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Wind is variable and non-controllable

• Due to the stochastic nature of wind, the electrical power generated
by wind power plants is neither constant non controllable.

• This affects the network planning as the expected generation level
depends on non reliable wind forecasts. Also it affects the power
quality as the fast fluctuations of wind power can cause harmonics
and flicker emissions.
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Introduction

European electricity mix

3 Technical  and  regulatory  aspects  for  the  grid 
integration of pulsed fusion power plants 

The  displacement  of  thermal  fossil‐fuelled  generating  units  by  renewable‐based  power 
plants results in several challenges for the design and operation of the electrical network 
and the electrical energy markets of the future. The installation of fusion power plants will 
be  framed  in  these  hypothetic  future  scenarios,  which  are  mainly  driven  by  the 
decarbonization of the electrical network. 
 
Following  sections  provide  a  description  of  the  future  electrical  networks.  The  main 
objective  is  to  detail  the  technical  and  regulatory  challenges  to  be  faced  in  the  coming 
years  for  the design of  the electrical networks of  the  future, which will  surely affect  the 
requirements for the grid integration of pulsed fusion power plants. 
 

3.1 Prospective of the future electrical energy mix 

The European electrical network is experiencing dramatic changes nowadays towards the 
European 2020 and 2050 objectives. 

Targets for 2020 refer to an increment of the renewable energy generation share by 20% 
with  the  consequent  reduction  of  20% of  carbon  emissions,  all while  achieving  20% of 
energy savings. Further, objectives towards 2050 are devoted to the total decarbonization 
of the electrical network. 

Towards these 2020 and 2050 European targets, most of the non CO2‐neutral generating 
technologies will  have  to be displaced by  renewable‐based  types.  In  this  sense,  thermal 
fossil‐fuelled power plants such as coal, fuel or gas‐based, which currently represents the 
majority of  the generation  capacity of  the network, will  be displaced by wind and  solar 
power plants. In the same manner, nuclear power plants, as CO2‐neutral generators, are 
considered for inclusion in these future carbon free scenarios as depicted in Figures 4 and 
5. 
 

 
Figure 4. Energy generation mix in Europe in 2012. Source: Eurelectric [2]  
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Figure 5. Estimation of the energy generation mix in Europe by 2020. Source: Eurelectric 
[2] 

As can be noted in Figures 4 and 5, the electrical network is rapidly changing. In a period 
of  time  of  just  8  years,  the  percentage  of  the  total  energy  generated  in  the  electrical 
network  by  fossil  fuel  fired  power  plants  is  expected  to  be  reduced  13%. On  the  other 
hand, the penetration of renewables is expected to be increased 12%, supplying the 34% 
of the total energy generated in the network. 
 
Changes are expected not only in the generation mix but also in the type of participants or 
actors of the electrical network. Conventionally, the electrical network was composed by 
few actors such as the network operator, the large synchronized generating units (e.g. gas, 
coal  or  nuclear  power  plants)  and  the  consumers,  which  could  not  actively  counteract 
with  the  energy  market,  i.e.  there  is  no  bidirectional  flow  of  information  between  the 
network  operator  and  the  consumers.  However,  nowadays  the  current  generation 
portfolio  is  extensive  and  includes  several  types  of  generators.  Apart  from  the  large 
synchronized generating units such as coal or fuel based power plants, the system holds 
an increased capacity of solar and wind power plants with the consequent replacement of 
conventional generating units. Also, new actors in the electrical network appeared in the 
last  decades  such  as  the  energy  storage  systems  and  the  field  of  the  electric  mobility. 
Energy storage systems can neither be considered generators nor loads, but they can be 
both as required. Also, electric vehicles interact with, and will affect the electrical network 
operation as they need their batteries to be charged somehow and could even, inject their 
power to the network as energy storage systems do. 
 
