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Assessment of energy storage
technologies for case studies
with increased renewable energy
penetration

Abstract

This study aspires to assess state of the art storage technologies for five different scenarios including
an offshore wind farm, an onshore wind farm, an islanded grid, a microgrid in Egypt and a solar power
system. The assessment has been based on two main evaluation tools: The Technology Readiness Level
and Applicability Indicators. Based on the evaluated results, it was concluded that mechanical storage
technologies are suitable for large scale systems due to their relative high capital cost and power range.
Cryogenic Thermal, Molten Salt and Pumped Heat storage systems have achieved a high applicability
score in all the case studies which makes them as a promising solution for the near future. Moreover, the
development of small scale Pumped Hydro Storage (PHES) and Compressed Air Energy Storage (CAES)
systems would be very beneficial since these energy storage systems are the most well developed and
commercialized ones. It is also expected that during the next decade thermal storage technologies will
play a significant role in the storage scheme due their favorable power characteristics. Finally, efforts
should be focused on the reduction of the cost of hydrogen storage because hydrogen storage technology

is a promising solution and might compete with PHES and CAES in the future.

Abbreviations

AI: Applicability Indicator; BESS: Battery Energy Storage
System; CAES: Compressed Air Energy Storage; DoD: Depth
of Discharge; HESS: Hydrogen-based Energy Storage System,;
L/A: Lead Acid Battery; LCOE: Levelised Cost of Energy; Li-ion:
Lithium-ion; NaS: Sodium-Sulphur; Ni-Cd: Nickel-Cadmium,;
PHES: Pumped Hydro Energy Storage; PSB: Polysulphide-
Bromide Flow Battery; SMES: Superconducting Magnetic
Energy Storage; TRL: Technology Readiness level, VRB:
Vanadium Redox Battery; ZBB: Zinc—Bromine Flow Battery

Introduction

The exploitation of fossil fuels for generating electricity is
the most well-established energy resource over the last few
decades. Similar to the basic concept of a hydropower station
fuel can be easily controlled and adjusted to the needs of the
electric grid. Consequently, the systems that are based on fossil
fuels are robust and can always balance the supply according
to the variations in demand [1]. However, in recent years
there is an increasing concern regarding the constant use of
fossil materials that will gradually lead to depletion since all
fossil fuels are non-renewable. It has been also proven that

the excessive use of fossil fuels has negative effect on the local
surrounding ecosystems [2]. For this reason, governments
had to implement country-specific goals in order to achieve a
significant reduction in the greenhouse gas emissions [3].

Electric grids that are based on Renewable Energy Sources
(RES) such as solar panels, wind turbines and biomass, seem
to be the most effective way to achieve reductions in emissions.
Unlike the energy from fossil fuels, energy from renewables is
abundant, infinite and usually does not come with a negative
footprint to the environment. However, the stochastic nature
of the most RES usually threatens the stability of the electric
grid [4]. For instance, wind is an intermittent source of energy
and a grid which is solely based on wind turbines would not
be able to adjust supply in the case of a sudden change in the
demand. This imbalance damages the stability and the quality
of the voltage and frequency of the system.

The distance between the location of generation and the
location of consumption of electricity is usually very big. The
option of installing transmission lines in order to connect
isolated grids with the main grid is not favorable since it
increases the investment costs of the project dramatically
[5]. It becomes clear that the transition to sustainable
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energy production can become more effective and reliable by
integrating Energy Storage Systems (ESS) to the existing grids
[6].

It has been calculated that there is installed at least 140 GW
of energy storage in large scale applications [7]. ESS technology
is the process of collecting energy, converting it to different
forms and then releasing it back to the grid when needed [8].
This process enables energy to be stored at a time where there
is either low demand or high production from the RES and
subsequently to be used at periods where the demand is high
or the generation from other sources is not available [9]. The
role of ESS in modern power networks can be versatile and
this makes it attractive. A well designed ESS contributes to the
balance of demand and supply, provides a standby reserve for
the system and participates in the power quality management.
Generally, an electric grid is considered to be reliable when
it can provide uninterrupted and smooth power and achieve
maximum efficiency [10].

There are many factors to be taken into consideration when
it comes to selecting the appropriate ESS. Each system has its
own specific features and requires an individual approach. Five
main scenarios have been initially decided and an appropriate
case study for each one of them was defined. The selection of
the case studies was of outmost importance for this study and
an effort was made to select case studies with unique features
and different from each other. Locations from all over the world
were selected in order to cover a wide spectrum. The scenarios
and the chosen case studies are:

- An island grid, with high percentage of renewable
penetration which sometimes could exceed the demand: For
this scenario a Greek island with a high penetration of
solar energy was selected.

= A microgrid storage back up to renewables, in a dry location
location with a high cooling load: Hurghada in Egypt was
ideal for this scenario and it combined all the desired
features.

= An onshore wind farm that would be approximately 60
MW: The wind farm in Wales was preferred due to its
capacity and because recent data with regards to annual
produced energy were available.

- Utility scale wind systems: The case study of UK’s installed
offshore wind power energy by 2020 was ideal and gave
us the opportunity to evaluate the applicability of the
developed tool on a future scenario.

