solutions 
(Power-to-Hydrogen)

Matching RE generation and demand 
over large distance with supergrids

 Flexible generation 
to accommodate variability  

RE mini-grids providing 
service to the main grid

Aggregating DER for grid services

Demand-side management 

Utility-scale battery solutions

 Power-to-X solutions (Power-to-Heat)

T
e
ch

n
o

lo
g

y
 a

n
d

 in
fr

a
st

ru
ct

u
re

 c
o

st

High-impact 
low-cost 
Solutions

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

 Interconnections and regional 
markets as flexibility providers

Optimising distribution system operation with DER

Decreasing VRE generation uncertainty
with advanced weather forecasting

Avoiding grid reinforcements investments 
with innovative operation of lines

H
ig

h
L

o
w

M
o

d
e

ra
te

V
e

ry
 h

ig
h

Figure 39 Solutions’ flexibility potential versus technology costs needed
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solution for increasing flexibility to accommodate 

variability of wind and solar generation. When a 

system already has in its capacity mix flexible 

power plants, such as large hydro reservoirs or 

flexible gas plants, a change in operation is needed 

to harness the full flexibility potential. Otherwise, 

more costly refurbishment of the conventional 

capacity fleet would be needed. 

Figure 40 provides an overview of non-

technological challenges in comparison with 

the potential flexibility unlocked by solutions. 

Regulatory changes required are an important 

aspect considered, with a lot of weight in the case 

of utility-scale battery solutions or incentivising 

flexible generation to accommodate variability. 

In this context, regulation and market design are 

important to send the right incentives for flexible 

operation of the energy resources. 

On top of regulatory changes, another important 

aspect that makes the solution more challenging 

to implement is the changing roles and 

responsibilities of actors involved. For example, 

demand-side flexibility solutions involve changing 

the role of consumer and changing consumption 

patterns. For integration of distributed energy 

resources and allowing them to provide services 

to the system and the grid, changes in the role 

of the transmission system operator and, more 

importantly, the distribution system operator 

are required. Changing the roles of actors is a 

significant challenge, as the right incentives and 

business models are needed to justify the shift. 

High-impact 
low-challenges 

Solutions

Potential to increase system flexibility

 Interconnections and regional 
markets as flexibility providers

 Flexible generation 
to accommodate variability  

Decreasing VRE generation uncertainty 
with advanced weather forecasting

Avoiding grid reinforcements investments 
with innovative operation of lines

RE mini-grids providing 
service to the main grid

Aggregating DER for grid services

Demand-side management 

Utility-scale battery solutions

 Power-to-X solutions (Power-to-Heat)

Optimising distribution system operation with DER

Power-to-X solutions 
(Power-to-Hydrogen)
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Figure 40 Solutions’ flexibility potential versus non-technological challenges

Note: Non-technological challenges include required regulatory changes, required changes in the role of actors, and other challenges.
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On the other hand, the political set-up and the 

international environment are often a great 

challenge when it comes to external co-operation, 

setting cross-systems roles and responsibilities 

and putting the regional benefit ahead of the 

national one. These are among the most significant 

burdens for establishing well-functioning regional 

markets or even exchange agreements through 

interconnections. 

Exploring the impact from each solution The list 

below enumerates the insights and captures the 

key messages from Figures 39 and 40. 

• Avoiding or reducing investments in grid 

reinforcement, with innovative operation of 

power lines refers to dynamic line rating, which 

implies that more VRE could be allowed through 

the grid when the temperature decreases or 

other environmental conditions allow it without 

compromising on safety. This is therefore 

a solution that does not require additional 

investments and has considerable potential to 

reduce VRE curtailment due to grid congestion. 

It also involves only one actor: the transmission 

system operator. The change in operational 

parameters can be done according to the 

timeline and accuracy of the weather forecast, 

usually from hours to weeks in advance. 

In Europe, where the temperature varies 

considerably between summer and winter, 11 

transmission system operators have dynamic 

line rating in operation. For example, TenneT in 

Germany uses meteorological data from its own 

stations (ambient temperature, wind speed), 

and Terna in Italy uses temperature sensors 

directly at the conductor (ENTSO-E, 2015).

• Advanced weather forecasting tools have a 

great potential to decrease the uncertainty of 

VRE generation. Although they do not reduce 

the variability of wind and solar generation, the 

improved certainty of the generation helps to 

schedule the system operation and account 

for the variability better. Advanced weather 

forecasting tools are already developed and 

are continuously improving with an added 

digital component. Artificial intelligence would 

enhance such tools and boost their accuracy, at 

increased cost. However, the implementation 

of this solution is relatively straightforward, as 

it is a tool used by generators and/or system 

operators for scheduling the system’s dispatch. 

The main challenge comes from the availability 

of historical data, which is usually measured 

and kept by big players in the sector, while 

small generators do not have access to it. The 

development of an open platform for such data 

would enable this solution to realise its full 

potential. 

