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Abstract

With increasing deregulation of the European electricity market, the quality of supply is becoming an issue of growing importance. Grid-
connected electricity storage systems (ESSs) can enhance the quality of supply by: (i) shortening black-out periods; (ii) shifting exces:s
energy for use during periods of high demand; (iii) sustaining the grid for better power quality. These problems are being addressed by usin
technologies such as power electronics and ICT. But storage systems offer a cheap and efficient solution to such concerns. ESSs can also po
high-value, ancillary services. This paper analyses the new potential markets for storage systems in the context of distributed energy resourc
with a high penetration of renewable energies in the electricity networks. While lead—acid batteries are the most used technology in all type:
of stationary applications, many different storage technologies are claimed to fulfil the technical requirements of the above applications, in
particular the emerging ones. Therefore, a comparison is made of lead—acid technology and its competitors in terms of technical and econom
considerations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (iii) concerns relating to compliance with grid requirements
(power flows limited by the thermal capacity of the
Deregulation of the European electricity market is highly lines, avoidance of over-voltage on the distribution line,

favourable for an increased penetration of renewable energy etc.).

sources (RESs). Wind energy and photovoltaic energy are,

however, intermittent and unpredictable, but consumers re-

quire an electricity supply that is both highly reliable and of !N many European countries, grid operators address these
good quality. Therefore, in order to secure a grid with a high Problems by setting stringent interconnection rules. These
penetration of RESs and other distributed energy resourcegules are designed to limit the penetration of RESs below a
(DERSs), ‘quality of supply issues’ need to be addressed suchlevel that ensures that the above mentioned reliability con-

as: cerns will not occur, and thus inhibit the development of
RESs.
(i) power quality concerns (flickers, voltage sags, harmonic ~ Most recent RES devices incorporate the latest advances
distortion, reactive power consumption, etc.), in cutting-edge technologies such as power electronics and
(if) grid balance concerns (matching of energy consumption ICT to limit their grid impact. Indeed, modern wind turbines
with total generated capacity), and have rather small harmonic emissions, are controllable, and

can even support the grid by providing reactive power when
needed. Demonstrating the feasibility of grids with large pen-
* Corresponding author. Tel.: +33 4 42 25 48 07; fax: +33 4 42 25 73 65. €tration of RESswill, inturn, convince grid operators to allow
E-mail addressmarion.perrin@cea.fr (M. Perrin). larger access to small and distributed power producers.
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Energy storage systems (ESSs) have the potential to play anargins must account for the maximum probable decrease
key role. Although they have been little studied for this appli- in wind or PV plant output over a given period. Whereas
cation in Europe, ESSs appear to be complementary to ICTRES power quality issues are relatively well known, op-
and power-electronic based solutions, since they can provideerational/planning issues remain the main barriers to the
large capacity with a short response time and provide an-widespread penetration of renewables in present electricity
cillary services such as uninterruptible power supply (UPS). markets.

It is therefore pertinent to consider more precisely the role
of energy storage systems and evaluate their market poten2.3. Implemented solutions
tial. Since many different storage technologies are claimed
to fulfil the technical requirements of the above applications,  So far, grid integration issues have mainly been addressed
it is necessary to compare their performances and costs sdy improving RES technologies, by integrating latest ad-
as to identify the best candidates. The results presented her@ances in power electronics, and by developing new grid con-
are taken mostly from work conducted by the INVESTIRE. cepts. Experience has shown, however, that these solutions do
Thematic NetworK1,2]. not address all the grid-integration problems and that energy
storage systems could provide a cheap and efficient response
to the remaining technical issues.
2. RES integration in the grid and implemented
solutions 2.3.1. Development of grid-friendly RES technologies
Wind turbines were once considered to be a major grid