= Utility scale solar system: A subtropical area in Australia
with very high average solar irradiation was selected.

This study aims to develop an evaluation tool of different
ESS technologies for each one of the presented scenarios. The
evaluation includes an assessment technique that is based on
two different tools; the Technology Readiness Level (TRL)
and the Applicability Indicators (Als). Moreover, an analytic
calculation of the uncertainty that is related to the above
techniques will be demonstrated. By following this assessment

method, a three-dimensional graphical representation (3D
bubble plot) of the results will be produced. It is expected
that bubble plots will provide an instant understanding and
will facilitate the selection of the most appropriate storage
technologies for each one of the scenarios.

Energy storage systems

In most ESS, the electricity cannot be directly stored and
for this reason is firstly converted to different forms and then
can be converted back to electricity when this is necessary [11].

| ELECTRICAL ENERGY STORAGE TECHNOLOGIES |

ELECTRICAL ELECTROCHEMICAL MECHANICAL
- [ PHS
i k‘easd add * VRB + Tidal Lagoon PHS
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-+ SMES o i *+ ZNBR +  Adiabatic CAES
* Zebra M
« PSB *  Flywheel
v 4
THERMOCHEMICAL CHEMICAL THERMAL

* Molten Salt

+  Solar Fuel *  H2 Fuel Cell

Figure 1: Classification of Energy Storage Systems.

The numerous available energy storage technologies can be
categorized into the following six groups [12] (Figure 1).

e Electrical: Supercapacitors [13-16], Superconducting
Magnetic Energy Storage (SMES) [14,15,17].

e Electrochemical:

0 Secondary battery: Lead Acid battery [18,19], Sodium—
Sulfur battery (NaS) [20-24], Lithium-ion (Li-ion)
[25-27], Nickel-Cadmium battery (Ni-Cd) [28-30],
Sodium-Nickel chloride battery (Zebra) [16,30,31].

0 Flow battery: Vanadium Redox Battery (VRB) [32-34],
Zinc-Bromine (ZnBr) [16,35], Polysulfide bromine
battery (PSB) [13,16,36,37].

e Mechanical: Pumped Hydro Storage (PHS) [15,17,38-
43], Compressed Air Energy Storage [16,44,45],
Adiabatic CAES [44-48], Flywheel [16,17,49,50].

e Thermal: Hydrogen Energy Storage Systems (HESS)
[51-53], Pumped Heat Storage Systems (PHSS) [54-
56], Cryogenic Thermal Energy Storage (CTES) [57,58],
Molten Salt [16,59-62], for more information about
thermal energy storage systems).

e Thermochemical: Solar fuel.

e Chemical: H, Fuel cell.
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In this study, ESS technologies that belong to thermo-
chemical and chemical categories have not been examined.

Methodology

In this study, an assessment methodology of the available
ESS will be employed to create the final bubble plot. This plot
will facilitate the selection of the most appropriate storage
technology for each scenario. The assessment methodology that
this study is based on includes the techniques of Technology
Readiness Levels, the Applicability Indicators under various
constraints and lastly the determination of the uncertainty that
is related to both previous techniques.

Technology readiness level

The TRL is an assessment tool that was initially created
by NASA back in 1974 and since then it has been adopted by
numerous organizations worldwide [63]. The typical TRL tool
includes nine levels and each technology must cover a number
of criteria to be categorized at a specific level. In our case, the
main aim of the TRL process is to define the maturity level
for every ESS that is examined in every scenario. For instance,
a low TRL score for an ESS means that it is highly uncertain
whether this technology is ready to be implemented or not.

It is necessary to ensure that the TRL tool contains a
method to identify the uncertainty that is related to each
ESS. The categorization of each technology to one of the nine
available TRL levels is based on the information that can been
found about that specific technology in the literature. However,
every reference encompasses an uncertainty and according to
this it can be classified in four categories: unreliable, poor,
good and reliable. The best information will have the lowest
uncertainty score. The bubble plots however, plot certainty
(the inverse of uncertainty) as intuitively good score would be

Table 1: Categorization of references.

A (Reliable) B (Good)

* Peer Reviewed Journal/Study =« Patents

+ National Laboratory Publication < Government Reports

* Engineering Textbook

- PhD Thesi
(Reputable Publisher) osis

Reference Type (s)

* Publishesd in 2010 or after
References

« Category 'A' Reference written

before 2010
Uncertainty (%) 20 40

Table 2: TRL assessment for Hydrogen ESS.

* Reports with comprehensive

expected to have a bigger bubble. As it can be seen in Table 1
[64], reliable references (Category A) are considered the ones
that have been peer reviewed, engineering textbooks that have
a reputable publisher and thus a 20% uncertainty has been
given to present how reliable is that reference. In the same way,
information gathered from websites or self-published reports
are unreliable and this is reflected to the 80% uncertainty.

The information for each attribute is collected by using
many references which means that there is a need for an
equation that can provide the total uncertainty:

A *Eq +1p * Fg +nc * Fo +mp ¥ Fp (1)

Normalized Uncertainty = 1
A +1g +17c +1p

where: 7, is the number of references for category x and F is
the uncertainty of category x.