In Germany, three transmission system operators 

– Amprion, TenneT and 50 Hertz – are working 

with the German Meteorological Service and 

the Fraunhofer Research Institute to improve 

the weather and power forecasts for wind 

turbines and solar PV plants. They develop new 

forecast products, especially focused on grid 

stability. Real-time data from solar panels and 

wind turbines around Germany are fed into an 

algorithm that calculates the renewable energy 

output for the next 48 hours (IRP Wind, 2016).

More generally, Figures 39 and 40 show that solutions focused on the demand side and based on 

market design inno�ations ha�e lower costs and a moderate to high impact on VRE integration. This 

makes them an attractive option in many countries and therefore a good starting point. Solutions with 

more intensive use of enabling technologies, such as grids, storage and power-to-X inno�ations, 

require higher in�estment but also may ha�e a higher impact on integrating VRE. This makes them 

more suited to advanced stages where countries are reaching a significant penetration of VRE in 

their power systems. Policy frameworks, however, must anticipate the regulatory and infrastructure 

planning aspects that are essential for success in implementing these solutions at a later stage. 
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• Demand-side solutions have a great potential 

to unlock flexibility in the system. These 

solutions can be both implicit – with the 

demand response based on the time-of-use 

tariffs (or wholesale prices) for consumers 

(demand-side management) – and explicit, 

allowing the participation of distributed energy 

resources in the markets and exposing them 

to the dispatch based on wholesale market 

conditions (providing services to the grid). 

From a technological point of view, applying 

these solutions to small-scale resources 

requires the deployment of smart meters 

and smart appliances that enhance demand 

response through automation, in order to 

connect and enhance communication between 

the small distributed energy resources and the 

smart appliances. This is especially true for 

small consumers and households. Industrial 

consumers may respond to price signals 

without a high degree of digitalisation. 

Also, the deployment of distributed energy 

resources, such as solar PV or behind-the-

meter batteries and EVs, are providing the 

opportunity for prosumer participation in the 

wholesale or local markets. These technologies 

are deployed based on a bottom-up approach, 

with their widespread adoption being a result 

of technological advancements and innovative 

business models. Therefore, major investments 

in technology and infrastructure would not 

be needed from a policymaker point of view, 

but adapting regulation is required to harness 

the benefits and services that the already 

existing technologies, connected to the 

consumer’s point, can provide to the system. 

Adapting regulations to provide the right price 

signals, proper valuing and remunerating of 

the new flexibility services, and enabling the 

participation of new players in the wholesale 

markets are required. 

Besides the regulatory challenges, these 

solutions involve the co-ordination of many 

actors, changing also their roles: prosumers and 

distribution and transmission system operators. 

While demand-side management can be 

implemented in any context, the participation 

of distributed energy resources in the wholesale 

market, or in the ancillary service market – 

to provide services to the grid – requires a 

liberalised market, both at the wholesale 

and the retail level. Distributed energy 

resources also can be used for the provision of 

system / ancillary services for the transmission 

system operator, or provision of services for the 

distribution system operator (to defer network 

reinforcement). In these two cases, a liberalised 

market is not a requirement, as this could be 

dealt with through direct contracts with the 

transmission and distribution system operators. 

Belgium has involved demand-response 

solutions in its daily electricity market operations 

in a practical manner. The transmission 

system operator accepts the distributed 

energy resource capacity to compensate the 

mismatches between production and peak-

power demand, in which industrial customers 

are given vital importance. In Finland, dynamic 

pricing structures and smart homes enabled 

demand-side management at the household 

level. 

• Existing distributed energy resources 

also could be managed to best benefit the 

distribution grid. Similarly, taking advantage 

of the already connected assets, distribution 

system operators can optimise the operation 

of their networks, directly or indirectly, through 

price signals. A distribution system operator 

needs to expand its role and responsibilities 

in managing the new resources connected to 

the distribution network and optimising their 

operation according to the grid constraints. 

This requires new innovative regulation for 

the distribution system operators, based 

on performance rather than costs, as well 

as new operationally complex procedures. It 

includes incentive regimes that support buying 

services (operating expenditures, OPEX) 

instead of building assets (capital expenditures, 

CAPEX). It also requires review of the basic 

terms of access to and charging for use of 

the networks. Western Power Distribution, a 

distribution company in the UK, has released 

a four-point plan to optimise its network 

operation: this includes expanding and rolling 
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out smart network solutions to higher voltages, 

contracting with aggregators and customers 

for various services, and co-ordination between 

transmission and distribution system operators, 

while ensuring the integrity and safety of the 

lower-voltage networks (Engerati, 2018). 

Local flexibility marketplaces are already 

being developed to allow distribution system 

operators to procure flexibility and thereby 

defer network upgrades (e.g., Agder Energi).