Moreover,  taking advantage of  the above mentioned new technologies and actors  in  the 
electrical network, new grid concepts have been developed,  such as  the so called Smart 
Grids  and Micro  Grids.  All  these  aspects  are  configuring  the  electrical  networks  of  the 
future. 
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Flexibility: a key aspect for the future electrical networks

Technical and regulatory aspects for the grid 
integration of pulsed fusion power plants

Without any doubt a future scenario in which most of the power generationWithout any doubt a future scenario in which most of the power generation 
comes from variable and non-controllable power sources, such as renewable 
types, will be possible only if the energy sector as a whole adopts and applies 
the term flexibility
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All these aspects will determine the requirements and the scenario of the 
grid integration of fusion pulsed power plants
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All these aspects will determine the requirements and the scenario for the
grid integration of renewables

5 / 49



Intro Review Short term Mid term Long term Conclusions References

Introduction

Flexibility: a key aspect for the future electrical networks

Page 18 of 31  

 
 
Figure 7. Current and scheduled European cross‐border electricity transmission lines in 
2010 (left) and 2025 (right) [3]. 
 
The above mentioned sources of flexibility (the energy storage systems, the demand side 
management  and  the  reinforcement  of  power  transmission  systems)  can  complement  / 
substitute each other, as discussed in [3]. The extent to which energy storage systems and 
demand  side  management  substitute  /  complement  the  benefits  of  cross‐border 
transmission  systems  between  countries  depends  on  the  need  of  arbitrage  in  the 
interconnected European power system. 
  
One  example  of  complementing  the  above  mentioned  sources  of  flexibility  is  to  take 
advantage of the capability of cross‐border transmission systems for spreading out power 
fluctuations  geographically, with  the  capability  of  shifting  in  time  potential  undesirable 
power flows by energy storage systems and demand side management. 
 
When  the  storage  systems  and  demand  side  management  of  one  country  are  able  to 
absorb  the  power  fluctuations  for  balancing  purposes,  the  need  of  cross‐border 
transmission  systems  is  reduced.  But  when  the  power  fluctuations  are  very  high,  or 
importing  energy  from  other  countries  is  much  cheaper  than  activating  the  storage 
devices in one country, the cross‐border transmission systems are also preferred for the 
proper  operation  of  the  network.  These  cases  serve  as  examples  of  substitution  of  the 
benefits of the above mentioned sources of flexibility. 
 
3.2.5 Regulatory and economic aspects 

Finally,  the  fifth source of  flexibility  is not  related  to  technical aspects but  to regulatory 
and economic aspects. For instance, the cross‐border transmission lines between different 
countries  permits  to  export  and  import  power  when  needed  favoring  the  proper 
operation  of  the  European  electrical  network  as  a whole  and  improving  the  security  of 

Example: scheduled reinforcement of power transmission lines for 2025
[Source: Eurelectric].

6 / 49



Intro Review Short term Mid term Long term Conclusions References

Introduction

Flexibility: a key aspect for the future electrical networks

• The proper regulatory framework is principal for the integration of
renewables

• In this sense, there is a trend towards the integration of European
electrical markets

• Also, towards the reduction of the time operating basis of the
electrical market: reduction of forecasting errors

• Portfolio approach
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Flexibility: a key aspect for the future electrical networks

• Energy storage systems (EESs) are also providers of flexibility.

• They may play an important role in wind power applications by
enhancing the controllability of the output of wind power plants and
providing ancillary services to the power system and thus, enabling
an increased penetration of wind power in the system.
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Review of energy storage technologies for wind power
applications

Catalogue of energy storage technologies
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Energy storageEnergy storage

MechanicalMechanical
ElectroElectro ElectroElectro

MechanicalMechanical
magneticmagnetic chemicalchemical

Pumped‐HydroPumped‐Hydro SupercapacitorSupercapacitor HydrogenHydrogen

Compressed AirCompressed Air

FlywheelFlywheel

SMESSMES Flow batteries

Vanadium‐Redox

Zinc‐Bromide

Batteries

Zinc Bromide

Polysulphide‐Bromine

Time scale: Long Term (hours – days)Time scale: Long Term (hours – days)
Lead‐Acid

Ni‐Cd

Li‐Ion
Time scale: Short term (s – min)Time scale: Short term (s – min)

Time scale: Medium term (min – hours)

NaS

14 / 49



Intro Review Short term Mid term Long term Conclusions References

Review of energy storage technologies for wind power
applications
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Review of energy storage technologies for wind power
applications

Among the conclusions of the review...

