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INNOVATION L ANDSCAPE FOR A RENEWABLE-POWERED FUTURE

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, 
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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. (Solution X)

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.
(Solution XI) 
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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) 

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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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). 

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 are flexible 
and fast-responding. 
They can cope with 
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

Co2 (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. 
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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 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 

in a constrained 
system   

Total system
costs with

high VRE in a
very flexible 

system   

Gross cost Gross benefit

Innovation
reducing
system 
cost  

Cost

Benefit

flexibility
investments 

fuel cost
savings 

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 
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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
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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 innovations have 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 innovations, 
require higher investment but also may have 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 (see Figure 45). 

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 (see Figure 46). 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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