energies

Review

Technology Suitability Assessment of Battery Energy Storage
System for High-Energy Applications on Offshore Oil and

Gas Platforms

Ayotunde A. Adeyemo 1*

check for
updates

Citation: Adeyemo, A.A_; Tedeschi, E.
Technology Suitability Assessment of
Battery Energy Storage System for
High-Energy Applications on
Offshore Oil and Gas Platforms.
Energies 2023, 16, 6490. https://
doi.org/10.3390/en16186490

Academic Editor: Chi-Ming Lai

Received: 31 July 2023
Revised: 24 August 2023
Accepted: 1 September 2023
Published: 8 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Elisabetta Tedeschi 1-2*

Department of Electric Energy, Norwegian University of Science and Technology (NTNU),

7034 Trondheim, Norway

Department of Industrial Engineering, University of Trento, Via Sommarive, 9, 38123 Povo, Italy
*  Correspondence: ayotunde.a.adeyemo@ntnu.no (A.A.A.); elisabetta.tedeschi@ntnu.no (E.T.)

Abstract: Selecting a battery energy storage technology for application on offshore platforms or
marine vessels can be a challenging task. Offshore oil and gas platforms (OOGPs) require battery
energy storage systems (BESSs) with high volumetric density, high gravimetric density, high safety, a
long life span, low maintenance, and good operational experience, amongst other BESS properties.
No single battery chemistry can satisfy all these factors perfectly, which implies that there is a need for
a method that determines the most suitable battery chemistry for a given application. To this end, this
paper proposes an improved version of a 7-step procedure proposed in the literature to systematically
and logically determine the most suitable BESS for high-energy applications on OOGPs. In order to
implement the 7-step procedure, a review of the state-of-the-art of consolidated and emerging battery
chemistry is done. As part of the 7-step procedure, the operational experience of the battery chemistry
was also reviewed. The 7-step procedure was then applied to a case study (with two test cases) of a
real OOGP in the North Sea. The first test case considers BESS for peak shaving, for which six battery
chemistries were assessed in detail. A technology suitability assessment (TSA) weighted score is
calculated, which is based on five attributes critical for the energy storage choice in the considered
application, which are weight, space, safety, life cycle cost, and operational experience. Of the six
battery chemistries assessed, lithium iron phosphate (LFP) has the highest technology suitability
assessment (TSA) weighted score and is therefore deemed the most suitable battery chemistry for
peak shaving. The second test case considers BESS for spinning reserve. Since this is a high C-rate
application, only battery chemistry capable of high C-rate was evaluated. From the TSA evaluation,
LFP and lithium nickel manganese cobalt have the joint highest TSA weighted score and are therefore
deemed the most suitable battery chemistry for spinning reserve.

Keywords: energy storage; peak shaving; spinning reserve; lithium iron phosphate battery; lithium
nickel manganese cobalt battery; technology suitability assessment; offshore oil and gas platform

1. Introduction

Despite the gradual transition of the world from fossil fuels to renewables, it is
expected that oil and gas will still be used for many decades, particularly in sectors that are
difficult to decarbonize, such as the aviation sector [1]. A significant portion of oil and gas
is produced on offshore platforms, particularly in countries like Norway. But most offshore
oil and gas platforms (OOGPs), especially those more than 100 km from shore, are usually
powered by single-cycle gas turbines (GT), which have low efficiency and contribute about
80-85% of the platforms’ carbon emissions [2,3]. These OOGPs are not electrified with
power from shore either because it is technically or economically not feasible, which leads
to high carbon emissions for OOGPs. Consequently, many economies in Europe have taken
an approach to decarbonizing the operation of OOGPs by using the carbon emission tax
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or emission trading system to encourage fewer carbon emissions [4,5]. Thus, operators of
OOGPs are considering various means to reduce their carbon emissions.

Battery energy storage systems (BESS) have inevitably a significant role to play in
carbon emissions reduction. In particular, the decrease in the cost of batteries makes them
an attractive choice for various grid services in an OOGP [6]. BESS can be sized to provide
various grid services aimed at carbon emissions reduction, such as spinning reserve, which
allows one GT to shut down permanently, leading to high carbon emissions reduction.
BESS can also be sized to provide peak shaving and wind power capacity firming.

An OOGP usually has 3 to 4 GTs, and in most cases, 2 to 3 GTs are running while
the last GT is for redundancy. The load on an OOGP can be in the range of 20-100 MW.
Thus, the energy requirement for these services can easily enter the MWh range. However,
before the BESS is sized, there is a need for a technology suitability assessment (TSA) of the
available battery chemistries to be able to make the best choice of battery technology.

The OOGP presents unique challenges for the integration of BESS, and these need to
be carefully considered in the TSA of the battery chemistries. The most critical factors that
need to be considered include the volumetric energy density, the gravimetric energy density,
and the safety of the battery chemistry. The OOGP has limited allowance for space and
weight; thus, a battery chemistry with high energy densities is preferred. Also, the battery
chemistry must be very safe, as the OOGP is a highly flammable environment. Other
important factors include cost per kWh, lifespan, cycle life, and maintenance requirements.
The OOGP is a difficult place to access as access depends on the availability of a favorable
weather window, which does not occur often in offshore locations. Thus, a battery chemistry
that requires little or no maintenance is ideal for this application. Also, a long cycle life
and lifespan are desired in order to reduce recurrent replacements (again due to limited
access) on the platform. All these factors need to be considered in a proper TSA procedure
to determine the most suitable battery chemistry.

Chapaloglou et al. sized BESS for increasing wind power penetration levels and carbon
emissions reduction in an OOGP but did not consider the choice of battery chemistry [7].
Ardal et al. sized BESS for spinning reserve but only considered three battery chemistries [8].
Also, only weight and maintenance requirements were considered. Farhadi et al. performed
TSA, but this was done for high-power ES only, and energy-intensive energy storage (ES)
was not considered [9]. Adeyemo et al. proposed a 7-step procedure for performing the
TSA of ES for OOGP [10], but the TSA procedure was only applied to high-power ES.
Similar to step 7 of the TSA procedure in [10], Oliveira et al. assessed the suitability of
various ES technologies for application in a micro-grid by creating a table with scores for
energy density, power density, life span, safety, and financial feasibility [11], but they did
not specifically address the suitability of ES for offshore micro-grids, which have more
stringent constraints on power and energy density and safety. Georgious et al. performed
a review of ES systems and classified them based on physical form and also based on
discharge duration [12]. They noted that the classification is an initial guide to selecting
the appropriate ES system for a given application. They also provided updated data
on various characteristics of an ES, which is needed for selecting the most suitable ES.
However, they did not consider the critical constraints of offshore deployment, which
require a holistic estimation of the weight and space that an ES will require, i.e., estimating
the weight and space of the ES and all associated ES components. They also did not review
the operational experience, safety, or cost of the ES. Mutarraf et al. reviewed ES systems
for shipboard microgrids, which have similar issues with offshore platforms but failed
to capture a broader list of ES technologies [13]. To the best of the authors’ knowledge,
the review of the current state-of-the-art of high-energy BESS as it relates to the selection
of the most suitable ES technology for OOGP applications has not yet been addressed in
the literature. Thus, this work seeks to fill that gap and provide a comprehensive review
of the current state-of-the-art of battery chemistry suitable for high-energy applications
on OOGPs. The review in this paper provides relevant information that can be used to
determine the most suitable battery chemistry for peak shaving and spinning reserve in
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OOGPs. This paper goes one step further by improving the 7-step procedure proposed by
Adeyemo et al. in [10] and applying it to two case studies.

The battery chemistries that are considered in detail in this work include Li-ion
(lithium iron phosphate (LFP), lithium titanate (LTO), lithium nickel manganese cobalt
oxide (NMC)), nickel cadmium (NiCd), nickel metal-hydride (NiMH), sodium sulfur (NaS),
sodium nickel chloride (ZEBRA), flow batteries (vanadium redox (VRB) and zinc bromine
(ZnBr)), metal-air (zinc air), and lithium-ion capacitor.

The main contributions of this paper are:

- Review of the current state-of-the-art of consolidated and emerging battery chemistries

- Overview of the application of nine battery chemistries for grid-scale services in
offshore and onshore locations

- Improvement of the 7-step procedure proposed in [10] by including a coefficient of
variation to make the computation of the TSA weighted score as objective as possible.
More score points are also used to make the TSA-weighted score more accurate.

- Application of the modified 7-step procedure to two case studies (peak shaving and
spinning reserve) based on a real OOGP in the North Sea

The structure of this paper is as follows: before the review of the battery chemistries,
the technology suitability assessment procedure proposed in [10] is briefly introduced
in Section 2. Section 3 presents the typical energy-intensive grid services that BESS can
provide. Section 4 reviews the state-of-the-art in battery chemistry. Section 5 reviews the
operational experience in battery chemistry. Section 6 presents a case study where ES sizing,
weight and space estimation, life cycle cost analysis, and the calculation of a weighted TSA
score are done.

2. Technology Suitability Assessment Procedure

The technology suitability assessment procedure is a systematic way of selecting the
most suitable ES technology (battery chemistry) based on some criteria. The considered
TSA procedure was presented in [10] and is here recalled for the sake of completeness. It
consists of seven steps.

2.1. Step 1: Identification of the Grid Service

The grid service to be offered by the ES is identified. This is used to determine the
application requirements in step 2.

2.2. Step 2: Choose the Potential ES Technologies That Satisfy the Application Requirements
Imposed by the Grid Service from a Preliminary List of ES Technologies

This step entails the identification of application requirements based on the grid service
to be offered by the ES. A list of ES technologies that satisfy these application requirements
is then defined.

2.2.1. Application Requirements

These are characteristics that the ES must possess to be able to deliver the grid service
being considered. They could include:

- Number of cycles per day: This is the average number of full cycles that the ES must
deliver per day. This has huge significance for the choice of ES technology. If the
application requires a high number of cycles per day, then an ES technology with a
low life cycle is not suitable.