In Table 2 the TRL assessment of the Hydrogen ESS is
depicted. Five references were used to gather information
regarding the strengths and the weaknesses of this technology
while three of them are categorized as type A and two of them
as type B. The total normalized uncertainty is calculated as
follows:

3%0.2+2%0.4+0%0.6+0%0.8
3+2+0+0

0.28 = 28%

(2)

Normalized Uncertainty =

Applicability indicators

Applicability Indicators tool refers to the allocation of
appropriate weightings to the most important attributes of
each ESS. The attributes that can be seen in the next figure have
been proposed in literature and reflect the critical performance
factors of each storage technology. The weighting score that
has been given is indicative and across different scenarios
same attributes might have different weighting (Table 3).

Reference Category

C (Poor)
» Manufacturer /Developer - Study,
Report or Claim
» Well Referenced/Cited/Editorial/

D (Unreliable)

« Website

« Self Published Report

Publication
) « Category 'C' Reference written
MSc Thesis before 2010
« Category 'B' Reference written before
2010
60 80

HYDROGEN _ RefeenceCategoy

TRL Strengths Weaknesses

« Versatile and flexile

. + Development of fuel cells
storage option
6-7 * High energy mass density  * Lack of infrastructure

+ Storage of Hydrogen difficult and
expensive

6,5 Average TRL Score

No. Of Refs

A (20%) B (40%) C (60%) D (80%)

Normalised Uncertainty
No. Of Refs No. Of Refs No. Of Refs

3 2 28%
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The first two attributes, the power and the energy capacity,
are the most crucial ones and for this reason they have a high
weighting. A high score will be given to these attributes in
case the power range is able to cover the capacity needs of the
examined scenario.

The capital cost (‘CAPEX’) (£/kW) and the ‘LCOE’ (£/
kWh) are of the same importance and indicate the most crucial
financial aspects of each ESS. The capital and running costs
of the combined cycle gas turbine have been used to provide
a reference value for the financial attributes. The quantifiable
targets are 1300 £/kWh for CAPEX and 0.8 £/kWh for LCOE
[45]. To provide an accurate and up to date analysis the values
regarding the CAPEX and LCOE that are found in literature
have been transposed to GBP while the inflation rates have also
been taken into consideration. The following table shows the
final economic values that were chosen for a random storage
technique. The same procedure was followed for all the chosen
ESS (Table 4).

‘Response’ and ‘discharge time’ are important criteria as
can be concluded from their weightings. For the ‘response’
attribute, the reference target value is set to be seconds-
minutes while for the ‘discharge time’ attribute varies in every
scenario. It is suggested that for ‘Efficiency’ and ‘daily self-
discharge’ attributes 100% and 0 will be used as best possible
targets.

The ‘cycle life’ and the ‘lifespan’ are both connected to the
lifetime of a storage system and they also have a weighting.
The target value for the ‘lifespan’ is 20 years and for the ‘cycle
life’ is 7300, since it is proposed that the selected ESS will
operate one full cycle during a day for these 20 years.

Environmental issues are reflected to the ‘environmental
impact’ attribute which is very sensitive as it is usually affected
by the local legislation which varies from one case study to
another. The ‘additional needs’ criteria corresponds to the
research issues or restrictions that might exist and need to be
resolved.

A similar methodology, likewise for the TRL, to define
the uncertainty of this process has been developed. All
information about the attributes that is found in literature
is classified in the corresponding category (e.g. ‘A’, ‘B, etc.).
A normalized uncertainty will then be calculated by using
the Eq.1 for each one of the 14 criteria and then the average
of these uncertainties will indicate the total uncertainty. A
‘score’ column has been added to the Table 5 and contains the
scores that each technology achieves in the specific attribute.
The score of each attribute ranges from one to ten and it is
an individual interpretation. Each score is then multiplied
with the corresponding weight of each criteria and an overall
score is obtained. After all the overall scores will be summed
and then will be divided by 100 (which is the maximum overall
score that can be achieved, in case that every attribute scores a
10) to reflect the total fractional score. In some cases, there is
a need for alterations since it was not always possible to find
information for a particular attribute. In that case that specific
attribute is excluded from all the calculations.

Table 3: Applicability indicators.

Power Rating (MW) 09
Capacity/Energy (MWh) 09
CAPEX (£/kW) 0,9
LCOE (£/kW) 0,9
Response Time 08
Discharge Time 0,8
Daily Self discharge (%) 08
Efficiency (%) 0,7
Energy density (Wh/kg) 0,6
Cycle Life (Total Cycles) 0,6
Environmental Impact 0,6
Scalability 0,6
Lifespan (Years) 0,5
Additional Needs 04

Table 4: Transposition of economic values.

