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Abstract. This paper reviews the current status of energy storage technologies which have the higher potential
to be applied in small scale energy systems. Small scale energy systems can be categorized as ones that are able to
supply energy in various forms for a building, or a small area, or a limited community, or an enterprise; typically,
they are end-user systems. Energy storage technologies are classified based on their form of energy stored. A two-
step evaluation is proposed for selecting suitable storage technologies for small scale energy systems, including
identifying possible technical options, and addressing techno-economic aspects. Firstly, a review on energy
storage technologies at small scale level is carried out. Secondly, an assessment of technology readiness level
(TRL) is conducted. The TRLs are ranked according to information gathered from literature review. Levels of
market maturity of the technologies are addressed by taking into account their market development stages
through reviewing published materials. The TRLs and the levels of market maturity are then combined into a
technology maturity curve. Additionally, market driving factors are identified by using different stages in
product life cycle. The results indicate that lead-acid, micro pumped hydro storage, NaS battery, NiCd battery,
flywheel, NaNiCl battery, Li-ion battery, and sensible thermal storage are the most mature technologies for
small scale energy systems. In the near future, hydrogen fuel cells, thermal storages using phase change materials

and thermochemical materials are expected to become more popular in the energy storage market.

1 Introduction

Energy storage is considered to play a critical role in the
futures of energy systems, particularly electricity systems,
since it can improve the management of distribution
networks, reducing costs and improving efficiency. In
general, energy storage technologies can be classified by
their functions or forms of energy stored in the system.
This paper categorizes energy storage technologies based
on the form of the stored energy, namely electrical energy
storage (supercapacitors; superconducting magnetic ener-
gy storage), mechanical energy storage (pumped hydro;
compressed air; flywheels), chemical energy storage
(batteries; flow batteries; hydrogen fuel cells and metal-
air batteries; solar fuels), and thermal energy storage
(sensible heat storage; latent heat storage; thermo-
chemical heat storage) [1,2].
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In this paper, we focus on applications for small scale
systems. Small scale energy systems can be categorized as
ones that are able to supply energy in various forms for a
building, or a small area, or a limited community, or an
enterprise; typically, they are end-user systems. Capacity of
the systems normally can be expected as less than 1 MW for
electricity, or a few MW in terms of thermal supply [3]. A
large number of reviews on different energy storage types for
various systems can be found, i.e., [1,2,4-13]. These reviews
have been normally done with regard to systems at medium
or large scale, but very a few of them specify technology
choices for small scale energy systems. Also, other papers
tend to present some certain types of energy storage for
particular applications at small scale level, such as [14-17].
Thus, there is a need for a systemic review of energy storage
technologies for small scale energy systems. Furthermore,
current selection of energy storage technologies is mainly
influenced by technical specifications of the systems, with
market review being included limitedly. This paper,
therefore, aims at providing an overview on storage
technologies that are suitable for small scale energy systems,
and proposing a holistic way of selecting storage technology
for small scale energy systems, with technology maturity and
market development being taken into consideration.
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 2. Characteristics of small scale energy storage technologies.

Storage Power Energy Response Suitable storage Energy Power density, Operating Self-discharge,

technology  rating, rating time duration density, W /kg temperature, %/day
MW Wh/kg °