• ESSs can provide numerous services for the grid integration of wind
power.

• There can be identified applications where ESS are required to inject
or absorb power for less than a minute, as in power smoothing of
wind turbines; or long-term storage applications, such as those
related to load following or seasonal storage.
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Review of energy storage technologies for wind power
applications
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Figure : Applications of ESSs in wind power. Source [1]
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Category I: Short term storage needs

The applications within this category are:

• Suppression of the fast fluctuations of the power output of the wind
power plant,

• support under low voltage ride through situations,

• voltage control support to the connection point of WPPs,

• improve the stability of power systems with high penetration of wind
energy against disturbances.
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Category I: Short term storage needs

Defining characteristics for EESs

• High ramp power rates,

• high cyclability,

• limited energy and power capacities.

Suitable EESs

• Batteries and flow batteries,

• and specially supercapacitors,
flywheels and SMES.
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Category I: Short term storage needs

Example: use of flywheels for wind power smoothing
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Figure : Frequency power spectrum of a WT.
Source [4]

Fast wind power fluctuations can
cause fast voltage variations
affecting the power quality levels.
In particular, high flicker levels
can be noted due to cyclic
perturbations to the rotational
torque (rotating sampling effect)
and other factors.
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Category I: Short term storage needs

Example: use of flywheels for wind power smoothing
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Figure : Conceptual diagram for wind power smoothing with flywheels. Source:
[4]
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Category I: Short term storage needs

Example: use of flywheels for wind power smoothing
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Source: [4]
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Category I: Short term storage needs

Example: support during shortcircuits and severe voltage drops

Aplicació: Low voltage ride through (LVRT)
≤ 1 minEmmagatzematge d’energia

• Comportament d’un generador DFIG de 2MW durant una caiguda de tensió a la xarxa
fins al 0% durant 250 ms.

Figura 17: 
Comportament d’unaComportament d’una 
turbina eòlica durant 
un curtcircuit a la 
xarxa

19

Figure : Behaviour of a wind turbine during a shortcircuit in its PCC
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Category II: Mid term storage needs

These applications require the EESs to continuously regulate power for
the time frame comprised between a few minutes up to 10 hours

The applications within this category are:

• System frequency control support.

• Load following. In this service, storage technologies can help wind
power plants in meeting their output target.

• Peak shaving of the typical mountain and valley shape of the load
curve.
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Category II: Mid term storage needs

Defining characteristics for EESs

• Relatively high ramp power rates,

• relatively short time responses (<1s),

• relatively high energy and power
capacities,

• very low self-discharge rates.

Suitable EESs

• Flywheels (for primary frequency
support),

• and specially batteries, flow batteries,
hydrogen-based technologies, CAES and
PHS.
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Category II: Mid term storage needs

Example: 34 MW NaS batteries for 51 MW WPP in Futumata
(Japan) in 2010 for transforming the wind power facilities into a

baseload electricity source.

Therefore, the NAS batteries have a large-capacity 
electric heater in each battery module. If the system goes 
down for a long period of time, the NAS batteries will not 
function smoothly upon restarting because of the time 
required to raise the operating temperature. To avoid this 
situation, the PCS operates like a generator to provide 
power from the NAS batteries to the heater circuit (Fig. 
5). 

With the stand-alone function, it is possible to operate 
up to three PCSs at the same time and in the same line. 
Each PCS has an independent 6.6 kV grid 
synchronization function. Stand-alone control in each 
PCS is performed independently by adjusting the output 
voltage level and frequency of the PCS to stabilize the 
6.6 kV grid. A maximum power of 6,000 kW can be 
supplied to the NAS battery’s heater for about 6 hours. 

Fig. 2. Cooling air flow of PCS. 

Fig. 3. Velocity distribution. (thermo-fluid analysis result) 

Fig. 4. Temperature distribution. (thermo-fluid analysis result) 

Fig. 5. Stand-alone operation. 

