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A REVIEW OF SOME TECHNICAL AND ECONOMIC FEATURES OF
ENERGY STORAGE TECHNOLOGIES FOR DISTRIBUTION SYSTEM
INTEGRATION

Gauthier Delille, Bruno Francois

Abstract: This paper deals with the results of a study aiming to assess the suitability of various energy
storage technologies for medium-term (2015) integration into distribution systems. Based on a review of
many scientific and industrial materials, and by taking into account a few hypotheses, a shortlist of some
properties to consider was first identified and defined. More than twenty storage techniques were then
studied and nine of them were found to be particularly suited. An up-to-date overview of their performances

is given at the end of the article.
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INTRODUCTION

In the future, distribution grids and power
systems will carry on facing many chalienges.
On the one hand, increasing peak loads and
the appearance of plug-in electric or hybrid
vehicles will result in the need for grid
reinforcements, which will probably come up
against a growing public opposition. On the
other hand, the continued development of
renewable generation will bring variability that
will have to be addressed when significant
penetration levels are reached.

Besides, oil prices - have fetched
unprecedented levels lately and the international
Energy Agency anticipates continued market
tightness to 2013 [1]. Raw materials are now quite
expensive too, as well as new grid equipment.

Such a context calls standard practices into
question and might bring new market opportunities
for technical options that were previously unable to
compete with conventional solutions for utility
distribution systems. That is a reason why
Distributed Energy Storage Systems (DESS) have
received considerable aftention over the past few
years. New products have recently found their way
to the market and some stationary applications
have been successfully demonstrated (e.g. peak
shaving for capital deferral), while others are still
under investigation (as output fluctuation mitigation
of wind farms).

This paper deals with Energy Storage
Technologies (EST) and their medium-term
(around 2015) integration into distribution grids.
With this aim in view, it handles the
characterization of EST and provides an up-to-
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date overview of the properties of selected
storage technigues.

PRELIMINARY CONSIDERATIONS

The present review of EST is an intermediate
step to an ongoing analysis of the potential of DESS
to contribute to the advanced management of
distribution grids, allowing for example a better
integration of renewable energy sources, asset
utilization improvements or power quality and
reliability enhancements. In France, distribution
systems are radial and consist of medium-voltage
(MV, mainly 20kV) and low-voltage (LV, exclusively
400V) underground and overhead lines. They are
operated either by ERDF, the national distribution
network subsidiary of EDF or by non state-owned,
local electric distribution utilities.

METHODOLOGY

An extensive literature review on EST was
first conducted, including both very broad
studies (such as [2]-[10]) and technology-
specific resources ([11]-[20]). Specification
sheets of various existing energy storage
products were also collected and, whenever
necessary, manufacturers were contacted for
further information.,

It soon appeared that there are multiple
ways of characterizing EST: depending on the
application requirements, some pieces of
information can be more or less critical, leading
to potentially different approaches of the
problem. For example, among the technical
features of EST, peak power density (Wjkg)
and specific energy (Wh/kg) are often
considered to be key parameters for vehicie
applications whereas they appear to be
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relatively secondary for stationary systems.
That is why an analysis of the characteristics to
prioritize from a system-level perspective was
conducted in order to maximize the pertinence
of the review. The main result of this
preliminary study was a characterization table
adapted to the specific needs of this project.

The data gathered from the literature and
manufacturers was then crosschecked to
complete the characterization table of some
fiteen EST. This comprehensive analysis was
used to draw conclusions about the potential of
each considered technology for medium-term
distribution grid integration.

WHAT IS A DESS?

Based on the definition of distributed
generation provided by [21], DESS might be
seen as energy storage within distribution grids
or on the customer side of the network. Fig.1
shows the generic structure of an ESS.