Integrating renewable energy into electric networks causespolluter. Indeed, the first Danish wind turbines consumed
some familiar power-quality problems, as well as some prob- a considerable amount of reactive power during transients
lems related to reliability of supply that are less common. and injected a large level of harmonics in the grid. This was
These issues can be categorized as either interface (engineeg source of concern when turbines were connected to weak

or operational/planning issues. grids. The latest wind turbine models are equipped with more
sophisticated power electronics and/or more advanced gen-
2.1. Interface issues erators (e.g., the doubly-fed induction generator, DFIG) than

their predecessors. These newer systems have largely elimi-

Interface issues are related to all the events that affect thenated past problems associated with harmonics and reactive
power quality of the energy supplied to the end-users (har- power.
monics, reactive power supply, voltage regulation, frequency  Photovoltaic inverters now use leading-edge power elec-
control). Compared with conventional electricity-generating tronics technologies that greatly improve the quality of cur-
units, RES power plants have a larger impact on the quality rent injected into the grid. The same trend exists for all RES
of supply because their output power depends on externaltechnologies and improvement in performance, reliability,
conditions such as wind speed or solar irradiation. Examplesand controllability tends to limit the impact on the grid. Most
of the resulting phenomena that affect the grid are: recent wind turbines (advanced DFIG wind turbine) can even
support the grid by consuming or producing reactive power
when needed.

The extent to which grid integration of RES is a cause for
concern today appears to be largely a function of the grid
strength at the point of integration.

(i) transients of wind turbines (high consumption of reac-
tive power for direct-connected turbines),
(ii) flickers emission due to the shadow effect of wind tur-
bines (direct-connected turbines), and
(iii) harmonic injection of photovoltaic (PV) inverters using

self-commutated converters, etc. 2.3.2. Development of innovative grid concept including

Interface problems are issues of growing concern for util- ICT and power electronics
ities because RES penetration tends to increase while the Recent advances in ICT technologies and microelectron-

computer-based economy requires reliable electricity. ics have enabled the development of a new concept of grid
structure that can manage the fluctuating output power of
2.2. Operational/planning issues RES power systems. This innovative structure is generally

called a micro-grid or a mini-grid.

Operational/planning issues essentially deal with the in-  The micro-grid structure assumes an aggregation of loads
termittent power output inherent to RES generation. This and small generating sources (including RES) to be a single
intermittence raises concerns over balancing of the grid. system that provides both heat and power. The majority of the
To ensure a constant grid balance, i.e., an energy produc-generating systems are power electronics based to provide the
tion equal to the energy consumption, the grid operator hasrequired flexibility to insure controlled operation as a single
to address: operating reserve requirements, economic disaggregated system. Such systems are generally connected to
patch, consumption modelling, and RES output power pre- the conventional grid through a single interconnection point.
diction. When integrating RES into a utility system, reserve But, given that the energy drawn from the main grid can be
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very expensive, the micro-grid is designed to be operated Table 1
ina way that minimizes energy exchanges with the mains. Definitions and categories of electric power applications of energy storage
Therefore, when RES systems bring about imbalance in alt

small grid, the control system will require the operation of a Category Application name and definition
load or a generating set to dispatch the surplus or shortageGeneration Rapid reserve
power. Generation capagity that a gtility hol(_j_s in reserve
Many studies have demonstrated that this new grid de- to meet North American Electric Reliability Council
. . (NERC) Policy 10 requirements to prevent interrup-
sign operates well. Nevertheless, the main drawback of such tion of service to customers in the event of a failure
a structure is the response time of the elements of the micro- of an operating generating statidn.
grid. Indeed, in case of alarge grid imbalance in shortage, the Area control and frequency responsive reserve
control unit will order the operation of a small driveable gen- The ability for grid-connected utilities to prevent
erating unit (micro-turbine or diesel-generating set), which unplanned transfer of power between themselves and
. neighbouring utilities (area control) and the abil-
has a Ionger response time than needed. ity of isolated utilities to instantaneously respond
to frequency deviations (frequency responsive re-
2.4. New opportunities for energy storage systems serve). Both applications stem from NERC Policy 10
related to the development of RES requirements.
Commodity storage
Storage of inexpensive off-peak power for dispatch
The increased share of RES in the energy mix and the during rgativew eF:(pensive oﬁ_peai hours. mthﬁ)s re-
integration of DER in electricity networks lead to prob- port. commodity storage refers to applications that
lems with the ‘quality of supply’ of the interface and with require less than four hours of storage.

the operational characteristics. The above-mentioned solu-

. . . . Transmission and ~ Transmission system stabilit
tions are efficient but do not fully solve the integration con- Y Y