• Another solution involves clustering all the 

distributed energy resources into a mini-grid 

that is able to self-operate and communicate 

with the main grid, whenever needed, based on 

real-time circumstances. This solution requires a 

robust IT system and digitalisation, connecting 

all the devices of the mini-grid with each other. 

In the Netherlands, mini-grid pilot projects 

have been undertaken to focus on sustainable 

and smart energy management. Such a mini-

grid uses an intelligent management system to 

integrate different components and to balance 

local supply and demand, reducing costs. For 

example, solar panels collect energy when the 

sun shines and charge EVs; any surplus power is 

either stored in a battery or sent by the system 

to power other houses in the community.

• Regional markets and interconnections, along 

with flexible conventional generation to offset 

uncertainty, are important to improve overall 

system flexibility. Both solutions are based 

on market design innovations, which require 

a changing regulation framework to better 

value the flexibility services and to enable the 

easy trading of these services across systems, 

respectively. According to the system’s current 

configuration, investments also might be 

needed. For example, in a system with existing 

flexible generation options, such as large hydro 

reservoirs or gas generators, regulations to 

properly remunerate the flexible behaviour 

of the plants may be sufficient. However, in 

systems based on less-flexible generation, 

such as coal or nuclear plants, technological 

enhancements and refurbishment of the plants 

might be required in addition to the new 

regulations. 

For example, in Denmark, where the generation 

mix consists of wind and thermal sources, 

thermal power plants were retrofitted to ramp 

on average 4% per minute, instead of the typical 

1%, in response to the demand for flexibility 

in the production fleet, expressed through 

power price fluctuations throughout the day. 

Improved ramping properties allow the plant to 

increase or decrease participation in the market 

faster and follow the volatility in power prices. 

Similarly, the minimum load is as low as 15% in 

some Danish thermal power plants, whereas 

the standard if this property is not optimised is 

30% to 40% (Energinet, 2018).

While regional markets can unlock huge 

amounts of flexibility, interconnections 

are a pre-requisite. When investments in 

interconnections are needed, the challenges 

and costs of implementing such a solution 

increase. Also, regional markets require a 

(reasonably) harmonised market design across 

the region. This can imply different challenges 

for implementation: the need for strong 

institutional arrangements and a regional 

mindset and trust between the involved 

parties, with participants putting the regional 

security of supply ahead of national needs and 

interests. Regional markets all over the world, 

including in Europe, Central America, Africa 

and the US, are facing the same challenges 

and same benefits from VRE integration. In the 

long run, despite difficulties in international 

co-operation, these will need to form part of 

the solution for renewable energy integration 

and for meeting the Paris climate protection 

targets. International negotiations can take 

time, and such discussions should begin sooner 

rather than later. 

• Power-to-heat solutions are heavily dependent 

on the operation of heat pumps and large 

electric boilers. As technologies, they have 

reached a mature commercialisation stage. 

Now, digital components would help to optimise 

their operations and aid flexibility in the power 

system. For example, the Scottish government 

has secured funding of GBP 1.2 million for a 

wind power-to-heat scheme. Households will be 

provided with energy-efficient heating devices 

that will draw the excess power generated from 
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the community-owned wind turbine, otherwise 

meant to be curtailed. The household heating 

devices will be connected to the Internet and 

will get switched on when the wind turbine 

receives a curtailment signal.

• Solutions based on technologies in the early 

stages of commercialisation – such as utility-

scale battery storage and the electrolyser 

used for power-to-hydrogen solutions – are 

the ones that are most costly at the moment, 

thus requiring risky investment that comes 

at the point of mass roll-out but before costs 

fall. These solutions are still in an early stage 

of commercialisation. Battery costs are slightly 

lower – and their implementation and operation 

are more straightforward than those of power-

to-hydrogen solutions – because of high levels 

of deployment over the last decade. On the 

other hand, adapting regulation is needed for 

utility-scale batteries, as they are new actors 

that can both consume, generate and store 

electricity. Their behaviour in the system should 

be incentivised to best benefit both the players 

and the system. 

For example, a battery storage facility of 

100 MW / 129 MWh has been installed in South 

Australia to firm up the power generated from 

the Hornsdale Wind Farm and simultaneously 

to provide ancillary services to the grid.

Converting the renewable power to hydrogen, 

using an electrolyser, is only one part of the 

solution. Storing and further using the hydrogen 

in other applications, or converting it back into 

power, requires other technologies, proper 

infrastructure and operational procedures to be 

in place. In Austria, H2Future projects proposed 

installing a 6 MW electrolyser at the Voestalpine 

Linz steel production site. This project will 

study the use of the electrolyser to provide grid 

balancing services, such as primary, secondary 

and tertiary reserves, while also providing 

hydrogen to the steel plant. Hydrogen would 

be produced using electricity during off-peak 

hours to take advantage of time-of-use power 

prices. The hope is that by scaling the sizes of 

electrolysers and with mass production, their 

costs will decrease significantly.