- Safety: This is the safety requirement for the ES technology. Given that an OOGP is a
highly flammable environment, safety is very important, as the risk of fire or thermal
runaway in an ES cannot be tolerated. Thus, an ES technology of high safety must be
chosen if the application environment is an OOGP.

- C-rate: C-rate is a term used to define the maximum current a battery can deliver. For
example, a 1 Ah battery rated at 30 C can deliver 30 A. The C-rate of the application
determines the ES technologies that are suitable. For example, spinning reserve
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requires a high C-rate (greater than 1 C) battery, while peak shaving requires a low
C-rate (less than or equal to 1 C) battery. Some battery chemistries can only deliver a
low C-rate, while others can deliver a high C-rate.

- Fastresponse: This refers to how quickly an ES can start delivering power when called
upon. If the application demands fast response, an ES technology with fast response
must be selected. For example, black start is a service that demands fast response [14],
so an ES such as flow batteries with slow response will not be suitable for this kind of
grid service.

- Ramp rate: Ramp rate is how quickly an ES can increase or decrease power once it
is operating. The ramp rate required by the grid service also determines which ES
technologies are suitable.

- Life span: The project life determines the life span that is required from the battery
chemistry, as replacement operations are discouraged.

2.2.2. Identification of Potential ES Technologies

A broad preliminary list of ES technologies is defined. From this list, the ES technolo-
gies that satisfy the application requirements are selected as potential candidates.

2.3. Step 3: Selection of Potential ES Technologies Using Operational Experience

From the list of ES technologies that satisfy the application requirements in Step
2, potential ES technologies are further selected using proven operational experience.
Operational experience with ES technologies in marine environments, proximal fields, and
grid-scale applications demonstrates the techno-economic feasibility of their application.
The ES technologies that satisfy the application requirements and have good operational
experience are selected as potential candidate solutions.

After the ES technologies have been selected based on application requirements and
operational experience, the required ES size is estimated.

2.4. Step 4: Techno-Economic Sizing of the ES

The nominal power and nominal energy of the ES are estimated in this step. This is
needed to determine the ES’s weight, space, and life cycle cost.

2.5. Step 5: Estimation of ES Size Dependent Constraints

After the size of the ES has been determined, the two main criteria that must be
satisfied (i.e. weight and space) are assessed.

- Space: In an OOGP, there is limited space. Thus, the overall footprint of the ES
and all associated components (balance of plant) must be less than a certain value.
Thus, it is important to use an ES with a high volumetric energy density in energy-
intensive applications such as peak shaving. For other grid services requiring high
power and high energy, such as spinning reserve, an ES with a high volumetric power
density (high C-rate) and a high volumetric energy density should be used to limit the
space required.

- Weight: Just as with space, there is limited weight that can be supported in an OOGP.
The overall weight of the ES must not exceed a certain value. An ES with a high
gravimetric energy density must be used for energy-intensive applications such as
peak shaving. For other grid services requiring high power and high energy, such as
spinning reserve, an ES with a high gravimetric power density (high C-rate) and a
high gravimetric energy density needs to be used.

2.6. Step 6: ES Cost Assessment

After the potential ES technologies have been selected based on application require-
ments, operational experience, and weight and space constraints, the ES life cycle cost is
estimated. The size of the ES determined in step 4 is used to estimate the life cycle cost.
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2.7. Step 7: Decision Making on the Most Suitable ES Technology Using a Weighted TSA Score

After the ES life cycle cost has been estimated, a weighted TSA score is computed,
and the ES with the highest weighted TSA score is selected. The criteria considered in
the weighted TSA score for our use case are: weight, space, safety, performance, and life
cycle cost. This weighted TSA score is calculated in Sections 6.4.4 and 6.5.4. A coefficient
of variation is introduced in this step different from the method in [10]. The coefficient of
variation is used to assign weight to the ES attributes. The use of the coefficient of variation
allows the assignment of scores to the ES to be as objective as possible. The coefficient of
variation is explained in Section 6.4.4.

The flow chart for the TSA procedure is shown in Figure 1. N in Figure 1 means No
and Y in Figure 1 means Yes.

[ Identify grid service J } Step 1
' b

Define application requirements Preliminary identification of
o based on gnid service: number of potential ES technologies
cycles per day, C-rate, ramp rate,
safety, fast response | Step 2

Select ES technologies that satisfy
the application requirements

Pre-assess ES candidates’ feasibility

using operational experience and
discard non-feasible ones

—  Step 3

“Are there suitable E:

Relax application requirements
candidates?

Step 4

Perform a techno-economic sizing
of the ES

Assess size dependent criteria (space
and weight) and discard ES
candidates that don’t meet the criteria

- Step 5

Are there suitable ES
candidates?

Evaluate life cycle cost using
numerical simulation

)

Calculate a weighted TSA score
using the following as inputs of the:
life cycle cost, weight, space, safety
and performance.

b

Select the ES technology with the
highest weighted TSA score

Y

Step 6

)\

T

Step 7

Figure 1. Flow chart of the Technology suitability assessment procedure.

3. Grid Services That BESS Can Provide
3.1. Spinning Reserve

Spinning reserve is the available capacity in generators that are online that can be
used to meet load increases. In an isolated system like OOGP, often 2 or 3 GTs are kept
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running to maintain a margin of spinning reserve in order to guarantee the security of the
power supply. Also, the GTs used in OOGP usually need about 5 min to start up and then
need to stay on for a minimum amount of time once they are started. If a GT is shut down,
it also needs to stay off for a minimum amount of time before it can be restarted. These
constraints: startup time, minimum downtime, and minimum uptime, lead to a situation
where a high spinning reserve margin is provided. This leads to more GTs running. It is
more economical to provide the required spinning reserve using BESS (as opposed to using
GTs), which allows one GT to shut down. Additionally, by using BESS, there is a reduction
in carbon emissions. Also, without BESS, the number of starts/stops in the GT may be
high. BESS can help provide the needed spinning reserve margin and reduce the number
of starts/stops of the GT. This not only reduces costs and carbon emissions but also leads
to less wear on the GT.

3.2. Peak Shaving

The load in a power system usually has periods of high peak demand and periods of
low demand. This is not an efficient way of operating. Peak shaving can thus be defined as
the shifting of the load from high peaks to periods of low demand through ES. This helps
to flatten the load demand curve and achieve a load profile that does not vary significantly.
Through an energy management system (EMS) that uses load forecasting, the BESS power
can be optimally scheduled so that the GTs operate at the maximum possible efficiency.
This leads to carbon emissions reduction.

3.3. Wind Farm Energy Time Shift

When wind turbines (WTs) are integrated into the local grid, the power fluctuations
of the WTs will affect the production of the GTs. The WTs can be seen as a negative load,
and their variation also needs to be flattened, just as in peak shaving. Thus, the wind farm
energy needs to be time-shifted using ES. As with peak shaving, an EMS can schedule the
BESS power so that the GTs operate at maximum efficiency.

3.4. Secondary Frequency Control

Secondary frequency control is the provision of reserves for supplying the power that
is needed to restore the grid frequency back to its rated value. Secondary frequency control
can last for several minutes and is a high-energy service. BESS can be sized to provide this
service. Alves et al. used ES for secondary frequency control in an OOGP, although using
hydrogen fuel cells [15].

3.5. Uninterruptible Power Supply

BESS can serve as a backup power supply in the event of a power outage. This ensures
that critical equipment on the platform keeps running at all times. The BESS must not be
discharged below a particular depth of discharge to ensure there is enough energy at all
times for the uninterruptible power supply service.

3.6. Black-Start

Black start can be regarded as the ability to start up the grid after a blackout without
an external power source [16]. In isolated systems such as OOGP, there is no external power
source because there is no grid connection. BESS can be used to energize the platform grid
and start the GTs.

Figure 2 shows the classification of the different services. The services can be grouped
into three categories: wind energy integration, ancillary services, and bulk energy. Wind
energy time shift falls under wind energy integration. Ancillary services refer to grid
services that help maintain a reliable power system. Secondary frequency control, spinning
reserve, black start, and an uninterruptible power supply fall under ancillary services. Bulk
energy refers to a grid service that does not necessarily improve the energy security of the
platform grid but requires a large amount of energy transfer between the BESS and the
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grid. Peak shaving falls under bulk energy. A BESS can be deployed to deliver multiple
services. These grid services have different power requirements and discharge durations.
The power requirement vs. discharge duration for the considered grid services is presented
in Figure 3. It can be seen from Figure 3 that black start has the least discharge time, while
peak shaving requires the longest discharge time. For the power rating, all the services fall
within a range of 100 kW to 30 MW. However, spinning reserve is more likely to have the
highest power rating, while uninterruptible power supply is more likely to require the least
power rating.

Bulk energy Peak shaving

Figure 2. Classification of grid services offered by BESS in an OOGP.

Peak shaving

Hours

Vind energy time

Secondary frequency
control

Spinning reserve

Black start

»
E.
=

Discharge time at rated power
Minutes

Seconds

kW 10 kW 100 kW 1 MW 10 MW 100 MW
BESS power rating

Figure 3. Discharge time and power rating required for different grid services.