IV.  INSTALLATION

This system was installed in 2008. Fig. 6 shows a 
photograph of the wind farm, Fig. 7 shows the PCS 
installed in a building and Fig. 8 shows NAS batteries. 
Because forced-air cooling was employed for the PCS, 
they were installed in the building to prevent exposure to 
salty air.  The maximum external temperature is 35 °C, 
and the temperature inside the building is controlled by 
ventilation fans only, not by air conditioners. 

The NAS batteries were installed outside, as shown in 
Fig. 8. The cubicles for the NAS batteries have filters for 
eliminating salt particles. 

Fig. 6. Wind turbines in field. 

Fig. 7. 17 sets of 2.4 MW PCSs. 

Fig. 8. 17 sets of 2 MW NAS batteries. 
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Figure : 17 sets of 2 MW NaS batteries
[2]

 These figures shows that the generated power from 
the WTGS delivered to the power grid of the power 
company was kept constant and stabilized by having the 
PCSs control the charge/discharge power of the NAS 
batteries according to the constant output power control 
commands.  

It also shows that the delivered power was stable 
regardless of whether wind power was generated or not 
due to the weather conditions, etc. 

The criterion for constant-output control is ±2% of the 
contracted generation capacity. As a result, the maximum 
output error was within ±2% of the rated output power in 
verification field test results. It was also verified that the 
PCSs can track and compensate for long- and short-term 
power fluctuations from the WTGS. 

Furthermore, the PCSs developed for this large-
capacity WTGS showed satisfactory performance, 
achieving the requirements set by the power company. 
Stand-alone operation was also tested and found to be 
satisfactory. All functions and performance levels were 
verified and approved by the power company. 

Fig. 10. Constant control performance. (short time range) 

Fig. 11. Operating example. (8 days) 

VII.  CONCLUSIONS

In this paper, we described the world’s largest energy 
storage system composed of 34 MW NAS batteries and 
17 sets of PCSs for a 51 MW wind power system, and we 
also reported favorable results obtained in field 
experiences. With this PCS, it is possible to regulate the 
fluctuations in wind power with a power control precision 
of ± 2 %, according to a power generation planning 
system that takes into consideration the weather 
conditions, charge/discharge power status, etc. Thus, the 
wind power plant can supply power to the power grid 
without being affected by fluctuations in wind power. 

We are hopeful that this system will be increasingly 
applied to power generation systems using natural 
energy, as well as making societal contributions, as a 
measure to cope with environmental and energy resource 
issues in the future. 
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Category III: Long term storage needs

These applications require the EESs to regulate high power levels for
several hours up to several days

The applications within this category are:

• Transmission curtailment (due to issues related to the capacity of
transmission lines or stability issues).

• Unit commitment. To reduce uncertainties regarding mesoscale
variations of the wind.

• Seasonal storage. To deal with large seasonal variations in the
generation or consumption levels.
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Category III: Long term storage needs

Defining characteristics for EESs

• Very high energy and power capacities,

• virtually zero self-discharge rates.

Suitable EESs

• Hydrogen-based storage technologies,

• PHS,

• CAES.

Peak shaving
1‐10 hEmmagatzematge d’energia

• Amb instal∙lacions de bombeig…

Figura 33: Turlough Hill (Irlanda)g g ( )

37Figura 34: Detall del sistema i els seus costos d’inversió

Figure : Turlough Hill (Ireland)
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Category III: Long term storage needs

Example: Hydrogen production using wind power

vary with the load pattern and the ability of the wind
farm to control reactive power. More detailed grid
analyses of a similar example system are described in
Refs. [15,35]. The average load at the island is 800 kW, and
it follows a typical Norwegian pattern with low load at
summer and high load at winter. Based on estimated
schedules for a fuel cell bus and a hypothetical H2 fuelled
ferry, the H2 consumption is set to 835 kg/day on weekdays
and 470 kg/day on weekends. This corresponds to an
average power consumption of 1825 kW for the chosen
electrolysis plant, including rectifier, auxiliary equipment
and H2 compression with a total specific power consump-
tion of 60 kWh/kg. Due to operation restrictions, the
electrolyser must always be operated at minimum 20% of
its nominal power.