The first remarkable part is, of course, the
Energy Storage Device (ESD) itself, i.e. the
component in which the energy is stored to be
released later, after deduction of some losses.
Electricity is a physical phenomenon realizing
an instantaneous energy transfer and therefore
cannot be stored as it is. Another form of
energy is thus used as intermediary storage
medium, such as chemical potential energy for
batteries, gravitational potential energy for
pumped hydro or kinetic energy for flywheels.
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Fig.1. Typical layout of (battery) energy storage
systems
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With the exception of CAES and pumped
hydro, all the EST addressed herein have DC

power output or variable-frequency AC output
(flywheels). A Power Conversion System (PCS)
is thus used to interface the ESD to the 50-Hz
or 60-Hz AC voltage of the grid. It usually
inciudes a power electronic bidirectional
inverter, monitoring/control systems, protective
devices, a step-up transformer and harmonic
filters [2][12]. Additional converter(s) are
sometimes required to match the output voltage
level andjor waveform of the ESD to the DC
bus, or to control power flows in paraliel multi-
string or multi-storage configurations.

Finally, some ancillary equipment is often
needed to perform functions such as ESD and
PCS cooling/heating or environmental control
(e.g. ventilation).

SOME PARAMETERS
CHARACTERIZATION

FOR EST

Storage capacity and power range

The energy storage capacity is the amount
of charge or energy that can be delivered by an
ESD during a single discharge. For
electrochemical devices, it depends on various
factors, such as the final limiting voltage, the
conditon of the battery, its age, the
temperature and the discharge rate. The
influence of the latter is particularly substantial
and appears clearly on a Ragone chart, which
plots specific energy versus specific power. It is
a widespread tool that can be helpful for sizing
purposes, but which is also extensively used to
compare the performances of EST (an example
is given in [9]).

Fig.2 shows the Ragone chart of a
commercial nickel-cadmium battery. The rated
capacity is the energy recovered during a 5-
hour discharge (C,). At higher rate, increasing
losses and the diffusion processes of reactants
reduce the actual amount of energy retrieved
during a single discharge or vice versa at lower
rate. Therefore, it is customary to distinguish
the rated capacity W, and the retrievabie
capacity under specific conditions W [8].

The charge/discharge power an ESS can
exchange with the grid depends on the power
rating of its electromecanical or power
electronic converter (P_). This one can be
sized allowing for pulse discharges, provided
their impacts on the lifetime, energy efficiency




ExONOrMUHO MHXEHepCTBO M onassaHe Ha okonHata cpepa, No 1, 2009, c. 40-48

and retrievable capacity of the ESD are suitably
taken into account. From the point of view of
the grid operator, two properties seem quite
useful to assess the adequacy of EST for
distribution system applications:

s The medium-term feasible system power
range. The lower bound is linked to the
smallest single ESD (module) of the
considered technology whereas the
maximum can derive from various factors
such as technical limits, complexity or
costs.

« The discharge duration at rated power (T ).
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Fig.2. Ragone chart of a commercial nickel-
cadmium battery

Lifetime

At some point, ESD cease working or their
performances have decreased an extent that
they cannot fulfil their object, or be
economically justified anymore. For example,
an electrochemical device is usually
considered failing when its capacity reaches a
given fraction (typically 60% or 80% [2][7]) of its
initial vaiue. At least two ways to assess the
expected lifetime of EST are commonly defined
[2){s)i8l:

e The first is the so-called intrinsic or
calendar lifetime. It is the statistical maximum

service life (D, in years) of a given EST

independently of its use, no matter whether it is
appealed to or not.

e The second integrates the progressive
defacement of the device due to its utilization.
This expected cycle fife (N__, in cycles} is
usually quoted under certain hypotheses:
Depth of Discharge (DoD), mean State of

Charge (SoC), chargef/discharge rates, efc.
Knowing the duty cycles and the frequency of
use of an ESS allows deducing from N__ the
order of magnitude of its cycle life in years.

The actual service life can therefore be
much fower than D_ as the working conditions
of an ESS harden.

Energy efficiency

The energy efficiency of EST can be defined
different ways, depending on the storage
technique, the subsystems of the DESS taken
into account to make the computation and the
time  horizon. For  example, various
instantaneous,  round-trip or  long-term
efficiencies are more or less frequently
encountered.

The literature of ESS usually quotes round-
trip efficiencies based on one or more realistic
cycles for a given application. Since the energy
efficiency depends strongly on the duty cycle,
these figures should be regarded as
indications. Within the context of the present
study, it was chosen to focus on: _

« The DC round-trip efficiency of the EST
(3,). This is the ratio between the released
energy and the stored energy, quoted for the
ESD alone or including a possible adaptation
converter (e.g. a rectifier for flywheels). The AC
round-trip  efficiency (3,) is obtained by
multiplying 3, by a factor between 0.8 and 0.9
to allow for PCS losses.