. . . . distribution Ability to keep all components on a transmission
cerns. Indeed, if the integration of power electronics in RES line.
technology limits its grid impact, the use of energy storage Transmission voltage regulation
systems for power quality and other grid-supporting appli- Ability to maintain the voltages at the generation
cations can improve even more the quality of the energy and load ends of a transmission line within five per-
supply and thus increase the possible penetration of renew- if::]s:nfsicignoftggrmy deferral
able energy resources. In addition, up-to-date experiences Ability of utility to postpone installation of new
with micro-grids show that storage systems are a crucial el- transmission lines and transformers by supplement-
ement of the systems. Indeed such micro-grids fast-response ing the existing facilities with another resources.
and a large source of energy. This role can only be played Distribution facility deferral _
by storage systems that also provide numerous ancillary i Ability of utility to postpone installation of new
services. istribution lines and transformers by supplementing

the existing facilities with another resources.

Customer service Customer energy management

3. New markets for stationary energy storage systems Dispatching energy stored during off-peak or low
cost times to manage demand on utility-sourced
e L power.
3.1. Identification of applications Renewable energy management
Applications through which renewable power is
Considerable work has been undertaken in the USA to available during peak utility demand (coincident
identify and evaluate the value of these new electricity mar- ‘;i\‘;‘v'grznuiﬁ‘t‘;aif]ﬁ":eﬁ;;‘iﬁg/”S'Ste”t level.
kets [3—6]._ In 1998, for example, SAN_DIA estimated the Ability to preventvoltage spikes, voltage sages, and
yearly national cost of poor power quality to customer to be power outages that last for a few cycles (less than one
in the range of US$150 billiof8]. second) to minutes from causing data and production
The location of the ESS can be at different level in the loss for customers.

networks, namely: at the production level (utility or private 2 Available for download ahttp://www.nerc.comtoc/.

renewable energy power plant owner), at the transmission

level, or at the end-user level. A comprehensive summary of

the electric power applications of energy storage has been

reported[4]. The applications are categorized in terms of Fig. 1L The data shows that at all levels, wide ranges of both

integration level of the ESS, as presente@able 1 power and storage times are required. Two main applications
are considered below, namely, short-term storage (discharge
3.2. Long-term storage versus short-term storage times of less than second to one minute), which Corresponds

to power quality and system stability applications, and the

The power ranges for the required storage times of var- long-term storage (discharge times of minutes and over) for
ious applications at different integration levels are given in all other applications.
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Fig. 1. Power vs. storage time required by different applications at different levels (production, transmission and end-user level).

4. Competitors for the new markets o flywheels,
o redox-flow batteries,
Within the INVESTIRE network, nine storage technolo- e compressed air, and
gies have been addressed and evaluated on a technical ane metal—air systems, e.g., Zn=O
economical basis for the above two applications. These tech-

nologies are: This list of technologies is of course non-exhaustive, e.g.,
hydro-pumping, superconducting magnetic energy storage

e lead-acid batteries, and ‘heat and turbine’ storage have not been addressed. The

e lithium batteries, selection of the storage technologies has been made on the

e double-layer capacitors, basis of the expertise of the consortium members.

e nickel-based batteries, In order to obtain a fair comparison, typical sizing was

e hydrogen-based energy storage, performed for each application and the storage technolo-
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Fig. 2. Energy discharged depending on storage time for 100 kWh fed into the storage system.
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gies were evaluated accordingly. To characterize a typical Table 2
power-shifting application (long-term storage), a storage sys- \Weighting factors and minimum requirements for evaluation of storage
tem with 2 h of autonomy and a size of 1000 kWh has been eh10logles

defined. The number of full cycles per year amounts to Parameter Weighting Minimum
1000, which results in 1 GWh per year of discharged elec- factors requirement
tricity. For power-quality devices (short-term storage), an Eneray efficiency a 50
average of 5MW is assumed, with a period of autonomy éfg\/?t';cigﬁrgﬁergy density %3 (5)
of 30's and a storage capacity of 41.5 kWh. The typical num- \,1yme energy density 03 0
ber of equivalent full cycles is assumed 10,000, which re- specific power as 10
sults in a total amount of discharged electricity of 415 MWh Time to full power 0 0
per year. Cycle life @ 100% DOD as 20
Cycle life @ 10% DOD a8 20
. . Float life 003 0
4.1. Technical comparisons Shelf life 003 0
Temperature impact on lifetime .@B 0
The combination of the energy efficiency and the self- Maximum charge temperature .03 50
discharge, expressed as the charge retention, allows a deMinimum discharge temperature .03 10
termination of the amount of energy that can be taken out Ligﬁﬁ:‘;‘ér;?ectreage 0‘83 00
of a given storage system after a given storage time. ThiS yjaintenance Y o5 2
charge retention for the nine storage technologies is given in Soc and SOH monitoring 0 0
Fig. 2 Electronic efforts 0 0