Economic Aspect of storage technology

Value in US dollars (S) Value in $ (in 2018, after GBP (£) (in

in 2012 Average inflation) 2018)
CAPEX 400-800 600 478.5408
LCOE 0.13 - 0.143

All the above information can be validated by examining the
Table 5. Starting with the ‘Normalized Uncertainty’ column we
can verify the calculations of the ‘Capacity/Energy’ attribute:

The normalized uncertainty would be:

2%0.2+1%0.4+0%0.6+0%0.8 =0.267 = 27%
2+1+0+0

By following the same procedure, we can obtain all
the ‘Normalized Uncertainties’ and to calculate the ‘Total
Uncertainty’ we simply find the average of them. Moving
forward to the score section, the ‘efficiency’ attribute has
been given a 0.7 weight and the score that was given for the
expected efficiency (90%), found in literature, was 9. This
score is multiplied by the weight and the weighted score (6.3)
is obtained. The ‘Total technology score’, as was mentioned
above, is the sum of all the available weighted scores. The
‘Fractional value’ is obtained by dividing the ‘Total technology
score’ with the sum of the maximum possible weighted scores
which is 91, since the maximum weighted score of the LCOE
(10*0.9=9) attribute is missing.

Scenarios — Case Studies
Island grid with high renewable energy penetration

This scenario concerns an electric grid that is in islanded
mode hence not connected to the central electricity grid.
In this type of grids, the power needs were served solely by
diesel generators but lately there is a growing transition to
the renewable sources of energy. Nonetheless, electricity that
is based in renewable energy has technical (e.g. power quality
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Table 5: Applicability assessment for Supermagnetic ESS — Columns with reference category C and D were not included in this figure.

Supermagnetic Eneray storage I —

Weighted Score

Indicator Score (1-10) (Weight x Score)
Power Rating (MW) 9 8.1
Capacity/Energy (MWh) 3 2.7
CAPEX (E/kW) 10 9
LCOE (£/kWh) NA
Response Time 9 7.2
Discharge Time 8 5.6
Daily Self Discharge (%) 6 4.2
Efficiency (%) 9 6.3
Energy Density (Wh/kg) 1 0.5
Cycle Life (Total Cycles) 10 6
Environmental Impact 4 3.6
Scalability 5 3
Lifespan (Years) 10 5
Additional Needs 3 1.2
Total Technology Score 62.4
Fractional Value 0.69

issues, intermittent nature of renewable sources of energy) and
non-technical challenges (e.g. operating and maintenance)
that need to be overcome. These challenges have been studied
for many years now and have been well identified and presented
in [65,66].

Agios Efstratios is a historic Greek island that is located
in the Aegean Sea and recently the local authorities decided
to implement a fossil-fuel independent profile. According to
a realistic scenario it is feasible to achieve a load distribution
for the renewable sources and the existing diesel generators
of 66% and 34%, respectively. The grid’s information can be
seen in the following table and it is proposed that the diesel
generators will be used only as a back-up source (Table 6).

In Agios Efstratios the peak load demand occurs when there
is almost zero generation from RES thus the ESS that will be
selected needs cover the needs of the grid for 2-3 hours. The
power capacity is selected to be 400 kW with an energy capacity
of 1 MWh. It is proposed that the used ESS to be hydrogen even
though this technology comes with a high cost and an overall
moderate efficiency. The main reason for this is the long-term
plan to operate hydrogen vehicles in the island [67].

The applicability indicators need to be weighted carefully
and there must be an increasing weight on the ‘environmental
impact’ attribute in the AI table. This is because there is an
increasing environmental concern on that specific island as
it has been recently characterized as the “green island” of
Greece. Below it can be seen analytically how each indicator
has been weighted for that specific scenario (Table 7).

Microgrid with high cooling load

Microgrid defines a local group of loads and electric sources
that usually are connected to a centralized grid but can also

Reference Category Normalised
A (20%) B (40%) Uncertainty Value Used
(Reliability of
No. Of Refs  No. Of Refs Sources)
2 3 32% 0.1-10
2 1 27% 0.015
3 2 28% 160
2 3 32% ms
2 40% min-hours
3 2 28% 15
3 2 28% 90
3 20% 5
3 3 30% 100000
1 20% Moderate
1 20% Poor
2 3 32% 30
1 40% Strong magnetic fields
(Out of 97) Total Uncertainty 29%

Table 6: Power characteristics of Agios Efstratios grid.

Island of Agios Efstratios

Peak load demand 360 kW
Annual energy demand 1221 MWh

Diesel supply 840 kW

Wind and Solar Supply 780 kW

Proposed storage Able to cover the peak demand

Table 7: Applicability indicators for Agios Efstratios island case study.

| et Tergetif Applcable ___Weighting |

Power Rating (MW) 0.4 0.9
Capacity/Energy (MWh) 1 0.9
CAPEX (E/kW) 1300 0.9
LCOE (£/kWh) 0.08 0.9
Response Time Sec-Mins 0.8
Discharge Time <3h 0.7
Daily Self Discharge (%) 0% 0.7
Efficiency (%) 100% 0.7
Energy Density (Wh/kg) - 0.5
Cycle Life (Total Cycles) <7300 0.6
Environmental Impact Minimum 0.9
Scalability - 0.6
Lifespan (Years) 20 0.5
Additional Needs - 0.4

disconnect from it and operate autonomously if needed [68].
The case study that would be selected for that specific scenario
it was necessary to have a high cooling load so the location of
the microgrid should be in a tropical region or in an area close
to it. The chosen microgrid is in the city of Hurghada in Egypt
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and all the data that will be presented are taken from actual
values in that specific area [69] (Figure 2).