4. Battery Energy Storage Chemistries
4.1. Lithium-Ion

Lithium-ion batteries are widely used in portable electronic devices such as smart-
phones and laptops, and recently, they are increasingly being used in stationary applications
(such as grid services) due to the dropping cost of lithium-ion technologies [6]. Lithium-ion
batteries have higher power and energy densities compared to other available battery
chemistries. Li-ion batteries have many chemistries. Li-ion battery chemistry is usually
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characterized by the cathode material except for LTO, which is characterized by the anode
material. The anode of all Li-ion battery chemistries apart from LTO is made of graphitic
carbon, which reduces the risk of excessive heating and melting of the electrode which is
common with conventional electrodes. Lithiated carbon has a higher melting point (180 °C)
compared to conventional electrodes [17]. Also, Li-ion batteries have no memory effect.
There are six commercially available Li-ion battery chemistries, but only three of these are
considered in this work, i.e., LFP, LTO, and NMC. The other three Li-ion battery chemistries
(lithium manganese oxide (LMO), lithium cobalt oxide (LCO), and lithium nickel cobalt
aluminium (NCA)) do not satisfy the application requirements for any of the grid services
reviewed in Section 3 for application in an OOGP (precisely safety). Li-ion batteries use the
reversible movement of Li-ions between the cathode and anode to store chemical energy.
During charging, Li-ions are released from the Li-salt at the cathode (releasing an electron)
and move through the electrolyte to the anode to form lithiated carbon (LiCg). The reverse
reaction occurs when discharging. The charging reaction is called intercalation, and the
discharging reaction is called de-intercalation [18]. The electrolyte can be an organic solvent
with dissolved Li-salt or a solid polymer. Li-salt can be lithium hexafluorophosphate
(LiPFg) or lithium perchlorate (LiClOy). The electrolyte does not participate in the chemical
reaction but only facilitates the movement of the Li-ions from one electrode to another. The
general reversible reaction of a Li-ion battery is shown in Equation (1) (cathode reaction)
and Equation (2) (anode reaction). The charging reaction is rightward, and the discharging
reaction is leftward.

Li;_,MO + nLi* +ne” < LiMO 1)

Li,C < nLit +ne” +C ()

where M represents the metal, which can be iron, cobalt, manganese, or a combination of
metals, 7 in the equation refers to the number of moles.

The safety of Li-ion batteries is particularly important when they are to be used in
an OOGP. Li-ion batteries combine high-energy materials with flammable electrolytes.
Any damage to the electrolyte through high temperatures or mechanical stress can lead
to a short circuit. This can further lead to evaporation of the electrolyte, which builds up
internal pressure. This gas can be released through a relief valve or through damage to
the cell. Thus, an explosive gas-air mixture can be created, which can lead to heat buildup
and thermal runaway. Thermal runaway poses danger for any facility, but in an OOGP,
the risk is even greater due to the presence of highly flammable fuel (gases). In an OOGP,
the risk of fire cannot be tolerated as there is no place for the personnel to be evacuated to,
and damage to the OOGP structure can also happen in the event of a fire. Thus, a robust
battery management system (BMS) that monitors the individual cells to isolate those that
are heating up is needed. A robust safety mechanism has already been applied to a Li-ion
battery installed in an OOGP in the North Sea [19]. A duct is made to convey away any
gases released as a result of a thermal event. A water-cooling system is also used to cool
the batteries to ensure that any thermal runaway in any cell does not propagate to other
cells and to ensure a stable operating temperature of the battery.

The main disadvantage of Li-ion batteries is their high cost, which is increased due
to the need for a battery management system (BMS) that performs several functions such
as overcharge and overdischarge protection, over-temperature protection, cell voltage
balancing, and state of health monitoring. Over-temperature protection and, by extension,
the prevention of large-scale thermal runaway are two of the most important functions of
the BMS.

Figure 4 shows the schematic diagram of a Li-ion battery.
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Figure 4. Schematic diagram of Li-ion [20].

4.1.1. Lithium Iron Phosphate

As the name suggests, LFP batteries use LiFePOy as the cathode material. One of the
features of the LFP battery is its low resistance. The main benefits of LFP batteries are their
high discharge C-rate (up to 25 C) and long cycle life [21]. A further significant advantage of
LFP battery compared to other Li-ion chemistries is that it is thermally stable with no risk of
thermal runaway, thus it is very safe. It also has a high tolerance for physical abuse without
any adverse effects. This good safety performance of LFP makes it a suitable candidate for
application in OOGPs. Also, LFP batteries can tolerate full charge voltage and do not show
significant degradation with full charge as they do with other Li-ion battery chemistries.
However, LFP batteries have lower specific energy compared to Li-ion chemistries with
cobalt. Also, LFP batteries have higher self-discharge than other Li-ion chemistries, and
this can lead to balancing problems as the battery ages. This can be mitigated by using
balancing equipment, which, however, increases the cost.

4.1.2. Lithium Nickel Manganese Cobalt

The NMC battery uses LiNi,Mn;Co1_,_;O; as the cathode material, where a and b
represent the number of moles for Ni and Mn, respectively. One of the advantages of the
NMC battery is that it has high specific energy due to the presence of nickel. Additionally,
the specific energy of the NMC battery can be increased by adding silicon to the graphitic
carbon in the anode, but this reduces the C-rate and cycle life of the battery. The presence of
silicon in the anode leads to the expansion and contraction of the anode with every charge
and discharge, which thereby makes the cell mechanically unstable. The NMC battery tries
to complement the attributes of the different metals. Nickel and cobalt yield high specific
energy, but nickel has poor thermal stability while cobalt is expensive. Manganese yields
low internal resistance but has low specific energy. Combining these metals together in
the cathode yields a battery chemistry with better overall performance than the individual
metals. Cobalt helps stabilize nickel in an NMC battery. The common composition of the
NMC battery is 1:1:1 for nickel, manganese, and cobalt, with each metal having an equal
part. However, other compositions are possible. Other compositions include NMC532
(5 parts nickel, 3 parts manganese, and 2 parts cobalt), NMC622, and NMC811 [21]. The
chemical composition of the NMC can be adjusted for either high power applications
(high C-rate) or high energy applications (high specific energy). NMC batteries with high
nickel content have higher specific energy and a lower cost than NMC batteries with high
cobalt content.
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4.1.3. Lithium Titanium Oxide

LTO (usually LisTi5O13), as opposed to other Li-ion battery chemistries, uses lithium
titanium oxide nanocrystals in the anode instead of graphite. The cathode is made of
lithium manganese oxide or lithium nickel manganese cobalt oxide. Due to the use of
nanocrystals in the anode, the effective surface area is increased many times compared to
the graphite anode, thereby allowing electrons to enter and leave the anode quickly. This
allows for high charge and discharge rates. Also, the use of LTO is better than the graphite
anode due to its zero-strain property, no solid electrolyte interface film formation, no
lithium plating while fast charging and charging at low temperatures, and thermal stability
at high temperatures. These characteristics lead to a high lifecycle for the LTO battery.
Additionally, LTO batteries are very safe and have a wide operating temperature range.
Particularly at low temperatures, LTO has excellent discharge characteristics. However,
LTO batteries are expensive. Also, it has a low nominal voltage (2.3 V), which leads to
a low energy density compared to other Li-ion battery chemistries. The LTO is usually
used in applications that require fast charging, but it is also very applicable in high C-rate
applications such as spinning reserve.

4.2. Nickel-Based Battery Chemistries
4.2.1. Nickel Cadmium

Nickel-cadmium batteries are one of the oldest battery chemistries, and, as a result,
the technology is mature and fully commercial. NiCd batteries have been used in a range
of applications, from uninterrupted power supply to telecommunication systems. They
are rugged and can last a long time (up to 3500 cycles for 80% depth of discharge) if
properly maintained [22]. NiCd batteries also have good low-temperature performance
(up to —40 °C) and are available in sealed and vented models that are suitable for portable
and industrial applications. The best performance is obtained when discharged to a depth
of discharge between 20% and 50% [23]. However, a higher depth of discharge will be
needed for applications in OOGP, where the weight and space required by the battery
must be limited. The major drawbacks of NiCd batteries are their memory effect, high
self-discharge rate, and toxic cadmium, which is not good for the environment and requires
proper disposal. The cathode of this battery is nickel oxyhydroxide (NiO(OH)). and the
anode is metallic cadmium. The electrolyte is usually aqueous potassium hydroxide
(KOH-H;0). During the discharging phase, the cadmium metal reacts with hydroxyl ions
to form cadmium hydroxide. Likewise, the nickel oxyhydroxide reacts with water to form
nickel hydroxide and releases the hydroxide ion during the discharging phase. The reverse
reactions occur during the charging phase. The reversible reactions are given in Equation (3)
(anode reaction) and Equation (4) (cathode reaction). The nominal cell voltage for NiCd is
1.2 V. Figure 5 shows the diagram of a typical NiCd battery.

Cd +20H™ < Cd(OH), + 2¢~ 3)

2NiO(OH) 4 2H,0 +2¢~ < 2Ni(OH), +20H"~ )

4.2.2. Nickel Metal Hydride

NiMH is a battery chemistry that is mature and fully commercial. Similar to NiCd, the
cathode of NiMH is made of nickel oxyhydroxide (NiO(OH)). However, the anode of NiMH
is made of a hydrogen-absorbing alloy. The electrolyte in NiMH is potassium hydroxide. The
reversible chemical reactions are shown in Equations (5) (anode reactions) and (6) (cathode
reactions). The discharging reaction goes from left to right, while the charging reaction
goes in the opposite direction.

MH+OH™ < HyO+M+e™ )

NiO(OH) + H,O + ¢~ < Ni(OH), + OH"~ (6)
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Figure 5. Diagram of a Nickel Cadmium Battery [24].

The nominal voltage of NiMH is 1.2 V. The open-circuit voltage is between 1.25 V
and 1.35 V. The discharge cut-off voltage is 1 V. NiMH batteries are usually made in valve-
regulated models to allow for the release of gas during overcharging and short-circuit
conditions. NiMH’s operating temperature range is between 0 °C and 40 °C. Operating
NiMH at high temperatures reduces its performance due to increased internal resistance.
NiMH batteries raise no environmental concerns, and their disposal is not difficult. They
have up to 40% higher specific energy than NiCd [25]. NiMH batteries also have a long
cycle life, a long calendar life, and high safety performance. The major drawbacks of NiMH
are the memory effect, high self-discharge rate, high cost, inability to support a very high
C-rate (greater than 5 C) for charging and discharging, and the need for a complex charging
regime. However, the memory effect in NiMH is not as pronounced as in Ni-Cd. By altering
the hydride alloy, the self-discharge rate can be reduced, which also reduces the corrosion
of the alloy but also decreases the specific energy of the battery. Also, it is reported that
there is little room for an increase in the power and energy densities of NiMH, and the high
cost is not expected to drop significantly with increased production [26]. Sealed NiMH cells
are manufactured in a cylindrical and prismatic way. The general schematic of a NiMH cell
is shown in Figure 6.