« The self-discharge rate of the device,
expressed in percent of the stored energy lost
per day or month. It is a key parameter to
assess the potential of EST for applications
requiring long-term charge retention. It is
noteworthy that the self-discharge usually
depends very much on the temperature. The
energy consumption_ of ancillary equipment,
when significant, is sometimes considered as
additional self-discharge by the literature of
EST.

Specific energy and footprint

The dimensions of EST are much less
critical for stationary than for vehicle
applications. Within the framework of the
present project, the output specific energy (E,
in Whikg) and output energy density (E_ in
Wh/m?) or footprint (E; in mYMWh) were
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recorded. They may notably be useful for niche
applications with space constraints, like
underground power substations.

Costs

Following the example of energy efficiency,
the cost of ESD must be considered vigilantly.
The profitability of a DESS and comparisons
should be based on a life cycle cost analysis
including the initial, O&M and disposal cost of
ESD, PCS and ancillary equipment, as well as
balance of plant (engineering, construction
management, land, etc.) [2][8]. Some data
about PCS economics and the O&M costs of
ESS is provided by [2] but these cost scales
were very difficult to crosscheck with other
sources, as they are seldom mentioned.

initial capital cost of ESD, on which we
focus herein, can be integrally expressed per
kw (C.} or per kWh (C), depending on the
sizing factor: power or energy. For some EST,
these two dimensions are relatively
independent and can therefore be included
separately using partial costs per kW (C_.) and
per kWh (C_). In that case, the capital cost of
the considered ESD can be computed using
the equation (1) [8}.

(1 Capital Cost = CppP, + CptW,,

Some other useful characteristics

To assess EST adequacy for various
applications, the system response time is also a
critical piece of information.

Finally, three qualitative criterions have been
taken into consideration: the industrial maturity
of EST (technical/commercial), the environ-
mental impact and public acceptability
(including various factors such as toxicity of
materials, safety, recyclability, etc.) and the
operating constraints (maximal DoD, charge/
discharge powers, operational conditions, etc.).
For comparison purposes, a grading system
ranging from 1 (worst case) to 5 (best case)
was used for these parameters.

SCOPE AND RESULTS OF THE STUDY

Various storage techniques have been used
so far for stationary applications and many
others are still at a pre-commercial stage or
undergoing research with an eye for the future.
Among them, about twenty EST were
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considered within the framework of the present
analysis. History and operational principles are
not tackled herein, but are described in detalil
by [2], [3] and [8]. Table 1 shows the EST that
were investigated.

Table 1. A list of the reviewed EST

General Technol Notati
echnoio otation
Classification 9y @
Lead-acid PbA
Nickel-cadmium NiCd
“Standar Nickel-metal hydride | NiMH
d” Nickel-zinc NiZn
Lithium(-ion) Li
— Metal-air Metal-
© air
E High- Sodium-sulphur NAS
tempera
5| "®Ther | sodium-nickel-chioride | ZEBRA
Polysulfide bromide PSB
(Regenesys)
H:gfvx' Vanadium-vanadium | VRB
Zinc-bromine ZnBr
Cerium-zinc CeZn
- Hydrogen/fuel cell  |H/PAC
Pumped hydro PH
Compressed-alr CAES
energy storage
Small-Scale SS-
. (Subsurface) CAES | CAES
Mechanical Advanced-adiabatic AA-
CAES CAE
Hydro-pneumatic HyP
Fiywhee! energy FES
storage
. Superconducting
Magnetic magnetic ES SMES
Electrostatic Ultracapacitors uc
Thermal Thermal energy TES
storage J

Confronting EST to some requirements

In the light of the literature review, it became
obvious that some EST does not meet all the
minimum requirements for a short to medium-
term integration into distribution grids.
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The most discriminating criterion was
indisputably maturity. Indeed, the hypothesis of
an industrial deployment in 2015 requires that a
stabilized product range already exists for
stationary applications and is currently being
tested in the field, or very close to be. CeZn,
SS-CAES, AA-CAES, HyP and TES (all at the
R&D stage) were thus ruled out, as well as
NiZn (developed so far for cordless products
and vehicle applications) and HJPAC (stil
evolving, in conjunction with technical and
economic competitiveness issues).