The high cooling load during summer can be clearly seen
in the above graph, especially during the midday where the
highest temperatures occur. The system is supplied by a diesel
generator, a wind turbine, PV panels and an ESS that could
support the smooth operation of the grid. It has been calculated,
by taking into consideration the load profile, the wind speed
spectrum and the solar irradiation data that the integrated
ESS should have a power capacity of 4 MW and should be able
to feed the grid for at least 3-4 hours. Analytically the power
characteristics can be seen below:

The applicability indicators have been weighted separately
for that case study. The power and the energy output have
changed, the environmental impact weight can be decreased
compared to the previous one and finally the discharge time
needs to be higher than 4 hours (Tables 8§,9).

Onshore wind farm

The case study that would be suitable for this scenario is the
58.5 MW wind farm in Wales at Cefn Croes. This wind farm has
a successful operation for more than 12 years and lately it has
been proposed that the integration of an ESS would increase
the efficiency of the farm. Analytic data of the case study can
be seen below (Table 10).

This wind farm is capable to provide energy for
approximately 40,000 households in the surrounding area. It
has been assumed that the load profile of each household is the
one that can be seen in the figure. The y-axis corresponds to
Power (W) and the x-axis to hours during a typical day. Each
day it is estimated that there is 9.55 MW available for storage in
the selected ESS for approximately 12 hours (Figure 3).

From the Al the ‘power rating’ attribute and the ‘capacity
energy’ need to be adjusted to the needs of the current scenario.
The ‘discharge time’ should be more than 12 hours which is
quite a long time for most of the technologies (Table 11).

Offshore wind farm

The selected case study for the offshore wind farm is the
future scenario of offshore wind capacity in UK. It is expected
that by 2020 the installed offshore wind farms will have a
total capacity of 40 GW [70,71]. It has been estimated that the
maximum and minimum daily load demands in the UK grid is

Load Profile during Summer and Winter
6000 —@— Summer Load

—@— Winter Load
5000

Load Power (kW)
Noow s
S & &
8 8 8
8 8 8

1000

0

1 6 11 16 21
Hours

Figure 2: Summer and winter load profile.

Table 8: Egyptian Microgrid Power Characteristics.

Egyptian Microgrid

Wind turbines 1 MW
Solar Energy 5 MW
Diesel turbines (Back up) 2 MW
Expected storage Power 4 MW
Expected storage Energy approx 5*4=20 MWh

Table 9: Applicability indicators for the Egyptian microgrid.

Target if Applicable Weighting

Power Rating (MW) 0.4 0.9
Capacity/Energy (MWh) 1 0.9
CAPEX (£/kW) 1300 0.9
LCOE (£/kWh) 0.08 0.9
Response Time Sec-Mins 0.8
Discharge Time <3h 0.8
Daily Self Discharge (%) 0% 0.8
Efficiency (%) 100% 0.7
Energy Density (Wh/kg) - 0.6
Cycle Life (Total Cycles) <7300 0.6
Environmental Impact Minimum 0.6
Scalability - 0.6
Lifespan (Years) 20 0.5
Additional Needs - 0.4

Table 10: Characteristics of onshore wind farm case study.

Case study data

Wind production

Nominal 58.5 MW
Capacity factor 0.3
Expected average production 17.55 MW
Demand
Households 40000 units
Expected maximum demand 28 MW
Expected minimum demand 8 MW

Assumptions

Available MW for storage 9.55 MW
Active hours 12 h
Storage capacity 114.6 MWh

51 GW and 29.5 GW respectively [72]. A 50% capacity factor for
the offshore wind farm is assumed which under a simplistic
method means that the wind turbines feed the grid with 40
GW for 12 hours over a daytime period [73]. With the use of
the average minimum load demand and the 40 GW from the
wind generation it can be concluded that 10.5 GW is available
to be stored for the period of 12 hours daily. Consequently, the
10.5 GW for 12 hours means that the energy capacity required
for the ESS is approximately 126 GWh. The 40 GW of offshore
wind farms will be distributed in the 34 wind farms across the
UK which indicated that the average capacity of each ESS in
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the corresponding wind farm will be 3706 MWh with a power
capacity of 309 MW.

The applicability indicators are presented in the table below
and the adjustment in the ‘power rating’ and in the ‘energy
capacity’ are presented. Similarly to previous scenario the
selected ESS needs to be charged unstoppably for 12 hours
(Table 12).

Solar system

PV arrays can be considered for different kinds of
applications, from small standalone to large scale solar power
plants [74]. Many areas in Australia have very high average solar
irradiation and are very suitable for solar panels installation and
for this scenario the case study of Rockhampton, a subtropical
area in Queensland, has been selected. The scenario includes a
standalone PV system installed on a residential house and it is
examined how an ESS could increase the integration of the PV
array hence the saving of money (Table 13).

The model that has been simulated includes a 10 kW PV, a
1 kW diesel generator and storage capacity of 69.12 kWh. The
simulation shows that the ESS that will be integrated in that
case study should be able to store approximately 4 MWh/yr. The
diesel generator was almost not used at all as the main role of
it was to be a back-up. It needs to be mentioned specifically in
that scenario the integration of storage improves significantly
the PV production.