Positive pole

Positive cell
connection

Negative plate

> Scparator

Positive plate

Case Negative pole

Figure 6. Diagram of a Nickel Metal Hydride Battery [27].
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4.3. Sodium Beta Batteries

Sodium beta batteries are a group of high-temperature batteries that use molten
sodium as the anode, beta alumina as the electrolyte/separator, and different materials
in the cathode. Sodium sulfur and sodium nickel chloride batteries are the major battery
chemistries that belong to this category. The schematic of a sodium beta battery is shown
in Figure 7.

<« <+
— A #
. -
_|_

Electrolyte/separator

(Beta alumina)

Cathode (depends on
battery chemistry)

Figure 7. Diagram of Sodium beta battery (Cathode material depends on the battery chemistry).

4.3.1. Sodium Sulfur

Sodium sulfur batteries are emerging as a leading solution for grid-scale services
due to their high cycle life and calendar life. They use molten sodium as the anode and
molten sulfur as the cathode. Non-aqueous, solid beta alumina is used as an electrolyte.
When discharging, sodium changes at the interface between the sodium electrode and the
electrolyte, becoming a sodium ion (Na*) and releasing an electron. This sodium ion passes
through the electrolyte to combine with sulfur at the cathode to form sodium polysulfide
(Na2Sy) and absorb an electron. The reverse reaction occurs during charging [28-30]. The
reversible chemical reaction is given in Equation (7).

2Na +yS < NasSy 7)

where y belongs to a range of numbers.

The NaS battery needs to be operated at a high temperature (350 °C) in order to keep
the sodium and sulfur electrodes in liquid form and facilitate the chemical reaction [31,32].
Beta alumina is a good conductor of sodium ions at this temperature (350 °C) but a poor
conductor of electrons, which limits self-discharge. The battery must be pre-heated before
use, but when in use, the heat produced by the charging/discharging cycles is enough to
maintain the high temperature in the battery without an external heat source. However,
this high-temperature operation is the major drawback of Na$, as it increases its complexity,
leading to increased manufacturing costs [33]. Also, when not in use, the energy of the
battery is used to maintain the high temperature. Research is ongoing on NaS batteries that
can operate at room temperature, and these batteries theoretically have a higher energy
density than high-temperature NaS [34]. Room temperature NaS not only reduces energy
losses but also mitigates safety issues such as explosion risk due to the failure of the solid
electrolyte during operation at high temperatures. However, there are challenges with
room-temperature NaS batteries, which include: low reactivity between sodium and sulfur;
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shorter cycle life; formation of dendrites at the anode, which create short-circuits in the
battery; poor conductivity of sulfur and sodium polysulfides; and volume expansion of
sulfur, which creates mechanical stress in the battery. Another drawback with NaS is
the loss of capacity due to the formation of insoluble polysulfides at the anode. Soluble
polysulfides migrate from the cathode to the anode, where they react with sodium to form
insoluble polysulfides. These insoluble polysulfides form dendrites at the anode, which
hinder the movement of sodium ions into the electrolyte. Also, these insoluble polysulfides
cannot be decomposed into sodium and sulfur during charging, and this leads to a loss of
active materials in the battery, which in turn, leads to capacity loss. Another drawback of
NaS is that it has safety concerns as sodium burns when in contact with air or moisture;
thus, the battery must be shielded from water and air.

4.3.2. Sodium Nickel Chloride

A sodium nickel chloride battery, also known as a ZEBRA battery, is a high-temperature
battery operated between 280 °C and 350 °C [16]. The anode is made of sodium, and the
cathode consists of nickel and nickel chloride. A beta-alumina ceramic material serves as
the electrolyte and separates the anode and cathode. The ceramic electrolyte ensures the
transport of sodium ions. The electrolyte has higher ionic conductivity at higher tempera-
tures, which is why the battery is operated at high temperatures [35]. Also, the anode needs
to be kept in a molten state for the reactions to occur. To ensure contact between the cathode
and the ceramic electrolyte, the cathode is flooded with molten sodium chloroaluminate
(NaAICly), which serves as the secondary electrolyte and enables rapid transportation of
sodium ions.

When discharging, metallic sodium is oxidized to sodium ions at the beta alumina-
anode interface and migrates through the ceramic electrolyte and through the molten
sodium chloroaluminate into the cathode, where it reacts with nickel chloride (NiCl) to
produce metallic nickel and sodium chloride. The reverse reaction occurs during charg-
ing. The reversible chemical reactions are given in Equations (8) (anode reaction) and (9)
(cathode reaction).

2Na < 2Nat 4 2e~ (8)

2Nat + NiCl, +2¢~ < 2NaCl + Ni )

The major advantages of a ZEBRA battery are: relatively high energy density, long life
cycle, fast response, long discharge time, and low maintenance [36]. Also, ZEBRA batteries
are tolerant to overcharge and have a lower operating temperature compared to NaS. The
major drawbacks are the high cost, the high self-discharge rate, and the need to operate the
battery at high temperatures. The ZEBRA battery has safety concerns similar to those of
NaS, as the sodium anode must be shielded from contact with air or moisture in order to
avoid the risk of fire. However, based on safety tests performed in [35] and with proper
safety-oriented manufacturing, this battery chemistry can be considered inherently safe.

4.4. Flow Batteries

A flow battery is a battery that uses two liquid electrolytes stored in separate tanks.
These electrolytes are pumped through their respective spaces, which are separated by an
ion-selective membrane. As these electrolytes circulate through their respective spaces,
ion exchange occurs through the ion-selective membrane, which is accompanied by a flow
of electric current through the external circuit. As the reactions are both reducing and
oxidizing, they are called redox flow batteries. During the discharging process, a reduction
reaction occurs at the anode and an oxidation reaction occurs at the cathode. The reverse
reactions occur during charging. The energy capacity of the battery depends on the volume
and concentration of the electrolytes stored in the tanks, while the power rating depends
on the surface area of the electrode and the number of cells in the stack [37,38]. The main
advantages of flow batteries are that they can be designed to match any power and energy
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ratings, have a long cycle life, and have a relatively high efficiency (up to 85%). Other
advantages of flow batteries are their long discharge duration, negligible self-discharge
due to the storage of the electrolytes in separate tanks, and suitability for grid-scale ES
solutions [18—41]. The major drawback of flow batteries is that they have low power and
energy density and a high initial cost when compared with Li-ion batteries [42,43]. Another
drawback of flow batteries is their low performance due to non-uniform pressure drops
and the reactant mass transfer limitation [44,45]. Figure 8 shows the diagram of a redox
flow battery. The main flow batteries are vanadium redox flow batteries (VRB) and zinc
bromine flow batteries (ZnBr).

Power conditioning
system
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Ion selective 3 ; E

Pump membrane Pump
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Figure 8. Diagram of a redox flow battery.

4.4.1. Vanadium Redox Flow Battery

VRB uses vanadium redox couples (V4*/V>+ and V3 /V27) in two separate tanks to
store energy. The ability of vanadium to exist in four oxidation states is exploited so that
the same active material is used in both storage tanks. V4 /V>" electrolyte is used as the
catholyte, and V3% /V2* electrolyte is used as the anolyte. During the discharge/charge
cycles, H' ions are exchanged through the ion-selective membrane. The reversible redox
reactions are given in Equation (10) (cathode reaction) and Equation (11) (anode reaction);
the cell voltage is 1.4 V [37,44].

Vit 4o o VAT (10)

Vi o V3 4 (11)

Advantages of VRB include the ability to operate in a wide operating temperature
range, high safety, low maintenance costs, a long cycle life, and no environmental concerns
(as they do not use toxic materials) [46]. VRBs are also tolerant to overcharge and deep
discharges. The major drawback of VRBs is that they are expensive. Also, the operation of
the pump causes losses that reduce the efficiency of the system. Also, the system of VRB is
complex, and it is not ideal for small-scale ES solutions [47-49].

4.4.2. Zinc Bromine Flow Battery

Zinc bromine flow batteries (ZnBr) can be classified as hybrid flow batteries. ZnBr uses
two aqueous electrolytes stored in separate tanks, which are based on zinc and bromine
elements. During discharge/charge these electrolytes are pumped through two respec-
tive spaces (separated by a membrane) that contain carbon-plastic composite electrodes.
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During discharge, zinc and bromine react together to form zinc bromide. Consequently,
this results in an increase in the concentration of zinc and bromine ions (Zn>* and Br~)
in the electrolyte tanks. During charge, a thin layer of metallic zinc is deposited on the
negative electrode, while bromine is produced at the positive electrode, which dissolves in
the electrolyte and reacts with other agents to form bromine oil. The reversible chemical re-
actions are given in Equations (12) (positive electrode reaction) and (13) (negative electrode
reaction) [43,50].

2Br™ & Bryp +2e (12)

Zn*t 4 2¢” < Zn (13)

ZnBr has a cell voltage of 1.4 V [50]. ZnBr can tolerate deep discharges [44,51], has
a life span of 10-20 years, and has a discharge duration of up to 10 h [50,52]. The main
drawbacks of ZnBr are capacity loss through dendrite formation, low efficiency (75%),
material corrosion, and a narrow temperature operating range [44,50,53-55].