Two more EST should be turned down
because of technical considerations, even if
commercial products have been available for
years. On the one hand, in spite of their
impressive features (high specific energy of
150 to more than 300Wh/kg, environmental
friendliness and moderated costs), metal-air
batteries have a very difficult and inefficient
electrical recharging (3,.=40-50%). On the
other hand, SMES systems need cryogenic
cooling that requires energy-intensive equip-
ment and specific O&M know-how [2], thus
limiting their competitiveness and commercial
expansion.

Then, since a licence on its intellectual property
was sold by RWE in 2004, the development
activities of the PSB redox-flow technology have
come to a standstil and the two large-scale
(12MW/10n)  demonstration  plants under
construction at the time were never completed,
with subsequent financial consequences (e.g.
$20m net project loss for Tennessee Valley
Authority [22]). Even if a new effort was made to
drive it to the market, it would probably take years
to regain investors’ confidence.

Although NiCd technology has been
successfully demonstrated in the 27MW/15min
ESS in Fairbanks, Alaska, NiCd is uncertain
because of the current regulatory banishment
of cadmium within the European Union, which
is now effective for portable batteries [23].

Finally, PH and CAES, in addition to be site-
specific, are to be left-out because their power
range (usually more than 100MW per unit) does
not fit at the distribution level. For example, in
France, current regulations set the maximum
rated power of generating units at,250kVA and
17MW for connection at LV and MV
respectively [24].

lifetime, low

What technologies for near-future DESS?

In the end, nine technologies became
distinguishable by their apparent better
adequacy and relative readiness for integration
into distribution grids. They are briefly introduced
in the following paragraphs and an overview of
their characteristics is provided in Table 2, as
well as those of PH and CAES for information.

PbA is widespread, indisputably mature and
has a quite long history of use for grid-
connected stationary applications from the
middle 1980s, as shown in [3]. Its main
advantages are its low cost, preity good
efficiency and very high availability in various
application-specific products [2]. However, it
has quite low specific energy, moderate
lifetime, includes toxic materials and is
temperature-sensitive and globally
outperformed by newer techniques [2][5]. It can
be considered as a very good reference for
comparison purposes.

NiMH batteries made their way to the market
in the early 90s and were developed very
quickly for electronic devices such as mobile
phones and laptops. Their specific energy is
about twice as high as PbA, with a competitive
maintenance and  lower
temperature sensitivity, but quite high self-
discharge (about 20% a month) [5][11]. Vehicle
applications are now offering them good
perspectives, with expected price reductions.

Li batteries started challenging NiMH for
portable applications in the 1990s and are now
emerging on the vehicle market segment. They
are known for their high power and energy
densities as well as for their good efficiency
and lifetime, but are still expensive and subject
to safety concerns for large-scale systems
[51(10].

NAS batteries were first demonstrated for
stationary applications in the 1990s and found
their way to the market in 2002 (S0kW/7.2h
modules). Thanks to their high efficiency,
above-average energy density and good
lifetime, they have been strongly developed for
MW-scale, grid-connected applications, such
as peak shaving (see [12]), power quality and
fluctuation mitigation in wind farms. Their main
drawback is the need for thermal management
to keep the internal temperature of the module
at about 300°C during non-use fime, thus
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reducing the overall efficiency of NAS systems
(F20% of W_ is thus lost each .day. durmg
standstill) [2][7]

ZEBRA batteries are also high- temperature
devices presenting more or less the same
features as NAS, excepted their lifetime, which
appears to be lower (1000-1500 cycles at 80%
DoD as against 5000). They were originally
designed for vehicle applications and their
potential for stationary ESS was demonstrated
later through a few experiments. Their industrial
development is still relatively limited at the
moment [7][13].

VRB is a redox-flow technology that has
been commercialised over the past few years
for stationary systems ranging from a few kW to
bespoke installations of several MW. Its main
advantages are its  modularity, the
independence of power and discharge time,
environmentally friendliness of the materials
and good lifetime. Nevertheless, VRB devices
need energy-consuming ancillary equipment for
electrolyte circulation and have quite low
specific energy. Demonstrations for a few grid-
connected applications are in progress [2][7].