The adjustments in the applicability indicators can be seen
in the following table. Extra weight was assumed in the cycle
life indicator. This is because the total cost of the whole system
is directly paid from the household which means that there
is an additional need to maintain the system in the highest
standards for the longest possible period in order to save more
money (Table 14).

00.00 02.00 04.00 06.00 08.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00

| HEATING WATER HEATIMNG B SHOWERS

| WASHING/DRYING COOKIMNG | LIGHTING
COLD APPLIANCES mICT [ AUDIOVISUAL

B OTHER UNKNOWN

Figure 3: Load profile of average UK household [71].

Table 11: Applicability indicators of onshore wind farm.

| ndcator Targett piicable | Weighting _|
0.4 0.9

Power Rating (MW)

Capacity/Energy (MWh) 1 0.9
CAPEX (E/kW) 1300 0.9
LCOE (£/kWh) 0.08 0.9
Response Time Sec-Mins 0.8
Discharge Time <3h 0.8

Daily Self Discharge (%) 0% 0.8
Efficiency (%) 100% 0.7

Energy Density (Wh/kg) - 0.6

Cycle Life (Total Cycles) <7300 0.6

Environmental Impact Minimum 0.6
Scalability - 0.6
Lifespan (Years) 20 0.5
Additional Needs - 0.4

Table 12: Applicability indicators of offshore wind farm.

indicator | Targetf Applicable | Weighting
Power Rating (MW) 309 09
Capacity/Energy (MWh) 3705.9 09
CAPEX (£/kW) 1300 0.9
LCOE (£/kWh) 0.08 0.9
Response Time Sec-Mins 0.8
Discharge Time >12 0.8
Daily Self Discharge (%) 0% 0.8
Efficiency (%) 100% 0.7
Energy Density (Wh/kg) - 0.6
Cycle Life (Total Cycles) <7300 0.6
Environmental Impact Minimum 0.6
Scalability - 0.6
Lifespan (Years) 20 0.5
Additional Needs - 0.4

Table 13: Characteristics of the standalone PV panel case study.
System in off-grid configuration

PV Output 10 kw

Diesel Output 1 kw

Storage capacity 32*6 (V)*360(Ah)=69.12 kWh

Annual expected values

PV 7427 kWh/yr
Diesel 3.37 kWh/yr
Storage 4040 kWh/yr
Load demand 5475 kWh/yr
Wasted PV 13.99% of PV production

Assessment of Results

After the assessment methodology was completed for
each one of the case studies, a matrix that contains all the
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results was created. The first column of the table contains
the proposed ESS while the following columns have the Al
and TRL scores accompanied by the calculated uncertainty.
The ‘Normalized Uncertainty’ tab reflects the average level of
uncertainty related to each technology. This matrix was used
to create the bubble plot of the corresponding case study. The
appendix section includes the analytic presentation of the Al
and TRL tool as well as the references that have been used for
each ESS (Appendix A).

The TRL score is on the y-axis while the Al score is on the
x-axis and the bounds of each axis were chosen in a way that
offers a better visual understanding of the plot. It needs to be
mentioned that the size of the bubbles is inversely proportional
to the level of uncertainty which can be seen on the matrix with
the assessment results. In other words, the smaller the size
of the bubble is the bigger the uncertainty of this technology.
The plot has been divided into four quadrants to indicate the
location of the most promising ESS for that case study. The
top right quadrant contains the ESS that have high TRL and Al
score hence are the most appropriate for this scenario while
the ESS on the bottom left quadrant have low TRL and AI
score and are probably not suitable. The other two quadrants
contain ESS that either are suitable for that case study but are
not commercialized (bottom right quadrant) or well-developed
technologies that achieve a low Al score (top left quadrant). It
is expected that in each scenario there will be a transition of
each technology only on the x-axis which is the Al axis and not
on the y-axis since the TRL factor remains the same in every
case study.

Agios efstratios case study

Figure 4 and Table B1 in Appendix B contain the results of
the simulation regarding the islanded grid. Despite the fact that
PHS and CAES are the most developed and commercialized ESS,

Ni-Cd

Adiabatic CAES

they do not seem to be a promising solution for this case study.
The needed storage capacity of the island is 400 kW while these
technologies are mainly used in utility and large-scale power
plants and they are not cost-effective if used in small scale
applications like this. A good AI score was achieved by Ni-Cd
and Li-ion batteries and in combination with the relative high
TRL they are considered to be a viable solution for this scenario.
A noticeable category of ESS is the one that includes HESS,
Molten Salt and VRB flow batteries. This branch of technologies
has achieved a high applicability score which means that they
could be suitable alternative for storage. However, their TRL
score indicates that they are not well established yet or that
further research is needed. An interesting observation in the
plot is the overall score of the Cryogenic Thermal ESS which has
achieved that highest AI score (83%) but its TRL score is below

Table 14: Applicability indicators of standalone PV case study.