4.5. Metal-Air Battery

Metal-air batteries have drawn much interest as they have a theoretical energy density
that is higher than that of Li-ion battery chemistries [56]. A metal-air battery uses metal as
the anode, air as the cathode, a separator, and an electrolyte that conducts metal-ion. The
air cathode is what characterizes a metal-air battery. The air cathode is usually made of a
porous carbon structure that is immersed in an electrolyte with access to ambient air. The
electrolyte can be aqueous or non-aqueous, and this influences which reactions take place
and the reaction products [56]. The electrolyte is often a good conductor of hydroxyl ions
(OH™), and the commonly used electrolyte is KOH. When the battery is discharging, the
metal anode is oxidized (releasing free electrons), and oxygen is reduced at the cathode to
form ions containing oxygen. The metal ions and the oxygen-containing ions move through
the electrolyte and combine to form metal oxide. The reverse reaction takes place during
charging as the metal oxide decomposes to release metal at the anode and oxygen at the
cathode. The main drawback with metal-air batteries is the low utilization of the metal
anode and the slow reaction rate at the cathode [57,58]. Often, a catalyst is used to aid the
oxygen reduction at the cathode. Also, oxygen is not very soluble in the electrolyte, and
this affects the rate of transport of oxygen in the electrolyte, which consequently impacts
the reaction rate [59,60]. Also, the production of metal oxides, hydroxides, and other
products at the anode covers the electrode and hinders the discharge process [57]. Metal-air
batteries have a low cycle life (100-500), are difficult to recharge, and have a low efficiency
(~50%) [50].

Zinc-Air

Zinc—air (Zn—air) batteries are the most investigated metal-air chemistry due to the
abundance of zinc, its low cost, and its low environmental impact. In the Zn-air battery,
zinc is used as the anode, and the air cathode consists of a carbon porous structure (for easy
passage of air) and a catalyst. During discharge, oxygen is reduced to form hydroxyl ions
(with the aid of the catalyst) in the alkaline electrolyte. The formed hydroxyl ions migrate
to the anode, where they combine with an oxidized zinc ion to form zinc oxide. Further
reaction leading to the release of hydrogen gas at the anode is possible, but this reaction
is undesirable and needs to be limited to increase the capacity of the battery [61,62]. The
overall reaction during discharge is given in Equations (14)—(19) [56].

Anode reactions

Zn — Zn*t 4+ 2e” (14)

Zn** +40H™ — Zn(OH);~ (15)
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Zn(OH);” — ZnO + HyO 4+ 20H"~ (16)
Zn +2H,0 — Zn(OH), + H; (possible) (17)
Cathode reaction
O, +2H,0 + 4e~ — 40H ™ (18)
Overall reaction
27Zn+ Oy — 2Zn0O (19)

Figure 9 shows the diagram of a Zn—air battery. The theoretical cell voltage is 1.65 V.
But the practical cell voltage is lower (1.35-1.4 V) due to the internal polarization of the
cell [63,64]. The theoretical energy density of zinc air is 1350 Wh/kg. Like other metal-
air batteries, Zn—air batteries have several drawbacks, which include dendrite formation
at the anode (leading to capacity loss), zinc reaction with water to produce hydrogen
gas (also leading to capacity loss), low solubility of oxygen in the electrolyte (lowering
the reaction rate and thereby limiting the power density), poor electrochemical stability
of the cathode during charging, and a higher value of polarization when charging than
discharging [65]. Another major drawback with Zn-air batteries is that their lifespan can be
shortened depending on the difference in vapor pressure between the electrolyte and the
ambient air [56]. In environments with low humidity and high temperatures, the electrolyte
can lose water, which can cause the cell to fail. Likewise, because potassium hydroxide
is deliquescent, in very humid atmospheres the cell can gain water, which dilutes the
electrolyte concentration and floods the cathode, thereby destroying its active properties,
which leads to cell failure. Also, Zn-air batteries operate in a narrow temperature range
(0-50 °C) [56].
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Figure 9. Diagram of a Zn-air battery.

4.6. Lithium-Ion Capacitor

Lithium-ion capacitor (LiC) is a relatively new ES technology [66] and is a battery
formed by combining a capacitor and a Li-ion cell together. LiC uses materials from a
supercapacitor and a Li-ion battery to form an ES that has properties of both technologies.
Thus, a hybrid battery technology is formed that has high energy (Li-ion property) and high
power (supercapacitor property) capabilities. It uses lithium in the anode and activated
carbon (made from sawdust) in the cathode. One major benefit of this battery technology is
that it is very safe, with minimal risk of thermal runaway in comparison with Li-ion battery
chemistry. Metal oxide is replaced by activated carbon, which eliminates the presence of
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oxygen internally which can aid the start of a fire. Also, LiC has low internal resistance,
which leads to higher efficiency and a reduced need for cooling. LiC is rated to be capable
of delivering 30 C, i.e., charge/discharge completely in 2 min. This high C-rate makes the
LiC have a very high power density, which implies that less weight and space are needed.
Note that the quoted C-rate for LiC is based on data obtained from one vendor (Beyonder)
and cannot be considered general for all LiC cells. Also, LiC is not yet mature, and as such,
there is no consolidated data on its actual performance.

4.7. Comparative Analysis of the Different Battery Chemistries

In this section, a comparative analysis of the properties of the different battery
chemistries, grouped into high and low C-rate batteries, is presented. Batteries with
C-rates (for charging and discharging) greater than 1 C are classified as high C-rate batter-
ies, while batteries with C-rates (for charging and discharging) less than or equal to 1 C are
classified as low C-rate batteries. LFP, LTO, NMC, NiCd, NiMH, and LiC are high C-rate
batteries. These batteries are potential candidates for spinning reserves. NaS, ZEBRA, VRB,
ZnBr, and Zn-air are low C-rate batteries and are more applicable for services such as peak
shaving and renewable energy time shifts. The nominal voltage, charge/discharge rate,
safety, and cost of the battery chemistry are furnished in Table 1. Other characteristics of
the battery chemistries are furnished in Table 2.

Table 1. Comparison of C-rates and other properties of the considered battery chemistries [21,25,48,67,68].

Battery Chemistry Nominal Voltage (Operating Range) Charge Rate Discharge Rate  Safety Cost ($/kWh)
High C-rate battery chemistries
LFP 32V (25-36V) 1C 1-25C High safety 580
LTO 23V (1.5-27V) 5C 10C High safety 1005
Requires robust
NMC 37V (2542V) 14C 1-30C safety 420
mechanism
NiCd 12V (0.9-1.6 V) 1C 15C High Safety 400
NiMH 12V (1-1.6V) 1C 5C High safety 500
LiC 30C 30C Very high safety 1000
Low C-rate battery chemistries
NaS 2V (15-28V) 0.17C 0.17C Safe 400
ZEBRA 2.58 V (1.58-3.05 V) 1C Safe 300
VRB 14V 05C 05C High safety 460-1600
ZnBr 18V 05C 05C High safety 200-595
Zn-air 14V Small Small High safety 10-60
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Table 2. Characteristics of the various battery chemistries.
Energy and Power Density Round Tri Self-Disch .
r e ischarge . Life Span . i
Technology Whikg Wikg WHIL WIL Efficiency (%) (%/Day) Cycle Life (Cycles) (Years) Response Time Advantages Disadvantages
. w _ . Long cycle life, Low power and
LFP 90-130 [69] 200 333 [69] 90-97 [18] 0.1-0.3 [50] >3000 [70] 5-15 [50], 20 <5ms Nt satety enorgy density
Long cycle life, good
safety, fast charging, Low ener
LTO 60-110 [71] 177 [71] 90-97 [18] 0.1-0.3 [50] 3000-7000 [21] 5-15 [50], 20 <5ms good low do energy
ensity, high cost
temperature
performance
Less safe
NMC 150-220 [21] 580 [69] 90-97 [18] 0.1-03 [50] 1000-2000 [21] 5-15[50, 20 <5ms High energy density,  compared to LFF,
low self-heating rate lower cycle life
compared to LFP
Mature, deep
discharge, long cycle Use of toxic
. - - - life, low cost, good cadmium, memory
NiCd 50-75 [50] 150-300 [50] 60-150 [50] 75-85 [72] 0.2-0.6 [50] 2000-2500 [50] 10-20 [50] <5 ms low temperature effect, high
performance, self-discharge rate
high safety
High energy density,
long cycle_ life, long ) Expensive, high
: ) calendar life, no toxic .
NiMH 70-100 [73] ~1500 [74] 170-420 [73] 80-90 0.4-20 [75] 3000 [76] 15[77] <5ms self-discharge rate,
substance, reduced
memory effect
memory effect,
high safety
High temperature
operation of the
Na$ 150-240 [48] 150-230 [48] 150-250 [48] 80-90 [48] 20 [50] 2500-4500 [78] 10-15 [50] <5ms Long cycle life, high  battery, dendrite
energy density formation,
combustible
sodium (safety)
Inherent overcharge High temperature
protection, lower operation of the
_ y - ) = 4 _ y . 9 = operating battery, safety
ZEBRA 100-120 [48] 150-200 [48] 150-180 [48]  220-300 [48]  85-90[79] 15 [79] 2500+ [50] 10-14 [50], 15 <5 ms temperature issue due to highly
compared to NaS, combustible
safer than NaS sodium
Long cycle life,
flexible design of
power/energy rating,  Very low energy
VRB 10-30 [48] 166 [18] 15-33 [79] 85-90 [48] <0.1[80] 10,000-16,000 [80] 10-20 [79] <10 min [80] low self-discharge, density, high cost,

good for large-scale
grid application,
high safety

slow response time
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Table 2. Cont.
Energy and Power Density Round Tri Self-Disch .
r e ischarge . Life Span 3 i
Technology Whikg Wikg WHIL WIL Efficiency (%) (%/Day) Cycle Life (Cycles) (Years) Response Time Advantages Disadvantages
Flexible design of Shorter cycle life
power and energy compared to VRB
ZnBr 30-50 [50] 30-60 [50] 72-80 [81] Small 5-15[81] <10 min rating, low . ’
” low round trip
self-discharge, long efficienc
discharge duration y
Short cycle life,
low power
Very high density, low
Zn-air 150-650 [48] 100 [48] 50-55 [48] 0.005-0.01 [67] <5ms yhigh roundtrip
energy density efficiency,
technology is
not mature
LiC 80 10,000 160 18,000 90-97 100,000 <5ms very high power Yettobe
ensity, very safe commercialized
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4.7.1. Technical Maturity

The battery chemistries are grouped into three categories according to their technical
maturity: mature, developed, and research and development [13]. NiCd and NiMH are
mature chemistries. NiCd batteries have been used for over 100 years. LFP, LTO, NMC,
NaS, ZEBRA, VRB, and ZnBr all fall into the category of developed chemistries and are fully
commercial. However, the use of these battery chemistries for large-scale grid applications
is still limited, mostly due to their high cost. Zn—air and LiC are battery chemistries that
are in the research and development stage, although there have been some demonstration
projects for Zn—air batteries. The technical maturity chart is shown in Figure 10.
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Figure 10. Technical maturity of battery chemistries.