• The solution based on supergrids has the 

highest implementational complexity, for 

several reasons. First, it is a less-developed 

technology, at least with regard to meshed 

HVDC grids with DC breakers. Only a few pilot 

projects have been implemented across the 

world. Second, electricity trading between 

different countries involves economic and 

political agreements, which might increase the 

complexity of this solution. Issues regarding 

regulation and standardisation, as well as 

ownership, rights and revenue allocation also 

might emerge.

As part of the German Energiewende, HVDC 

grids were built to integrate offshore wind 

power with the German grid. In April 2015 

TenneT, a German transmission system 

operator, commissioned SylWin1, currently 

the world’s longest offshore grid connection. 

SylWin1 connects three wind power plants 70 

kilometres off the coast. With SylWin1, with an 

output of 864 MW, the wind farms can feed 

large quantities of wind power into the German 

grid via an HVDC connection. To transport the 

energy generated by a total of 232 wind turbines 

to the onshore converter station, a distance of 

205 kilometres must be bridged: 160 kilometres 

of submarine cable and 45 kilometres of land 

cable, suppling more than 1 million households 

with clean wind energy (TenneT, 2018). 

On the other hand, not only Europe, China and 

North America but also a growing number of 

other regions in the world are pushing forward 

international interconnections and markets 

(e.g., the Gulf Cooperation Council and the 

African power pools as well as South America, 

India with its neighbours, East Asia and others). 

International trading rules have been developed 

and refined over decades, and different parts of 

the world are actively trying to learn from one 

other in this field.

Unlocking existing flexibility 
is the first action to take 
with innovations
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SOLUTIONS

Potential 

increase 

in system 

flexibility

Technology and 

infrastructure 

costs

Required 

regulatory 

changes

Required 

changes in the 

role of actors

Other 

challenges

Decreasing 

VRE generation 

uncertainty 

with advanced 

weather 

forecasting

availability 

of weather 

historical data 

for small players

providing 

VRE balance 

responsibility 

would improve 

their forecast

Flexible 

generation to 

accommodate 

variability

 improved 

modelling 

tools and data 

availability

if refurbishment 

of thermal plants 

are applicable

Interconnections 

and regional 

markets as 

flexibility 

providers

political 

challenges

regional 

mindset and 

trust

if interconnections 

are not in place

depends on the 

degree of market 

integration

co-ordination 

between 

transmission 

system 

operators and 

market players 

in different 

markets

Matching 

renewable 

energy 

generation and 

demand over 

large distances 

with super grids

 international, 

political  

co-operation 

needed

cost of supergrid agreed 

regulatory 

frameworks 

between the 

connected 

regions

Avoiding grid 

reinforcement 

using storage 

technology

varies with 

the storage 

technology used

clear regulation 

established for 

the technologies 

used as network 

assets as 

opposed to 

market asset

new tasks for 

the transmission 

and distribution 

system 

operators

Avoiding grid 

reinforcement 

with innovative 

operation of the 

existing lines

potential cost 

of the control 

system

Table 5 Summary Table. 

Legend:  low impact/cost/challenge  very high impact/cost/challenge
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SOLUTIONS

Potential 

increase 

in system 

flexibility

Technology and 

infrastructure 

costs

Required 

regulatory 

changes

Required 

changes in the 

role of actors

Other 

challenges

Distributed 

energy 

resources 

providing 

services to the 

grid 

 involves  

co-ordination 

between 

stakeholders, 

including 

prosumers

ICT platform, 

provided that 

the DERs and 

smart meters are 

in place

active 

consumers, 

distribution and 

transmission 

system 

operators, new 

players such as 

aggregators

Demand side 

management

 consumers 

participation 

and guaranteed 

privacy

smart meters, 

ICT

price signals to 

consumers

active consumer 

– automation as 

a facilitator

Renewable 

energy mini-grids  

providing 

services to the 

main grid

mini-grid, smart 

meter, ICT

Optimizing the 

distribution 

system 

operation

Grid instability 

management

smart meters, 

ICT

new incentives, 

regulatory 

framework for 

distribution 

system 

operators

new role for 

distribution 

system 

operators

Utility-scale 

battery 

solutions

Standards to 

be developed 

between DSOs 

and battery 

providers

depends on 

scale and costs 

dropping

send the right 

incentives 

to the new 

player that can 

generate, store 

and consume 

electricity

Power-to-

hydrogen 

solution

cost of 

electrolyser, 

retrofitting gas 

infrastructure 

pipelines

access to 

stacked 

revenues, access 

to existing gas 

infrastructure

Power-to-heat 

solution
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4.2  INDICATORS ON THE SUITABILITY 
OF SOLUTIONS 

The solutions identified differ in both the 

complexity of implementation and the flexibility 

needs addressed, as explained in the previous 

section. However, not all solutions are as relevant 

in every context. Therefore, policy makers have 

to carefully assess each solution according to the 

specific context in which it is to be implemented. 