Micro PHS 0-0.1 1-24h+  s—min Hours—months 0.5-1.5 ~0

Micro CAES Up to 1 1-24h+  5-15min Hours-months 30-60 ~0

Hydrogen 0.001-50  s—24h+ min Hours—months 800-104 500+ 0.5-2

fuel cell

Metal air 0-0.01 s—24h+ Hours—months Very small

Solar fuels  0-10 1-24h+ Hours—months ~0

Fly-wheels 0.002-20 15s-15mins 5-130  400-1600 60 20-100

SMES 0.01-10 ms-5min ms 0.5-5  500-2000 10-15

SCES 0.01-1 ms—1h ms 0.1-15 0.1-10 -125 2-40

Lead-acid 0.001-50 s—-3h Minutes—days  30-50 75-300 0.1-0.3

Li-ion 0.001-0.1  min—h Minutes—days  75-250 150-315 0.1-0.3

NiCd 0.001-40 s-h Minutes—days  40-60 150-300 0.2-0.6

NaS 0.5-50 s—h Seconds—hours  150-240 90-230 300-350 20

ZEBRA 0.001-1 min—h Seconds—hours 125 130-160 300 15

VRB 0.03-7 s—10h ms Hours—months 75 0-40 0-10

ZnBr 0.05-2 s-10h ms Hours—months 60-80 50-150 1

PSB 0.001-0.015 s-10h  Hours—months

Sensible TES 0.001-280 1-8h Hours-months  80-120 <1

PCM 0.001-1 Minutes—months 50-150

TCM 0.001-1 Minutes—days  120-250

Storage Round-trip  Life time,  Cycles Power Energy Capital cost, O&M

technology efficiency years cost, cost, UScent/kW  cost,

USD/kW  USD/kWh /cycle USD/kWh

Micro PHS 75-85 50-100 2x10%5x 10"  550-4000 65-165 0.1-14 0.004

Micro CAES 42-54 25-40 5x10%2x 10" 440-1280 11-130 2-4

Hydrogen fuel  20-50 5-15 10°+ 610-1770 1-16 600020000  0.0019-0.0153

cell

Metal air

Solar fuels

Fly-wheels 85-95 20+ 10°-107 110-330 1105-3870  3-25 ~0.004

SMES 95 20 104 110440 770-7740 0.001

SCES 85-98 20+ 10*-10° 110-440 330-4430 2-20 0.005

Lead-acid 3-15 100-1000 200650 55-330 22-110 ~50"

Li-ion 5-15 10°-10"+  700-3000 220-1990  16-110

NiCd 15-20 1000-3000  350-1000 220-1105  22-110 ~20"

NaS 10-15 2000-4500  700-2000 220-995 9-22 ~80"

ZEBRA 10-14 2500+ 100-200 75-165 5-11

VRB 5-20 10*+ 2500 110-1105 5-88 ~70%

ZnBr 5-10 2000+ 500-1800 110-775 5-88

PSB 5-88

Sensible TES ~ 10-20 500-3000 0.1-11

PCM 5-15 11-57

TCM 5-15 1000-3000 9-112

# USD/kW /year. Data taken from [1,2,4,6,10,20-22]. Exchange rate between EUR and USD based on the average monthly rate in
2016, 1 EUR =1.106 USD, data retrieved from http://www.x-rates.com/average/.
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TRL

TRL 9 — actual system
proven in operational
environment

TRL 8 — system complete
and qualified

TRL 7 — prototype
demonstration in
operational environment
TRL 6 — technology
demonstrated in relevant
environment

TRL 5 — technology
validated in relevant

Solar fuel

environment

TRL 4 — technology
validated in lab

TRL 3 — experimental proof
of concept

Flow battery

SCES
SMES ' Metal air TES
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o8 ! i Technology priorities
- - Past and Present:

| PHS and batteries

Lead-acid
Nas

Micro
PHS

NaNiCl
Sensible

A Micro CAES

“; Technology priorities - Medium/Long term:
' » Advanced PHS

» Advanced batteries

» Advanced TES (local level and for CSP)

» Hydrogen fuel cells

® Chemical energy storage
® Thermal energy storage
Electrical energy storage

® Machenical storage

TRL 2 — technology concept
formulated

TRL 1 — basic principles
observed

Demon-
stration

R&D

\ 4

Intro- Growth Maturity

W Market development

Fig. 1. Technology maturity curve of energy storage technologies for small scale energy systems. Data extracted and analysed from [2—

4,6,10,12,20,24,26,31].

2 Energy storage types for small scale energy
systems

With the advancements in energy storage technologies,
almost all storage technologies can be applied at small scale
level. These technologies are identified in the aforemen-
tioned classification, with micro compress air storage and
micro pumped hydro storage being included, instead of
their large-scale forms. This section will provide an
overview on current development and application of
energy storage technologies for small scale systems, as
displayed in Table 1. While the overview does not focus on
the configuration of the technologies, their characteristics
are presented in Table 2.

3 Methodology

With significant improvements in energy technology field
for the past decades, it is important to include level of
technology maturity, as well as priorities in research and
development (R&D) in the domain, when it comes to
selecting storage technology for energy systems. This paper
proposes a two-step evaluation for selecting suitable energy
storage technology for small scale energy systems, as
described in the following subsections.

3.1 Step 1: Identify possible technical options

In this step, by looking at technical requirements of the
concerned system, possible technical options will be
addressed. The technical characteristics of different storage
technologies are compiled from available publications,
including scientific papers, reports from established
organizations. Table 2 summarizes technical and economic
features of these technologies.

3.2 Step 2: Address techno-economic aspects

Techno-economic aspects mentioned in this section include
methods to identify key driving factors and to illustrate
technology maturity curve of the technologies, as well as

sources for market forecast. By considering these assess-
ments, a technology with suitable level of maturity or being
one of the technology priorities can be chosen from the
possible technical options.