4.7.2. Discharge Time and Power Rating

The typical discharge time and the power rating vary with battery chemistry. The
discharge time and power rating for the different battery chemistries are shown in Figure 11.
It can be seen that Zn-air and flow batteries (VRB and ZnBr) are good for long discharge
durations. VRB and ZnBr batteries are good for grid-scale applications demanding long
discharge durations. On the other end of the scale, LiC is good for grid applications with a
short discharge duration (about 2 min). The other battery chemistries (Li-ion, NaS, ZEBRA,
NiCd, and NiMH) fall in between the discharge duration of flow batteries and LiC.
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Figure 11. Discharge time and power rating of different battery chemistries.
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4.7.3. Power and Energy Density

The gravimetric power and energy density for the different battery chemistries are
shown in Figure 12. LiC has the highest gravimetric power density, while Zn-air has
the highest gravimetric energy density. The gravimetric power and energy densities are
important properties, as there is a limit to the amount of weight that can be accommodated
on an OOGP.
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Figure 12. Gravimetric energy and power density of different battery chemistries.

5. Operational Experiences and Practical Deployments in Offshore Environment and
Proximal Fields

In this section, the operational experience and practical deployment of the various
battery chemistries in offshore environments are specifically reviewed. However, due to the
limited application of batteries in offshore isolated power systems, practical deployments
in onshore grids are also considered. The technical feasibility of the battery chemistry can
be assessed using operational experience.

BESS constitute less than 10% of global installed grid ES capacity in 2020, with pumped
hydro storage taking up over 90% of global installed grid ES capacity [82]. However, in
recent years, BESS installation for grid-scale applications has grown at a fast pace. As
of 2020, the global installed grid-scale BESS was 17 GW [83]. 5 GW of BESS was added
in 2020 alone, with lithium-ion taking a share of 93%. This shows that lithium-ion will
continue to dominate the energy storage market for grid-connected BESS. Hence, Li-ion
has plenty of operational experience. Table 3 shows the practical deployments of various
battery chemistries for grid applications for both offshore and onshore.
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Table 3. Operational experience and practical deployments of BESS.

ES Technology/Location Environment Rating Application Type

Li-ion, West Mira drilling rig, North Sea [19] Offshore 6 MW /166 MWh Peak shaving Deployed (2018)
Li-ion, California, USA [84] Non-offshore 400 MW /1600 MWh Peak shaving, renewable energy time shift Deployed (2020)
Li-ion, California, USA [85] Non-offshore 182.5 MW /730 MWh Peak shaving, Renewable energy time shift Deployed (2021)
Li-ion, Goodwyn A, Australia [86] Offshore 1 MW/1 MWh Spinning reserve Deployed (2019)
LFP, Hebei, China [87] Non-offshore 6 MW /36 MWh Renewable energy time shift Deployed (2011)
LFP, West Virginia, USA [88] Non-offshore 31.5 MW/12.06 MWh Frequency regulation Deployed (2015)
LFP, West Chicago, USA [88] Non-offshore 19.8 MW /7.865 MWh Frequency regulation Deployed (2015)
LFP, Sicily, Italy [88] Non-offshore 1 MWh Spinning reserve Deployed (2015)
LFP, Hebei, China [89] Non-offshore 4 MW/16 MWh Renewable energy time shift Deployed

LTO, Wolverhampton, UK [90] Non-offshore 2 MW/1 MWh Frequency regulation Deployed (2014)
NMC, Mitsubishi Heavy Industries, Tokyo, Japan [91] Non-offshore 1 MW /400 kWh Peak shaving and load leveling Deployed

NaS, Rokkasho, Japan [92] Non-offshore 34 MW /245 MWh Wind energy time shift Deployed (2008)
NaS, Fukuoka, Japan [93] Non-offshore 50 MW /300 MWh Renewable energy time shift Deployed

NaS, 10 locations in Abu Dhabi, UAE [94] Non-offshore 108 MW /648 MWh Peak shaving Deployed (2018)
NaS, Abu Dhabi, UAE [95] Non-offshore 8 MW/48 MWh Peak shaving Deployed (2011)
NaS, Ibaraki, Japan [89] Non-offshore 9.6 MW /57.6 MWh Load leveling Deployed (2004)
ZEBRA, Milton Keynes, UK [16,96] Non-offshore 250 kW /500 kWh Spinning reserve Deployed
ZEBRA, Tilos, Greece [93] Non-offshore 800 kW/2.88 MWh Renewable energy time shift Deployed
ZEBRA, French Guiana, France [93] Non-offshore 4.5 MWh Renewable energy time shift Deployed
ZEBRA, Prince Edward Island, Canada [97] Non-offshore 10 MW /20 MWh Renewable energy time shift Deployed (2013)
VRB, Dalian, China [98] Non-offshore 200 MW /800 MWh Peak shaving Deployed (2021)
VRB, California, USA [98] Non-offshore 3MW/8 MWh Peak shaving and frequency regulation Deployed (2017)
VRB, Washington, USA [98] Non-offshore 1 MW/4 MWh Peak shaving, frequency regulation Deployed (2015)
VRB, Hokkaido, Japan Washington, USA [99] Non-offshore 17 MW /51 MWh Renewable energy time shift Deployed (2022)
VRB, Hokkaido, Japan [100] Non-offshore 15 MW /60 MWh Frequency regulation, peak shaving Deployed (2015)
ZnBr, California, USA [101] Non-offshore 500 kW/2 MWh Peak shaving Deployed (2021)
ZnBr, Swansea, UK [102] Non-offshore 120 kWh Renewable energy time shift Deployed (2020)
NiCd, Alaska, USA [103] Non-offshore 27 MW/14.6 MWh Spinning reserve Deployed (2003)
NiCd, Bonaire island, Netherlands [104] Non-offshore 3MW/6 MWh Spinning reserve, frequency regulation Deployed (2010)
NiMH, Okinawa, Japan [89] Non-offshore 0.3 MW/0.08 MWh Frequency regulation Deployed
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The largest lithium-ion grid-connected ES solution in the world is at Moss Landing,
California, USA, with a 400 MW /1600 MWh rating [84]. The BESS’s primary functions are
to perform peak shaving and renewable energy time shifts. This enormous deployment
of lithium-ion batteries proves the technical and economic feasibility of their application
for grid services. Another large BESS has also been brought online in Moss Landing,
California, USA, with a capacity of 182.5 MW /730 MWh [85]. The unit is composed of
256 Tesla Megapacks on 33 concrete slabs. The grid services performed by this BESS are
peak shaving and renewable energy time shift. More importantly, Li-ion batteries have
been deployed offshore. 6 MW /166 MWh Li-ion BESS was deployed on the West Mira
drilling rig in the North Sea in 2018 [19]. The Li-ion BESS helps to perform peak shaving,
which leads to a 42% reduction in the diesel engine runtime. This corresponds to a 15%
CO; emissions reduction and a 12% NOx emissions reduction. A Li-ion battery was also
deployed in Goodwyn A OOGP on the Australian North West Shelf in 2019 [86]. The Li-ion
BESS is a 1 MW /1 MWh Powerstore battery that was deployed for spinning reserve. The
platform has four gas turbines that are always running. The deployment of the battery
allows the platform to run on three gas turbines, with the fourth gas turbine shut down.
The integration of the Li-ion BESS yields a fuel gas consumption reduction of 3000 tonnes
per year and a CO; emission reduction of 4%.

NaS batteries have also been applied to large-scale grid services. NGK insulators
is the sole manufacturer of NaS batteries and has successfully installed NaS batteries in
several locations around the world, many of them in Japan. The largest NaS installation
is a 108 MW /648 MWh installation in Abu Dhabi, UAE [94]. It is a virtual battery plant
composed of 15 batteries located in 10 locations in the city. All the batteries are operated as
a single ES unit using a communication link. The major grid service performed by this BESS
unit is peak shaving. Similarly, NaS has been deployed in other large installations, which
are given in Table 3. The major reason NaS is being used for large installations is the relative
abundance of sodium and sulfur, which make them cheap raw materials unlike the rare
and expensive lithium and cobalt used in Li-ion batteries. However, pure sodium burns
spontaneously in the presence of air and moisture, and a robust protection layer must be
used to house the molten sodium and sulfur. This leads to increased manufacturing costs.

ZEBRA batteries have also been used for several grid services, although at lower
power ratings compared to those of NaS. The largest ZEBRA battery installation in the
world is on Prince Edward Island, Canada, with a rating of 10 MW /20 MWh [87]. The
BESS is based on the Durathon battery supplied by General Electric. The BESS is used for
renewable energy time shifts, which help to use more renewable energy. The BESS has been
operating since 2013. ZEBRA batteries have also been applied in OOGP as a backup power
supply for critical equipment, but with low power ratings. Other ZEBRA applications are
given in Table 3.