This section aims to guide policy makers on which 

solutions, and which kinds of innovations, would 

be more relevant based on five indicators.

This is not a “how-to” guide but a rather an attempt 

to indicate what, from the innovation landscape, 

could fit better in one context or another. Its intent 

is to help policy makers narrow down their options 

and consider which solution(s) to investigate more 

thoroughly. For each of the indicators, solutions 

with limited applicability have been presented, 

along with the recommended ones. 

To illustrate how the solutions can be relevant to 

different circumstances, five indicators have been 

chosen:

1 Population density in cities: high-density 

population / low-density population

2 Seasonality: four seasons / no seasons

3 Interconnection possibilities: interconnected 

systems / isolated systems 

4 Spatial proximity of VRE sources and 

demand centres: demand centres close to 

VRE sources / demand centres far from VRE 

sources

5 Time match between VRE generation 

and load profile: VRE generation matches 

demand (flat net load) / VRE generation does 

not match demand (net load with peaks). 

The solutions that are impacted by each of the 

indicators are discussed below. 

1. Population density in cities

The population density in cities is an important 

indicator for assessing the level of decentralisation 

that is physically and practically possible. 

Decentralised solutions are not feasible options 

in heavily populated cities where people live in 

skyscrapers or very busy neighbourhoods (e.g., 

New York, Bogota, São Paolo, Paris, etc.), since 

there is little space in the consumer’s house to add 

batteries, solar PV panels on the roofs or an EV 

plug. Demand-side management, meaning demand 

response based on time-of-use tariffs or direct 

load control, is the only demand-side flexibility 

option that can be unlocked in such contexts. 

Given the load size in such busy settlements, this 

solution can have a great potential impact. 

It therefore is implied that most renewable energy 

projects would be large-scale projects deployed 

outside cities. Flexibility from existing conventional 

generation and storage solutions (from utility-

scale batteries or converting renewable power into 

hydrogen or heat) would be of great importance 

in integrating high shares of VRE. Grid flexibility 

solutions are also important for high-density 

population areas, where a strong grid and the 

interconnections with neighbouring systems are 

available. Consuming more renewable energy 

in cities is achieved mainly through improved 

power market and interregional renewable energy 

trading. Supergrids could be a solution for bringing 

renewable energy to these demand centres, over 

long distances. 

On the other hand, for cities or areas with low 

population density, the availability of physical 

space enables decentralised solutions to be 

deployed. This could unlock deployment of 

distributed generation, such as solar PV panels, 

together with flexibility sources on the demand 

side; behind-the-meter battery storage, EV smart 

charging, residential heat pumps and mini-grids 

can all offer valuable services to the main grid.
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2. Seasonality 

Seasonality is an important indicator for the 

flexibility needs of a power system. Whereas 

short-term flexibility needs are present regardless 

of the context, long-term flexibility is needed 

mostly in systems that have temperature variations 

throughout the year. 

Countries with seasonal variations have much 

higher electricity and energy demand in some 

seasons than others (in regions with cold winters, 

energy demand in winter is much higher than in 

summer because of heating needs, whereas in 

regions with very hot summers and mild winters, 

energy demand is higher in the summer due to air 

conditioning usage). Therefore, long-term storage 

would enable saving the surplus renewable power 

generated in the season with lower demand to use 

it in the season with higher demand. 

Power-to-X solutions, in particular power-to-

hydrogen, can address this challenge, as hydrogen 

can be stored for longer periods of time, albeit so 

far at very high costs and energy losses. Hydrogen 

can serve as a long-term storage medium with the 

capability of storing energy for several months. 

For example, Germany has 30% higher energy 

demand in winter than in summer, but renewable 

energy sources generate around 50% lower power 

in winter than in summer (Hydrogen Council, 

2017). Currently, storing power in the form of 

hydrogen is not economical. However, by 2030 

the economies of scale are expected to drive 

costs down. How hydrogen could fit into an overall 

2050 decarbonised energy system in Europe is a 

question of increasing interest and studies. Some 

power-to-heat technologies, such as aquifers or 

other underground thermal storage, can store 

energy for up to six months. 

On the grid side, dynamic line rating is an innovation 

that makes use of the changes in temperatures 

and other environmental conditions, enhancing 

the grid’s capability to transmit more power in 

periods with lower temperatures, high wind speed, 

less solar radiation, etc. 

All of these solutions have limited applicability in 

areas where temperature and VRE availability are 

constant throughout the year. In these contexts, 

long-term flexibility might not be needed, and the 

focus should be primarily on short-term flexibility 

only. Utility-scale battery storage is a solution that 

can address short-term system flexibility in the 

entire system, although other such solutions are 

suitable as well. 