| mdicator  Trgetif Applcable ___Weighting |

Power Rating (MW) 0.001 0.9
Capacity/Energy (MWh) 0.005 0.9
CAPEX (£/kW) 1300 0.9
LCOE (£/kWh) 0.08 0.9
Discharge Time <3h 0.8
Daily Self Discharge (%) 0% 0.8
Efficiency (%) 100% 0.8
Response Time Sec-Mins 0.6
Cycle Life (Total Cycles) <7300 0.7
Environmental Impact Minimum 0.6
Scalability - 0.6
Lifespan (Years) 20 0.6
Energy Density (Wh/kg) - 0.5
Additional Needs - 0.4

Flywheels Li-ion | ead Acid
0 HESS
VRB ___ Molten Salt 0

Nas i
ZB8

percapacitors,

Cryogenic Thermal

Supermagnetic Pismped heat

APPLICABILITY

Figure 4: Bubble plot of islanded grid.
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the average. CTES has a minimum environmental impact, it is
scalable and suitable for the required power capacity range of
this case study, but it is still not proven in full scale and there
is a lot of ongoing research regarding the heat losses in pipes
(Table 15).

Microgrid in egypt case study

The results of the microgrid scenario in Egypt can be

Table 15: Technology overview.

Technology overview

Technology TRL TRL Uncertainty
1 CAES 7.5 33%
2 PHS 8.5 25%
3 HESS 7 28%
4 Lead Acid 7.5 38%
5 NaS 6.5 24%
6 Ni-Cd 8.5 35%
7 PSB 45 25%
8 VRB 6.5 33%
9 ZBB 5.5 33%
10 Adiabatic CAES 5.6 60%
11 Cryogenic Thermal 5.5 53%
12 Supercapacitors 6 29%
13 Supermagnetic 5.5 60%
14 Flywheels 7.5 32%
15 Li-ion 7.5 29%
16 Zebra 5.6 30%
17 Molten Salt 6.5 27%
18 Pumped heat 4.5 20%

m VRB
e N

seen in the Figure 5 and Table B2 in Appendix B. The ESS
that achieved the highest scores are the HESS, the Molten
salt and the Cryogenic thermal storage. From this branch of
technologies, HESS also has the highest TRL (7.0) and has also
higher AI compared to previous case study. PSB storage system
has a noticeable increase in the Al score, from 56% to 73%
but remains a non-reliable technology since it achieves the
lowest TRL score (4.5). PHES and CAES technologies present
a higher AI score due to the higher power capacity needed for
this case study. However, they are still located in the top left
quadrant which means that they do not achieve the required Al
for this scenario. VRB and NaS batteries are on the boundaries
of the top right quadrant and it is expected that in the next
years these two technologies will be more commercialized
hence will provide a solid solution for microgrid storage. As
was expected for the Electrical ESS, the higher power capacity
needed for the scenario the lower AI score they will achieve.
Indeed, Supercapacitors and Supermagnetic technologies
present a decrease in their Al score and they are on the bottom
left quadrant. Another interesting fact in these two case
studies is that Adiabatic CAES achieves higher Al score than the
conventional CAES but in general there is still a lot of ongoing
research and a lack of extensive data sets for comparison.

Onshore wind farm

The results of the onshore wind farm scenario can be seen in
the Figure 6 and Table B3 in Appendix B. As the power capacity
needs of the proposed case study are increased it is expected
that PHES and CAES technologies will be moving on the
right direction of the x-axis, closer to the top right quadrant.
Indeed, onshore and much more offshore wind farms have
larger power capacities demand and these two technologies
become more suitable. In this scenario HESS achieves again
a reasonably high AI score and compared to its TRL score

o\_ead Acid

Molten Salt

atic CAES

=)
Superca 0
rmagnetic
Zﬁno

Cryoge IThmmql

Pumped heat
PSB

APPLICABILITY SCORE

Figure 5: Bubble plot of microgrid storage.

009

Citation: Ntavarinos N, Davies P, Oterkus E (2019) Assessment of energy storage technologies for case studies with increased renewable energy penetration. Ann

Limnol Oceanogr 4(1): 001-014. DOI: https://dx.doi.org/10.17352/alo.000007


https://www.peertechz.com/uploads/art_addfiles_2476.zip
https://www.peertechz.com/uploads/art_addfiles_2476.zip

™ Peertechz Publications Pvt. Ltd.

seems to offer the best storage solution for this scenario.
Pumped heat is a technology with favorable characteristics
and seems to be suitable for the most scenarios mainly due to
its high volumetric energy density. However, it is still under
development and this is reflected to its very low TRL score
which is way below the average. Li-ion batteries on the other
side, they have a quite high TRL score since this technology
has been well established and tested in various applications.
Nonetheless, only lately battery ESS are gradually integrated in
large scale power systems and thus there are no solid results
yet. The most famous recent battery ESS is probably the 129
MWh battery system in Hornsdale, that has been announced
by Tesla company [74]. Zebra batteries are again not suitable
storage technology for this case mainly because its relatively
small power-range and its Al is reasonable only in case studies
with small power needs.