VRB is the most deployed flow battery for grid applications. VRB has been used
in grid applications as low as 100 kW [105] and in multi-MW applications. The largest
VRB installation is a 200 MW /800 MWh BESS in Dalian, China [98]. The major reason
VRB is used is that it does not lose capacity after cycling thousands of times and is non-
flammable. There are several other deployments of VRB, some of which are shown in
Table 3. These practical deployments demonstrate the techno-economic suitability of VRB
for grid-scale applications. The main challenge for the application of VRB in an OOGP is
its low gravimetric and volumetric energy density, which requires large space and weight.

ZnBris less used compared to VRB, and as such, there are few grid-scale applications of
ZnBr. The most notable deployment of ZnBr is a 500 kW /2 MWh BESS at a microgrid at the
Rialto bioenergy facility owned and operated by waste recovery company Anaergia in San
Bernadino County, California [101]. The BESS is supplied by Australian ZnBr manufacturer
Redflow. The BESS consists of 192 Redflow ZnBr batteries (each rated at 10 kWh). The
primary function of the BESS is to reduce the peak load drawn by the microgrid. In general,
ZnBr has much less operational experience and practical deployments compared to VRB,
and as such, its techno-economic feasibility has not been robustly demonstrated.
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Nickel-based batteries have the fewest grid-scale practical deployments among com-
mercial battery chemistries. The only known grid-scale applications of NiCd are: a
27 MW /14.6 MWh BESS at Fairbanks, Alaska, USA [103] and a 3 MW /6 MWh BESS
at Bonaire Island, Netherlands [104]. Both deployments are used for spinning reserves. The
3 MW/6 MWh BESS is also used for frequency regulation. The only known grid-scale appli-
cation of NiMH is a 0.3 MW /0.08 MWh BESS at Okinawa, Japan [89]. The BESS is used for
frequency regulation. NiMH is typically not used for grid applications, but it is more readily
used in plug-in hybrid electric vehicles due to its high energy density and lower life cycle
cost compared to Li-ion batteries. Thus, both NiCd and NiMH have limited operational
experience, and their techno-economic feasibility has not been robustly demonstrated.

Zinc-air batteries are mostly in the research and development phase and have not
been commercialized. Thus, there is no operational experience. Likewise, even though
there are few LiC products on the market, LiC has not attained full commercial status, and
thus there is no operational experience for it. Due to this, both zinc—air batteries and LiC
are discarded and are not investigated further.

6. Case Study
6.1. Identification of Grid Service (Step 1)

Two case studies are considered based on the load data of a real OOGP in the North
Sea. The first case study considers the TSA of BESS for peak shaving, the second for
spinning reserve. The histogram of the platform load demand for one year is shown in
Figure 13. The base power is 101 MVA. The platform has four gas turbines, each rated
at 20.2 MW /25.25 MVA. It can be seen from Figure 10 that the load demand can vary a
lot, and, as a result, the number of gas turbines running can vary between 2 and 4. By
integrating ES as a spinning reserve, one more gas turbine can shut down, which increases
system efficiency and reduces carbon emissions.

0.03
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Figure 13. Histogram of the selected platform load demand for a year.

The definition of the target grid service is the first step in the TSA procedure presented
in Section 2.

Due to the starkly different C-rates required for the two applications (peak shaving
and spinning reserve), they are treated separately, and it is assumed that the same ES
does not serve both applications. However, it is possible to use the same BESS for both
services. In order to do this, the BESS must be sized for both services. However, this is not
considered in this work.

6.2. Selection of Potential Battery Chemistries from a Preliminary List (Step 2)

The preliminary list of battery chemistries for case study I includes LFP, LTO, NMC,
LMO, LCO, NCA, NiCd, NiMH, NaS, ZEBRA, VRB, ZnBr, Zn-air, and LiC. The application
requirements for case study I are listed in Table 4. For case study II (spinning reserve),
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the preliminary list of battery chemistries is the same as for case study [, i.e., 14 battery
chemistries are considered. The application requirements for case study II are listed in
Table 5.

Table 4. Application requirements for case study I (Peak shaving).

High Safety Life Span (10 Years) Cycle Life (1000+) C-Rate (0.17 C)

LFP v v v v
LTO 4 v v v
NMC 4 v v v
LMO X v %4 v
LCO X v v v
NCA X v (%4 v
NiCd 4 v v v
NiMH 4 v v v
NaS v v v v
ZEBRA v v (4 v
VRB 4 v v v
ZnBr v v (4 v
Metal-air v 4 v 4
LiC 4 v v v

Table 5. Application requirements for case study II (Spinning reserve).

High Safety Life Span (10 Years) Cycle Life (1000+) C-Rate (2 C) High Ramp Rate
LFP v v v v v
LTO v v v v v
NMC v v v X v
LMO X v v v v
LCO X 4 v v v
NCA X v v v v
NiCd v v v v v
NiMH v v v v v
NaS v v v X v
ZEBRA v v v X v
VRB v v v X v
ZnBr v v v X v
Metal-air 4 v v X v
LiC v 4 v v v

For both case studies, fast response is not considered, as a delay of a fraction of a
second has a negligible impact on the operation of both grid services. The requirements
for cycle life and life span are relaxed (the required life span for both services is 20 years,
the required cycle life for peak shaving is 6935 cycles, and the required cycle life for
spinning reserve is 1176 cycles—how the cycle life requirements are derived are explained
in Sections 6.4.3 and 6.5.3) so as to include a broader range of battery chemistries in the
analysis. A minimum cycle life of 1000 cycles and a life span of 10 years are chosen for both
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case studies. For case study I, a high ramp rate is not required. Only eleven of the fourteen
battery chemistries satisfy the application requirements for case study I, while only six of
the fourteen battery chemistries satisfy the application requirements for case study II.

6.3. Operational Experience (Step 3)

For case study I (peak shaving), LiC and Zn-air are discarded based on the operational
experience reviewed in Section 5. Thus, only nine of the eleven battery chemistries from
step 2 are passed on for further assessment. For case study II (spinning reserve), LiC is
discarded based on the operational experience reviewed in Section 5. Thus, only five of the
six battery chemistries from step 2 are passed on for further assessment.

Step 4 to step 7 are treated separately for the two case studies.

6.4. Case Study I: Peak Shaving (Step 4-7)
6.4.1. ES Sizing (Step 4—Case Study I)

In peak shaving, one has to decide how much of the load peak is to be shaved. In this
test case, the ES must be able to reduce the peak by a minimum of 5%, assuming the load
average for a given day is less than the load peak of the day by up to 5% of the load peak.
From the load data, the maximum load is 77 MW. 5% of 77 MW is 3.85 MW. The average
load on the day of this peak is 67.45 MW. Thus, the full 3.85 MW can be utilized. Note
that the ES will be able to reduce the peak by up to 10% in at least half of the time as the
average load on the platform is 37.56 MW. Load peaks generally do not last long. Load
peaks usually last for 3 to 6 h. Thus, the ES must be able to provide the maximum power
for six hours. This implies a BESS rating of 3.85 MW /23.1 MWh. The power conditioning
system used is an SMA 4 MVA inverter [106]. Now that the power and energy rating of the
ES have been determined, the ES’s weight and space are estimated.

6.4.2. ES Weight and Space Estimation (Step 5—Case Study I)

Here, the weight and space for all nine battery chemistries from Step 3 are estimated.
In this technology suitability assessment, 500,000 kg and 500 m? are chosen as the maximum
allowable weight and space, respectively. Given that the maximum C-rate in this application
is 0.17 C, the energy rating is used to estimate the weight and space. The weight for the
different battery chemistries is estimated using the median of the range of gravimetric
energy density provided in Table 2. However, the weight of NaS, ZEBRA, and NMC is
estimated based on practical products [107-109]. The estimated weight for the different
battery chemistries is given in Table 6. The estimated weight includes the weight of the
container. A 20-foot container is used, whose empty weight is 2300 kg [110]. The number of
containers required for NaS, ZEBRA, NMC, and LFP is determined from practical container
battery products [107-109,111]. UniEnergy Technologies deployed 10 containers of VRB
in Pullman, Washington [112]. Eight of these containers house 4 MWh of ES while the
other two containers house the power conditioning system (PCS). The required number
of containers for VRB is derived from this practical deployment. The required number of
containers for ZnBr is determined using Redflow’s ZnBr battery [113]. The dimensions of
this product are used to determine how many of them can fit in one container. Thus, the
required number of containers is determined based on the ES capacity of one container. The
required number of containers for LTO, NiCd, and NiMH is derived by using the relative
volumetric energy density of these chemistries with respect to the base product, which is
LEP. For the heating, ventilation, and air-conditioning (HVAC) weight, this depends on the
internal resistance of the battery and the amount of current drawn from the battery. Since
all battery chemistries are to be used for the same purpose, what determines the size of
HVAC required is the amount of battery capacity in a container and the battery’s internal
resistance. Thus, battery chemistries with more containers require less HVAC space per
container as the heat produced by the battery will be less compared to highly dense battery
chemistries. An HVAC with a cooling capacity of 30 kW per container (350 kg in weight)
is assumed for LFP, NMC, and NiMH [114]. An HVAC with a cooling capacity of 20 kW
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per container (250 kg in weight) is assumed for LTO. An HVAC with a cooling capacity of
15 kW per container (200 kg in weight) is assumed for NiCd, VRB, and ZnBr.

Table 6. Estimated weight of different battery chemistries for an ES size of 23.1 MWh.