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

RE mini-grids providing service to the main grid

Optimising distribution system operation with DER

DER providing services to the grid

Demand-side management

Utility-scale battery solutions

Power-to-X solutions

Interconnections and regional markets
as flexibility providers

Matching RE generation and demand
over large distance with supergrids

Not applicable

High-density population Low-density population 

Flexible generation
to accommodate variability

All solutions

Solutions with
limited

applicability

Recommended
solutions

Figure 41 Solutions guide according to population density in cities
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3. Interconnections 

Interconnections are powerful flexibility providers 

in a power system. When a system is very large or 

well interconnected, the establishment of regional 

markets to capture the synergies among different 

power systems and enlarge the balancing area is 

a solution that deserves policy makers’ attention. 

Also, when interconnections are not in place but are 

possible to build, they should be considered. There 

is also the issue of how correlated the VRE resources 

are within the wider interconnected region or the 

large system, and how the interconnections should 

be operated to take best advantage of different 

wind / solar patterns in different locations. A close-

to-real-time operation of regional markets would 

be of benefit to increase flexibility. 

This solution is not applicable in an isolated, 

small system, where interconnections with other 

systems are neither existent nor possible to build. 

A solution to connect an isolated system with 

another, more distant system, with which synergies 

can be harnessed, is through a supergrid. 

However, in these isolated systems, the flexibility 

should come entirely from within the system itself. 

Options to consider in this case are to incentivise 

conventional generation to be more flexible, storage 

solutions (either through batteries or power-to-X 

options) or unlocking demand-side flexibility. 

4.  Spatial proximity of VRE sources 

and demand centres

Rather than focusing on flexibility options, this 

indicator guides policy makers towards solutions 

that bring the VRE generation from areas rich in 

resources to the demand centres. When such 

synergies are possible, supergrids are one of 

the emerging options that transport electricity 

over long distances with low losses. Creating 

regional markets for capturing the synergies 

and complementarities among different VRE 

generation profiles and load profiles is also a 

powerful option. When the grid connecting the 

VRE generation with the demand is congested, 

there are several innovative solutions to defer 

reinforcement investments while avoiding VRE 

curtailment (using either storage applications or 

dynamic line rating). 

However, when areas with good VRE resource 

spots coincide with demand centres, deploying 

local VRE generation projects and other distributed 

energy resources would increase both renewable 

energy consumption and demand-side flexibility in 

the system. 

Power-to-X solutions for long-term storage
(Power-to-hydrogen, Power-to-heat)

Avoiding grid reinforcements investments
with innovative operation of existing lines

Interconnections and regional markets
as flexibility providers

Utility-scale battery solutions

Power-to-X solutions
for long-term storage

(Power-to-hydrogen, Power-to-heat)

Flexible generation
to accommodate variability

Not applicable
Solutions with

limited
applicability

Strong seasonality No seasons

Recommended
solutions

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

Figure 42 Solutions guide according to seasonality
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All demand-side flexibility solutions

Utility-scale battery solutions

Power-to-X solutions

Interconnections and regional markets
as flexibility providers

Matching RE generation and demand
over large distance with supergrids

Not applicable

Interconnected system Isolated system

Flexible generation
to accommodate variability

All solutions

Solutions with
limited

applicability

Recommended
solutions

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

Figure 43 Solutions guide according to interconnection possibilities

RE mini-grids providing services
to the main grid

Optimising distribution system
operation with DER

Utility-scale battery solutions

Power-to-X solutions

Matching RE generation and demand
over large distance with supergrids

Not applicable Not applicable
Solutions with

limited
applicability

Demand centers close to VRE resources Demand centers far from VRE resources

Recommended
solutions

Interconnections and regional markets
as flexibility providers

Avoiding grid reinforcements investments
with innovative operation of existing lines

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

Figure 44 Solutions guide according to the distance between VRE resources and demand centres
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5.  Time match between VRE generation 

and load profile

The net load profile is the difference between the 

VRE generation profile and the load profile. When 

the VRE generation profile does not match the 

load profile, flexibility in the system is required 

to meet the net load, when it peaks. Options to 

increase system flexibility, in this case, come 

from across the entire value chain of electricity, 

including increasing the ramp-up and ramp-down 

capabilities of conventional plants, balancing the 

system via interconnections and regional markets, 

and demand-side management options and 

storage solutions. 

Recommended solutions in any context

As illustrated in this chapter, there is no one-size-

fits-all solution. All solutions have different levels 

of complexity in their implementation and address 

different needs in terms of flexibility, based on 

the specificities of the system. However, of the 

11 key solutions identified, 2 can be considered 

in almost all circumstances: decreasing VRE 

generation uncertainty with advanced forecasting, 

and demand-side management. More accurate 

generation forecasting of VRE power plants would 

decrease uncertainty and enable better integration 

of renewable energy in any system. Similarly, 

improvements in demand-side management and 

an effective load response to price signals can 

unlock demand-side flexibility regardless of the 

context. 