Since the storage systems are connected to the grid, the 2 For compressed air this is a reversible effect, therefore data for one cycle
energy efficiency of the chosen storage technology will be used.
a criterion of growing importance with increase in the cost
of the electricity fed in the storage system for charging. The smaller self-discharge. All other performance parameters are
data inFig. 2shows that on a purely technical point of view, very similar. Looking at the developing trend, both systems
lithium-ion batteries are the best choice for high energy effi- will reach a performance index of around 90 within the next
ciency, followed by supercapacitors when they are discharged5 years.
rapidly and the flywheels when discharged within a few sec- ~ From a purely technical point of view, the best matching
onds. The lead—acid battery is a satisfactory choice with re- storage technologies within the application categories defined
spect to the energy efficiency, especially in applications with above can be summarised as follows:
rest periods of some days.

The evaluation of the technical ad-equation of the storage
technologies to the applications was performed within INVE-

STIRE [7] by We|ght|ng the different technical criteria and Some Storage techno'ogies are Characterized, however, by

defining thresholds that the technologies must pass in orderyige spans in performance parameters, which means that
to be defined as ‘suitable’, (sdable 9. The results of the

analysis are shown iRig. 3. Metal—air failed for both appli-

e long-duration storage: supercapacitor, compressed air, and
e short-duration storage: flywheel, supercapacitor.

cations, due to the short lifetime of this system. There may, 95
however, be some opportunities to use this technology in hy- Lead-acid Hipticacs
brid storage systems where the requirement is greater reserve 20
power. In the same way, due to its low energy efficiency, the 85 Lithium Flywheel
electrolyser/hydrogen storage/fuel cell system failed for both £
applications. _ _ & 80 e —a—

Power shifting: long duration storageSupercapacitors £ |
and compressed air show the highest performance in this AN | [P | compressed air
application. Li-ion batteries also fulfil the minimum require- g 70 H - N
ments, but have major disadvantages in terms of short life- £
time under full depth-of-discharge cycling (5000 required) & 65 H — —“/
and low power density. Lead—acid batteries do not satisfy the so | |
minimum requirements, mainly due to their limited lifetime.
If the lead—acid battery is oversized, the performance can be 55 H —li-
improved significantly. 50

Power quality: short duration storag®nly supercapaci-
tors, flywheels and compressed air deliver the required high

cycle life in combination With high specific power. The small  Fig. 3. performance index of storage technologies for different categories
advantage of supercapacitors over flywheels is caused by thef application.

Long duration Short duration
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100000 Investment cost energy €/kWh
B Investment cost power €/kW

Fig. 4. Investment cost for power or energy of different storage technologies.
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© Compressed air (Average CDE = 0.01 €/kWh; Loss = 37%) @ Vanadium redox battery (Average CDE = 0.19 €/kWh; Loss = 25%)

© Lead-acid battery (Average CDE = 0.26 €/kWh; Loss = 15%) @ Li-lon (Average CDE = 0.31 €kWh; Loss = 4%)
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O Zinc/Air battery (Average CDE = 3.2 €/kWh; Loss = 45%) O Supercaps (Average CDE = 17 €/kWh; Loss = 9%) ECN-C--03-132

Fig. 5. Additional cost of discharged electricity and electricity loss for storage applications with storage times in the range 30 min to some hours.
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Fig. 6. Additional cost of discharged electricity and electricity loss for short-duration storage applications.

there exist different products for different applications. In For the longer discharge application, pneumatic storage

these cases, a careful selection of the storage product is necin vessels appears to be a very valuable solution, followed

essary. by the lead—acid battery and the promising vanadium redox
Another degree of freedom exists in the possibility of over- battery. Of these three systems, only the lead—acid battery is

sizing the storage to improve matching for a special applica- commercially available.

tion category. This possibility has not been analysedindetail, The best candidates for short-discharge time applica-

to reduce the complexity of the analysis. Therefore, most cal- tions are lead—acid batteries. Lithium-ion batteries, super-

culations have been performed with storage systems that are&capacitors and flywheels are in the same cost range, viz.,

sized in terms of energy. €1kwh~1, which is an order of magnitude higher than

lead—acid batteries.
4.2. Economical evaluation

The previous analysis was based on the purely technical
characteristics of the different storage technologies. An eval-
uation of the associated investment costs that has been ad
dressed within the INVESTIRE project is presenteéig. 4
[8]. Itis clear that lead—acid batteries are the cheapest option
for both power and energy.