3.2.1 Methods for reviewing the energy storage market

This paper applies principles in market dynamics analysis
and literature review to address driving factors in the
energy storage market. Within the framework of product
life cycle, the stages of entry, exit, growth, and innovation
of all energy storage types are investigated [23]. By
reviewing revolutions in the market of energy storage
following this product life cycle, driving factors which are
responsible for the entry, exit, innovation, and growth of
the storage technologies are identified and divided into four
aspects, namely technical, economic, environmental, and
regulatory. The review is based on several sources, from
journal papers, international reports to economic journals,
ie., [3,4,7,12,24-26]. Additionally, market forecast for
energy storage takes into account technology priorities
from the past to the present, and projections for the
direction of energy storage development in the future from
available articles and official reports, in order to describe a
general picture of the energy storage market in the next
years. Finally, it is noticed that life cycle cost assessment is
not included in the scope of this paper.

3.2.2 Methods for constructing the technology maturity
curve

Technology maturity curve is depicted by assessing two
parameters for each storage technology: technology
readiness level (TRL) and stage of market development.
The TRLs are a type of measurement system used to assess
the maturity level of a particular technology. There are
nine TRLs, where TRL 1 is the lowest and TRL 9 is the
highest [27]. Based on the description of the levels, the TRL
of each storage technology is recognized by investigating
different reviews on energy storage technologies where the
current state of technology development is marked; in case
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there are several references, the more recently released one
is chosen. At the same time, stages of market development
are evaluated according to R&D, demonstration, intro-
duction, growth, and maturity. Similar to the evaluation of
the TRLs, a compilation of numerous references is
conducted, not only from literature, but also from
searching for real applications in the market.

4 Results and discussions

In this section, results are presented, along with discussions.

4.1 Energy storage market review

Identified driving factors that dominate the energy storage
market are displayed in Table 3. As can be seen in the table,
technical, economic, and regulatory factors play a critical
role in shaping the energy storage market. However,
environmental concerns have also contributed to transiting
the market. Technology priorities in the field of energy
storage are indicated in Figure 1 [3,24,28]. According to [26],
by 2030, the most attractive business opportunities are on
decentralized island/off-grid storage. Other interesting
business cases include applications in centralized conven-
tional stabilization and centralized balancing energy,
decentralized transmission and distribution deferral and
industrial peak, and centralized black-start. Energy storage
will be one key technology for the future, and its market
volume value is expected to increase dramatically over the
next few decades. However, there is a large difference in the
predictions from different reports and statements. For
instance, a study from [29] reported a projection from US
analysts Pike Research that the potential market for energy
storage systems could be about 122 billion USD by 2021, of
which, they estimated the market potential for molten salt
thermal energy storage for 2020 to be at least 1 billion USD.

4.2 Technology maturity curve

Figure 1 illustrates current status of energy storage
technologies based on evaluation of their TRLs and stages
of market development. The fact that market development
for a mature technology declines over time is displayed by
the curve. Compare this curve with the report conducted
by [30], almost all storage technologies analysed in this
paper are ranked similarly; the curve in this paper added
solar fuel, micro CAES, micro PHS, PCM, and TCM.
Regarding PCM and TCM thermal storages, their levels of
maturity presented here are almost identical to that in the
work done by [22].

4.3 Discussion for the selection process

The technology maturity curve implies that for small scale
electricity systems, lead-acid, micro PHS, NaS battery, NiCd
battery, flywheel, NaNiCl battery, Li-ion battery are the
most mature technologies, thus implementation of these
storages will likely meet with less difficulties, while
implementing micro CAES, flow battery, metal air, SCES
and SMES may be more complicated, since they are less
experienced in the market. On the other hand, hydrogen fuel
cells can be chosen as the technology for the near future, while

solar fuels can be considered at a later time. With regard to
small scale thermal systems, sensible thermal storage is a well
proven choice; however, in the next decade, PCM and TCM
are expected to become more popular in the market.

5 Conclusions

The review indicates that selection of an energy storage
technology for energy systems should be based on not only
technical requirements for the systems, but also maturity
level of the storage technology level in the energy storage
market, priorities in research and implementation, driving
factors in the market. To conduct this, the paper proposes a
two-step evaluation: identifying possible technical options
and addressing techno-economic aspects. Lead-acid, micro
PHS, NaS battery, NiCd battery, flywheel, NaNiCl battery,
Li-ion battery, and sensible thermal storage are the most
mature technologies for small scale energy systems. In the
future, hydrogen fuel cells, PCM, and TCM are expected to
grow considerably in the energy storage market.

This research has been done in collaboration with KTH, Royal
Institute of Technology and IST, Instituto Superior Técnico
funded through Erasmus Mundus Joint Doctoral Programme
SELECT+, the support of which is gratefully acknowledged.
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