Demand-side management

Utility-scale battery solutions

Power-to-X solutions

Interconnections and regional markets
as flexibility providers

Flexible generation
to accommodate variability

Not applicable Not applicable
Solutions with

limited
applicability

VRE generation matches/
flat net load

VRE does not match demand/
net load with peaks

Recommended
solutions

All solutions

Supply-side solutions Grid flexibility solutions Demand-side solutions System-wide storage solutions

Figure 45 Solutions guide according to the net load profile

Demand-side management

Decreasing VRE generation uncertainty with advanced weather forecasting

Figure 46 Solutions for all contexts
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Innovation is the engine powering the energy 

transformation, and the pace of innovation around 

the world is accelerating. A multitude of innovation 

solutions are being trialled and adopted in a wide 

range of countries for a wide range of applications 

across energy systems. The power sector has been 

leading the way with rapid cost reductions in the 

key renewable energy technologies of solar and 

wind and accelerating adoption in many power 

systems. 

At higher shares of VRE, flexibility becomes an 

increasingly valuable characteristic in power 

systems. As VRE shares expand, policies need to 

adapt to the changing system conditions. In an 

age of inexpensive VRE, the success of integration 

strategies is crucial for high shares of VRE to 

translate into low-cost electricity for consumers 

(IRENA, IEA and REN21, 2018).

The future is upon us: already, we can see a 

number of changes that are happening:

• Generation: Large, inflexible thermal generation 

is progressively being replaced by smaller-scale 

renewable generation, much of which is not 

commercially flexible (zero marginal cost) and 

which is weather dependent (non-energy-price-

responsive resources). In the short term, existing 

conventional generators need to become more 

flexible, with improved ability to provide a 

faster ramping capacity to react to increasing 

volatility of net load. In the long term, flexibility 

also will come from demand management and 

increased grid interconnectivity. 

• Sector coupling / demand: A trend of 

electrification of end-use sectors, such as 

electrification of transport (EVs) and potentially 

of the heating sector, will eventually develop, 

greatly increasing the load on distribution 

networks. These new loads could be relatively 

high capacity / low energy if not managed, 

but they are inherently flexible: electrification 

technologies include battery or thermal storage 

that could help smooth out the demand pattern 

to match the availability of generation and the 

capacity of the distribution grid. This optimal 

contribution to system flexibility will only 

happen if their integration is properly managed 

and if customers accept that their use patterns 

are not solely their personal choice.

• Energy storage: Battery technology is 

becoming increasingly affordable. Even 

domestic users, especially households with 

solar PV systems that want to maximise self-

consumption, are installing batteries at scale, 

due to personal preference over economics. 

Distribution grid operators are turning to mid-

scale batteries to avoid network upgrades. Also, 

power-to-X applications that are supporting 

sector coupling (power-to-heat and power-to-

hydrogen) are emerging, with great potential to 

store energy in different forms. 

• Distribution grid: The growing awareness about 

“predict and provide” for network capacity 

(predict the load and provide the available 

capacity, to balance supply and demand) 

will become unsustainable, especially with 
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electrification. Flows on distribution networks 

will become less predictable. Also, distribution 

system operators will need better visibility 

on lower-voltage parts of their networks, and 

better tools for control.

• Aggregation / demand response: A space 

is growing for increasing demand response, 

including Improved technology readiness, the 

availability of suitable market or ancillary service 

products and marketplaces or platforms, and 

new business models and actors. Active energy 

consumers, often called prosumers because 

they both consume and produce electricity, are 

changing the dynamics of the sector, with great 

potential to unlock demand-side flexibility. 

THE EIGHT-STEP INNOVATION PLAN

The strong business case for VRE technologies, 

such as wind and solar PV, are positioning those at 

the core of the transformation. Innovations being 

trialled in front-running countries show that power 

systems can operate with very high shares of VRE 

in a reliable and economical way. However, a large 

gap remains between front runners and countries 

at early stages in integrating VRE. To bridge the 

gap, the following recommended actions could be 

implemented by countries.

Anticipate future 
power system needs

Adopt a systemic approach 

Account for changing roles
and responsibilities

Foster learning by doing

Create synergies through 
sector coupling

Make market design
innovation a priority

Adopt an open and 
co-operative approach

to innovation

Turn smart innovations
into smart solutions

1 2

4 3

5 6

8 7

Figure 47 The eight-step innovation plan for power sector transformation
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1 Develop far-sighted policy frameworks 

that anticipate future power system 

needs. Ensuring cost-effective integration 

of VRE at scale requires balancing present 

needs (a focus on deployment of renewable 

generation technologies) with future needs 

(a focus on integrating high shares of VRE). 

Difficult trade-offs exist between quick 

wins and long-term strategies. In targeting 

high levels of renewable deployment and 

integration, policy makers should not look 

at the quick wins alone. They need to look 

ahead to a time when renewable energy 

deployment has been successful, and design 

the markets and systems around this future.

2 Adopt a systemic approach, drawing 

together innovations in technology, market 

design, business models and operation. 