Offshore wind farm

The results of the offshore wind farm scenario can be seen
in the Figure 7 and Table B4 in Appendix B. PHS and CAES
systems are the most suitable for storage in future offshore
wind farms in UK. Their power and energy range can fully
cover the needs of this scenario and these two technologies
have been applied on large scale power systems. Adiabatic
CAES achieves the highest Al score but its low TRL score does
not allow it to be considered as a suitable storage for that
application. In this scenario, the power demand of the storage
systems has been raised significantly and for this reason most
technologies have been moved to the left-direction of the
x-axis. So, when it comes to large scale systems, it is obvious
that only PHES and CAES along with HESS can offer a reliable
storage solution. Molten salt is also an interesting ESS but in
real life applications this technology should mainly be coupled
with solar power plants. This is the first case study where the

i' 'Nicd

Li-ion Na

e Flywheels

Lead-acid batteries are out of the top right quadrant because
their power range is not suitable to cover the needs of a large-
scale power systems.

Solar power system case study

The results of the solar power system case study can be
seen in the Figure 8 and Table B5 in Appendix B. From all the
studied scenarios, this case study is the most special because
the proposed storage systems would be installed on a rooftop
of a residential building. Ni-Cd, Lead-acid batteries and the
HESS would offer the most reliable solution for this scenario.
Flywheel storage system and Zebra batteries present a great
increase in their Al mainly because the power needs of this
scenario are low. VRB technology is on the boundaries of the
top right and bottom right quadrant which means that in future
it is expected to achieve a higher TRL score and to become a
good storage alternative. Same expectations also exist for the
supercapacitors however their use is currently restricted in
the electrified means of transport. PHS and both CAES storage
systems are not suitable for this application. Although recently
there is an ongoing development of small scale Pumped Hydro
and CAES that could be integrated in buildings [75]. A common
conclusion is that Pumped Heat and PSB storage need a lot of
research to achieve higher TRL levels and thus to be considered
more suitable for more case studies.

Conclusions

The proposed Energy Storage Systems that would be
integrated in each one of the case studies had to be assessed in
terms of suitability and maturity. The assessment methodology
that has been applied in this study includes the Technology
Readiness Level and Applicability Indicator tools. Both tools
were employed in order to produce a 3-D bubble plot that

Lead Acid
o HESS

ii Molten Salt
AdiaDAUERTS

Cryogeli'ITherma I

Pumped heat

APPLICABILITY SCORE

Figure 6: Bubble plot of onshore wind farm.
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Lead Acid
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Figure 7: Bubble plot of o wind farm.
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Figure 8: Bubble plot of solar power plant.

would facilitate the selection of the most appropriate ESS
for every examined scenario. The identification of the basic
requirements, such as the power and energy capacity needs, of
the power system in each case study was a basic step.

Based on the final bubble plots for each one of the scenarios,
in each scenario there are different ESS that dominate and fail
to impress as this is depicted in bubble plot. In fact, mechanical
storage technologies seem to be suitable for large scale systems

ermal
ZBB

PSB

APPLICABILITY SCORE

due to their relative high capital cost and power range. PHS and
CAES systems are the most well-known mechanical ESS with
high TRL score achieved a high AI only in the case studies were
the power needs were more than 10 MW (e.g. onshore-offshore
wind farm). Adiabatic CAES is a technology that presents
interesting results as it has achieved high applicability scores
in most scenarios. However, its low TRL score indicates that
this technology cannot be currently employed as there is a
lot of ongoing research. Adiabatic CAES belongs to a branch
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of technologies that have favorable characteristics but low
level of maturity. This branch includes also all the Thermal
storage technologies except Hydrogen storage. Indeed, bubble
plots prove that Cryogenic Thermal, Molten Salt and Pumped
Heat storage have achieved a high applicability score in all
the case studies and they seem to be a promising solution for
the near future. Among them, Molten salt is most possible to
be employed soon as it has an average TRL level and Pumped
Heat is the least possible since it is still under development.
On the other hand, Hydrogen Storage seems to be one of the
most suitable storage solutions for all the case studies as it has
been in the top right quadrant in all the scenarios. Hydrogen
is a versatile storage option and is lately tested in utility scale
systems. In addition, hydrogen vessels are also expected to
be available soon. From the Electrochemical storage category,
Lead Acid batteries have a remarkable applicability score as
well as a high TRL indicator as there is an extensive industrial
and commercial experience of this low-cost technology.
Nonetheless it has not been proven yet in large scale systems
and for this reason in the offshore wind farm scenario achieved
a relatively low score. Vanadium Redox flow and NaS batteries
present a moderate TRL score of 6.5 and for this reason
they are located on the boundary section of upper and lower
quadrants. Their relative high applicability score shows that
in future if the safety concerns will be resolved these two
technologies might be a robust storage technology. Lithium-
ion batteries is one of the most commercialized ESS since for
many years it has been used in small and micro scale power
systems and for two decades it is being used exclusively in all
mobile phones. For this reason, it has a very high TRL score
but only lately it is employed in utility scale grids and there is
not sufficient feedback yet. Lastly, both Supercapacitors and
Superconducting magnetic storage technology that belong
to Electrical ESS present identical results. In small scale
systems, such as the island grid and residential solar power
system, seem to be a good storage solution but when it comes
to higher power needs these technologies may not be applied.
Supercapacitors are widely used in electric vehicles while large
scale superconducting magnetic storage plants have not yet
tested in real life applications.
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