Rather than the investment cost, the cost of ownership
is the determining criterion for the selection of one or an-
other technology. The cost of ownership of a storage sys-
tem (i.e., cost of 1 kWh transited through the system with-
out taking into account the price of the input electricity)
is shown inFigs. 5 and 6for large and short-duration
applications, respectively. It includes the costs of mainte-
nance and replacement over system life. For this purpose,
the losses associated with each storage technology are aISQig. 7. lllustration of the partition of costs and the provenance of benefits
included. for the integration of ESSs.
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Fig. 8. Schematic representation of present and future electricity networks.

5. Further work end-user. For example, a group of end-users can affect a de-
feral of distribution-line investment by installing an ESS. In
5.1. Technical and economical data such a case, the actual pricing system does not allow reallo-

cation of the benefits made by the DSO to the ESS owner.
The INVESTIRE project together with more recent litera- Despite its complexity, this issue of the benefits allocation
ture surveys have demonstrated that there is a critical lack ofof storage systems needs to be addressed urgently in Eu-
reliable technical and economical data for emerging storagerope in order to obtain optimized electricity networks in the
technologies. Furthermore, if data are available, then very future.
seldom do they include management system and peripherals Finally, while it may sometimes be difficult to prove the
such as inverters, control systems, etc. Only technical andeconomic benefits of the integration of storage systems in
economical evaluation of the system as a whole can provideelectricity networks, it has also to be noted that the oper-
a reliable comparision, as shownkig. 7. Harmonization of ational/planning issues at the generation and transmissions
test profiles for the required applications would also assist levels remain the main barriers to a widespread penetration
comparative evoluations. of renewable energies in the present electricity markets. For
example, sites that are suitable for renewable resources are
5.2. Benefits from integration of energy storage systems  generally isolated or connected to the mains by a weak trans-
mission line. In such situations, investment in a new transmis-
A schematic of the potential new grid structure is pre- sion (or distribution) line is generally so expensive that the
sented inFig. 8 and clearly shows the increased complexity project has to be abandoned. On the other hand, ESSs allow
of future electricity networks. While one provider had in the large wind farms to be connected to the grid through a line,
past the responsibility for production, transmission and dis- which would otherwise have a too small capacity, by smooth-
tribution, there would now be a large number of providers. ing out the peaks in power production. Therefore, evaluation
As a result, since electricity storage provides transversal ser-of non-monetary criteria must be taken into account when
vices, the benefits and cost related to ESS integration is aassessing the value of grid-connected storage systems. As a
critical issue. result, it is essential for European research to ascertain and
So far, the benefits of storage systems have only been con-quantify the potential benefits of grid-connected storage sys-
sidered for the ESS owner. When a storage facility is con- tems that are not solely based on economic considerations.
nected to a grid, however, it will have a beneficial impact Regulation and market design have to provide the correct
on the whole electricity chain from the producer to the trans- framework in order to evaluate all the services that storage
mission system operator, distribution system operator and thefacilities can efficiently provide.
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6. Conclusions lead—acid batteries in the large grid-connected ESS market.
Besides life expectancy, the present limitation of lead—acid in

In Europe, the present quality of the grids is fairly high grid-connected applications is its lack of predictability. Nev-

with over 95% of the disturbances lasting for less than 12 s. ertheless, on costs grounds alone, lead—acid is expected to

Therefore, only critical processes and data safety can be im-secure a large share of the future deployment of large grid-

pacted and concerns at end-user level are relatively limited.connected storage systems.

For these uses, while flywheels are mostly used nowadays,

progress is being made with the integration of lithium-ion

batteries. Supercapacitors were judged to be the most promisAcknowledgements

ing technology some years ago, but practical experience has
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