Leveraging synergies among innovations 

across all sectors and components of the 

system, and involving all actors, is crucial. The 

innovative solutions mapped in this report 

show that solutions tailored to the country 

context and needs can be built by combining 

innovations in enabling technologies, market 

design, system operation and business 

models. The implementation of such 

innovations to unlock flexibility across the 

whole power sector would result in lower 

costs to integrate VRE and so support the 

energy transformation. Potential synergies 

among the different solutions also exist, 

which can result in lower investments when 

implementing them together.

3 Foster learning by doing through ongoing 

trial and demonstration. We cannot predict 

a unique archetype of the power system of the 

future. Innovation necessarily involves failing, 

but energy systems cannot fail – the lights 

must stay on, and we need to understand 

what solutions work and do not work in 

each country context. This makes learning 

by doing, through trial and demonstration, 

of paramount importance to mitigate risk. 

The capacity of different actors to take risks 

varies: start-ups (for example, new entrants) 

can take higher risks and have more space to 

fail. Therefore, an open innovation approach 

is important to enable start-ups to solve 

problems and bring solutions. There is a 

need for the regulatory space that will allow 

levels of experimentation; one example is 

creating regulatory sandboxes that allow 

actors to experiment and test innovations 

without being restricted by the regulatory 

environment.

4 Account for changing roles and 

responsibilities in the operation of the 

power system. The increasing penetration 

of decentralised energy resources and 

the emergence of new market players, 

such as prosumers and active consumers, 

will usher in a new era. Governments and 

companies need to gather better insights 

into consumers’ and communities needs and 

expectations and their willingness to adopt 

innovations – and should tailor solutions 

accordingly. Some consumers are likely 

willing to play an active role in the energy 

system, but the benefits must be clear, and 

automation is needed to make responses 

simple. Furthermore, distribution system 

operators will have to adjust their current 

role and transform their business model, 

transitioning from just network planners to 

system operators. Greater co-operation with 

transmission system operators is needed to 

increase the visibility of the new distributed 

energy resources that are connected and 

that could provide services to the system.

5 Make market design innovation a priority, 

as it fosters flexibility at relatively low cost. 

Market design solutions for VRE have shown 

to be very impactful and low-cost solutions, 

making them a first option to focus efforts. 

Some energy markets and regulations are 

showing how markets can be adapted to 

reflect the needs of power systems with 

higher shares of VRE and to respond to the 

trends of digitalisation, decentralisation and 

electrification. Markets are observing that 

the value is moving from providing kilowatt-

hours to providing flexibility to accommodate 

more low-cost VRE. The glue that holds 

this together is a market that prices energy 

and balancing services properly and that 
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remunerates all actors that are able to provide 

flexibility. Proper planning accounting for the 

energy transformation would result in holistic 

and cost-effective market designs. Otherwise, 

solutions based on quick wins with a patches 

approach would result in high system costs in 

the long run. Gradual improvement of energy 

market pricing is critical regardless of any 

short-term patches that might be adopted.

6 Create synergies between renewable 

power supply and electric mobility, heating 

and cooling. Valuable synergies can be 

harnessed between renewable power and 

the decarbonisation of end-use sectors 

through sector coupling. Electrification 

strategies must be planned carefully and 

delivered intelligently, with close connections 

to strategies for the accelerated roll-out of 

renewable energy and with consideration of 

wider societal changes.

7 Turn smart innovations into smart solutions 

using digital technologies.

Digital innovations (artificial intelligence, 

the Internet of Things, blockchain, etc.) are 

starting to significantly impact power systems 

in many different ways. The implications for 

established models and actors and the risks 

are not yet fully understood. Technologies 

exist, but smart applications are still limited. 

Energy systems should make far more use 

of the “smartness” that digital innovations 

enable. Notably, other industrial sectors have 

applied digital technologies at (close to) full 

potential, providing knowledge that could be 

transferred to the power sector. Many more 

pilots and deployments of digitally enabled 

solutions are needed in a wider range of 

circumstances.

8 Adopt an open and co-operative approach 

to innovation. Innovation needs to engage 

different actors, from both the public and 

private sectors and across developed and 

developing countries. Knowledge and 

experience should be shared more widely. 

There is ample opportunity to learn more 

from other sectors and from different players. 

Interplay with other industrial segments that 

were not considered part of the energy sector 

could bring great opportunities to harness 

the synergies. Innovation should be coupled 

with a sustainable and inclusive approach.

This report shows that policy frameworks that encompasses these elements are well 

positioned to transit a successful power sector transformation. A multitude of innovative 

solutions to facilitate the integration of VRE, which a decade ago may have seemed 

like science fiction, are now being implanted or trialled around the globe. The solutions 

emerging can be tailored to suit most power systems. With the insight from this report 

and its accompanying online resources, energy system planners and decision makers can 

seriously contemplate plans for a renewable-powered future. 
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