ZnBr, redox-flow batteries as well, have quite
similar advantages/drawbacks as VRB apart
from a lower lifetime and a fixed discharge time
at maxima! power of about 2h-2h30 for intrinsic,
technical reasons. Moreover, a zinc deposit on
the anode of the battery should be removed all
the 5-10 cycles, requiring a complete discharge
(stripping) [2]. Modules (50kWh) and complete
units are commercially available at present and
a list of recent demonstration projects is
provided by [3].

FES products are currently available under
various constructions, ranging from
conventional steel rotors to advanced
composite structures, which are still being
developed. The large majority of fiywheels are
designed for power applications, presenting a
very high cycle-life and outstanding efficiency.
Their self-discharge is however quite high,
usually leading to the loss of full capacity in no
more than a few hours [2]. FES is currently
being demonstrated for frequency regulation.

UC is another technology for high power
applications available since the early 2000s
and showing very good cycle life and efficiency,
at the cost of low energy density and

environmental concerns for some products
camprising acetonitrile.- Current.applications of
UG include notably electric vehicles and
regenerative braking for urban transportation.

DISCUSSION

The characterisation of various EST using
such a common set of properties raised some
difficulties in terms of compatibility and
comparability of the data. A significant
dispersal in the coliected information was
noticed. It can be explained, on the one hand,
by the fact that many application-specific
constructions are usually available for a same
EST (for example high-power and high-energy
batteries) and, on the other hand, because
DESS are highly non-linear devices: the

performances of a given ESD vary in
accordance with its duty cycle,
Moreover, the  definitions of the

characteristics quoted by the literature of EST

usually may change from one source 10

another, making crosschecking quite arduous.
That is why the proposed figures shouid be

considered as guidelines. An analysis throughout
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a complete life cycle is indispensable for
comparing DESS to other solutions within a
decision making process, both on the economical
and environmental levels. Such a
characterisation could also be prepared for a
given application as an intermediate step: by
selecting only dedicated products for some EST,
the dispersal would presumably be much lower.

Besides, the suggested set of properties
could be generously completed with additional
factors such as transportability, cell voltage,
maintenance frequency, etc.

CONCLUSION

This article deals with the suitability of EST
for medium-term (2015) integration into
distribution systems. More than twenty EST
were characterised within the framework of the
present review and nine of them rose through
the ranks: seven “standard”, high-temperature
or redox-flow batteries (PbA, NiMH, Li, NAS,
ZEBRA, VRB, ZnBr), plus FES and UC.

Planned further work includes the study of
the current opportunities of multi-service DESS
in liberalized power systems and the modeliing
of the more promising types.
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_ Table 2. Some characteristics of EST for DESS, compared with two mature bulk-storage

il techniques ([2]-[20]) -
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OB30P HA HAKOW TEXMYECKU N UKOHOMUYECKH
XAPAKTEPUCTUKU HA TEXHOITOT UK 3A AKYMYITUPAHE HA EHEPIMA
NPEOQHASHAYEHU 3A BIPAXKOAHE B PA3NPEOENMUTENHU CUCTEMU

rotue Oenun, BpyHo Ppancoa

Peslome., CraTMaTa npepcTass pesynratwuTe OT M3CrefpaHe Uenailo oueHkara Ha FopHOCTTa 3a
MHTErpaLuA B pasnpefermrentuTe CUCTeMU B CpefHOCPOUEeH nnaH { 2015) Ha pas3nuuHKn aKymynupaiiu
yexHonorwy. WscneppaneTo € 6asWpaHO BbpXy NPOYYBaHeTO Ha MHOTO  HAyYHU M MHOYCTPWaNHU
AOKYMEHTHU C OTUMTEHETO Ha HAKOMKO XMNOTe3u. Mo To3n Ha4WH € onpepeneH W CLCTaBeH CAUCHK oT
HAKOW CBOMCTBA M napameTpu. poyueHM ca noseve OT OBAQECEeT TEXHONOrMW, KATO LeBeT OT TAX ca
onpegeneHn kato ocobeHo nopgxoaAwm. OChbBpEMEHEH Mpernen Ha TeXHUTE XapakTepucTVkn & nokasaH
Haxpas Ha paboTaTa.