A 30-year time series of hourly wind power output has
been constructed from wind speed measurements and a
general wind power curve. The year-to-year variations in
the capacity factor (average power relative to rated power)
are shown in Fig. 4. It is evident that basing feasibility
studies on a single year of wind speed measurements may
give too optimistic or pessimistic results when comparing
with the long-term average wind speed. Fig. 5 shows the
monthly variations of the capacity factor for the best year
(year 11), worst year (year 20) and a year with average
wind speed close to the 30-year average (year 19). All years
follow the same trend with best wind conditions during the
winter months, when also the electricity consumption is
highest.

7. Results

7.1. Wind power only

First, the possibilities of utilizing the wind resources
without H2 storage are studied. If the installed wind power
capacity is above the grid capacity, wind power must be
dumped in periods with high wind speed and low electricity
consumption. This is illustrated in Fig. 6, where the
distribution of the wind energy is plotted for different
wind power capacities. The prioritisation of the generated
wind power is: (1) supply of local load (2) export to
external grid (3) dump excess power. We clearly see that the
fraction of dumped wind energy increases significantly at
high penetration levels which reduces the income from
operating in the electricity market. With an installed wind
power capacity of 9MW, as much as 27% of the available
wind energy will be dumped.

7.2. Wind power with constant H2 production

When introducing H2 production, a choice must be
made on how to operate the electrolyser. The required
electrolyser capacity and H2 storage capacity can be
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Hydrogen can be produced, stored and then used for electricity
production in fuel cells.
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Category III: Long term storage needs

Example: Long term storage for avoiding wind curtailment

9 

 
 Data from December 2008 through July 2009 showed that ERCOT is curtailing a 
significant amount of wind power on a daily basis.  Figure 1 indicates that ERCOT typically 
curtails between 500 and 1,000 MW of wind capacity daily during the peak hour, with much 
larger increases to between 2,500 and 3,000 MW on some days from February 2009 through 
April 2009.  The wind curtailment is done in real time and does not include balancing down 
instructions that ERCOT sends as a result of ERCOT’s real-time balancing market.  Further-
more, because only the peak hour is measured, not all wind curtailment throughout the day is 
represented.8

 
 

Figure 1. 
 

Estimated Capacity of Wind Curtailed Daily during the Peak Hour in ERCOT 
December 2008 – July 2009 

 
 
Source: Estimated from Monthly Staff Presentations to the ERCOT Board of Directors, December 2008 through 

July 2009. 
 

                                                 
8 For the data in Figures 1 and 2, ERCOT mostly used average wind output and wind curtailment for the peak load 
hour of the day, but for May and July, ERCOT used actual wind output and both resource-specific and portfolio 
curtailments averaged over the entire day.  ERCOT said this will be the method they will use going forward.  
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Figure : Example of a wind power curtailment profile during 2 months

The wind power sector in Spain lost 90 Million Euro in 2012 due to
wind power curtailment.
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Conclusions (1/3)

• Nowadays, there is a tremendous effort in improving the capabilities
and efficiencies of the available storage technologies, as well as
reducing their capital costs. The aim is to make ESS economically
suitable for the use in stationary applications and, therefore, allow
higher penetration ratios of renewable energies in the system.

• High power ramp rates of some systems such as SMES, flywheels or
supercapacitors allow their use for power smoothing of wind
turbines, favouring the mitigation of the voltage and frequency
variations at the connection point of the WPP.

• ESS with high energy and power capacities can be used as well for
improving the predictability of the output of wind power plants,
involving technical benefits that favour the incorporation of wind
power in the network, and also economic benefits owing to penalty
reductions in forecasting errors and reduction of wind power
curtailment, for instance.
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Conclusions (2/2)

• In spite of the numerous technical benefits ESSs can provide to the
electrical network in general...

• Who is willing to pay for the storage devices?

• Who should be the storage operator?

• How the services provided by the storage devices are going to be
economically valued?

• The answers to these questions need implication of all actors of the
electrical network.

Generators

ConsumersSystem operator

Generators

Energy storage
systems

ConsumersSystem operator
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