Technology  Battery Weight ‘%‘;Et g;:::;cvc:’r;;:::ning gt‘)’n‘iff:"“t Total Container Weight ‘T\‘,’:;‘gllﬁEss
LFP 210,000 kg [69] 3500 kg 3700 kg [106] 10 [111] 23,000 kg [110] 240,200 kg
LTO 271,765 kg [70] 4750 kg 3700 kg [106] 19 43,700 kg [110] 323,915 kg
NMC 207,000kg [109]  3500kg 3700 kg [106] 9[109] 20,700 kg [110] 234,900 kg
NiCd 369,600 kg [50] 6400 kg 3700 kg [106] 32 73,600 kg [110] 453,300 kg
NiMH 271,765 kg [73] 3850kg 3700 kg [106] 11 25,300 kg [110] 304,615 kg
NaS 408,500 [107] - 3700 kg [106] 19 [107] Included in battery weight 412,200 kg
ZEBRA 425,000kg [108] - Included in battery weight 17 [108] Included in battery weight 425,000 kg
VRB 1,155,000 kg [48] 11,800 kg 3700 kg [106] 59 [112] 135,700 kg [110] 1,306,200 kg
ZnBr 577,500 kg [50] 6600 kg 3700 kg [106] 33[113] 75,900 kg [110] 663,700 kg
The estimated floor space for the battery chemistries is given in Table 7. The HVAC
dimension for the battery chemistries is based on the HVAC for a SAFT NMC battery [114].
The dimensions of the 20-foot container and the HVAC are given in Appendix A.
Table 7. Estimated floor space of different battery chemistries for an ES size of 23.1 MWh.
Tmolagy e ey ™™ HVACKaotprint o Contoning ot BESS loer
LFP 10 [111] 146.4 m? [109] 14.4 m? 4.47 m? [106] 165.27 m?
LTO 19 278.16 m? 27.36 m? 4.47 m? [106] 309.99 m?
NMC 9 [109] 131.76 m? [109] 12.96 m? 4.47 m? [106] 149.19 m?
NiCd 32 468.48 m?2 46.08 m2 4.47 m? [106] 519.03 m?2
NiMH 11 161.04 m? 15.84 m? 4.47 m? [106] 181.35 m?
NaS 19 [107] 278.16 m? [107] 27.36 m?2 4.47 m? [106] 309.99 m?2
ZEBRA 17 [108] 251.08 m? [108] 24.48 m? 4.47 m? [106] 280.03 m?2
VRB 59 [112] 863.76 m? [112] 84.96 m? 4.47 m? [106] 953.19 m?
ZnBr 33[113] 483.12 m? [113] 47.52 m? 4.47 m?2 [106] 535.11 m?2

NiCd, VRB, and ZnBr do not satisfy the weight and/or space limits and are there-

fore discarded.

6.4.3. Life Cycle Cost Evaluation (Step 6—Case Study I)

Here, the life cycle cost of the different battery chemistries is evaluated. The life cycle
cost is given by Equation (20).

fop
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(23)

where LCC is life cycle cost, Ccyp is the initial capital cost ($) which includes initial instal-
lation cost, Cyep is the present value cost of all replacements in the project life ($), Rlcost
is replacement installation cost, Cog; is the total O&M cost over the project life ($), Cacrep
is the actual replacement cost, CRF is the capacity recovery factor, Y, is the project life
in years, N_rep is the number of replacements, rep_yrs(j) is the number of years lasted
before the jy, replacement (years), i is the annual interest rate, Cyp o&m is the annual O&M
cost, and inf is the annual inflation rate. Note that rep_yrs(j) will be the same for all the
replacements if the number of cycles used per year is assumed constant over the project life.

The cost parameters for the battery chemistry are provided in Table 8. The replacement
cost depends on the number of replacements needed for a battery chemistry, which in turn,
depends on the cycle life and life span of the battery chemistry. To determine the number of
replacements, the required cycle life is specified. It is assumed that peak shaving requires
an average of 0.95 cycles per day. This implies the project requires 6935 cycles over its
20 year design life. LTO has no replacement cost as it has a cycle life of 7000 and a life span
of 20 years. Based on a cycle life of 3500 cycles, LFP is replaced once in the 11th year. Based
on a cycle life of 2000 cycles, NMC is replaced three times in the 6th, 12th, and 18th years.
The life cycle cost is given in Table 9. Based on a cycle life of 3000 cycles, NiMH is replaced
in the 9th and 18th years. Based on a cycle life of 4500 cycles, NaS is replaced once in the
13th year. Based on a cycle life of 2500 cycles, ZEBRA is replaced in the 8th and 15th year.
Note that the precise number of years before replacement is used. For example, ZEBRA
is replaced after 7.21 and 14.42 years. The replacement year for the battery chemistries is
shown in a Gantt chart in Figure 14.

Table 8. Cost parameters of the different battery chemistries for peak shaving.

ES Technology = LFP LTO NMC NiMH NaS ZEBRA
Costper kWh  $580[21] $1005 [21] $420 [21] $500 $400 [48] $300 [67]

Cost of ES $13,398,000 $23,215,500 $9,702,000 $11,550,000 $9,240,000 $6,930,000
S;fi:rftff WET $186,500 [115] $186,500 [115] $186,500 [115] $186,500 [115] $186,500 [115] $186,500 [115]
Costof $5500/ tonne $5500/tonne $5500/ tonne $5500/ tonne $5500/ tonne $5500/ tonne
installation

Total cost of

initial $1,321,100 $1,781,533 $1,291,950 $1,675,383 $2,267,100 $2,337,500
installation

Total cost of

replacement $1,155,000 $1,494,708 $1,138,500 $1,494,708 $2,246,750 $2,337,500
installation

Zg;fl capital $14,905,600 $25,183,533 $11,180,450 $13,411,883 $11,693,600 $9,454,000
O&M cost for 0.5% of ES cost 0.5% of ES cost  0.5% of ES cost 0.5% of ES cost  0.5% of ES cost 0.5% of ES cost
ES per year per year per year per year per year per year
O&M cost for 0.5% of power 0.5% of power 0.5% of power 0.5% of power 0.5% of power 0.5% of power
Power converter cost converter cost converter cost converter cost converter cost converter cost
converter per year per year per year per year per year per year

Total O&M cost ~ $67,923 /year $117,010/year $49,443 /year $58,683/year $47,133 /year $35,583/year
Replacement $13,398,000 $23,215,500 $9,702,000 $11,550,000 $9,240,000 $6,930,000

cost of ES
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Table 8. Cont.
ES Technology = LFP LTO NMC NiMH NaS ZEBRA
Life span of ES 20 years [111] 20 years 20 years [109] 20 years 15 years 15 years
Life span of the
power 25 years
converter
Project life 20 years
Annual Interest 8%
rate
Annual o
Inflation rate 4.5%
Table 9. Life cycle cost of the battery chemistries.
Battery Chemistry Capital Cost Replacement Cost O&M Cost Life Cycle Cost
LFP $14,905,600 $14,355,000 $2,226,700 $31,487,300
LTO $25,183,533 - $3,836,000 $29,019,533
NMC $11,180,450 $29,038,000 $1,620,900 $41,839,350
NiMH $13,411,883 $23,525,000 $1,923,800 $38,860,683
NaS $11,693,600 $10,910,000 $1,545,200 $24,148,800
ZEBRA $9,454,000 $19,778,000 $1,166,500 $30,398,500
Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
LTO1
LFP 1 ]
LFP 2
nvel RN -
NMC 2
NMC 3 I |
NMC 4
NiMH 1
NiMH 2
NiMH 3
-ws. /1 | | | [ |
Nas$ 2
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ZEBRA 2 ]
Z€BRA 3 N N I I N

Figure 14. A Gantt chart showing the year of replacement for the battery chemistries.
The life cycle cost for the battery chemistries is shown in Table 9.

6.4.4. Decision Making Using Technology Suitability Assessment Weighted Score
(Step 7—Case Study I)

Here, a TSA-weighted score is calculated for all six considered battery chemistries.
The TSA weighted score is given by Equation (24). Two sets of weights are assigned: one is
based on the relevance of the attributes, and the other is based on the spread of the result.
The following weights: 4, 4, 5, 5, and 3 are assigned subjectively (based on relevance) to
weight, space, safety, life cycle cost, and operational experience, respectively.

4wy wt + 4 wsp-sp +5-1-sf + 5-wje-lec + 3-1-0pe

TS A pei =
weighted 4-wyr + 4'7/05;7 +5+5wp +3

(24)
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|5

| 45

where wt, sp, sf, lcc, and ope are the scores (which can be from 0.5 to 5) for weight, space,
safety, life cycle cost, and operational experience, respectively. W, Wsp, and w),, are the
weights assigned to weight, space, and life cycle cost, respectively, which are determined
based on the spread of results from weight, space, and life cycle cost estimation. The higher
the spread, the higher the weight assigned. The spread is a measure of how much an
attribute varies. It is defined as the coefficient of variation, which is the ratio of the standard
deviation to the mean. The coefficient of variation is given in Equation (25).

CV(x) = (25)

where o (x) is the standard deviation of x, j(x) is the mean of x and x can be weight, space,
or life cycle cost.

The coefficient of variation is used to assign weights to the TSA attribute in order
to make the TSA analysis as objective as possible. This allows using the maximum and
minimum scores of the attributes as the full range for assigning scores. The weights w,
wsp and wy, are assigned values according to the range defined for CV(x) in Figure 15.

| 1 | 0.9 | 0.8 | 0.7 | 0.6 | 0.5 |
1.414 0.25 0.2 0.15 0.1 0.05 0

Figure 15. Weight range for CV (x).

From the result of the weight, space, and life cycle cost estimations, CV (weight) = 0.26,
CV(space) = 0.32 and CV (life cycle cost) = 0.2009. Thus, wy: = 1, wsp = 1 and wy.. = 0.9.
The score range for weight, space, and life cycle cost are given in Figures 16-18, respectively.
The scores for operational experience and safety are determined subjectively.

4 | 35 | 3 |25 | 2 | 15 | 1 | 05|

234,900

| 5

253,910

272,920 kg 291,930kg 310,940 kg 329,950 kg 348,960 kg 367,970 kg 386,980 kg 405,990 kg 425,000 kg

| 45

Figure 16. Score range for weight (peak shaving).
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Figure 17. Score range for space (peak shaving).

4 | 35 | 3 |25 | 2 | 15 | 1 | 05|

$24,148,800  $25,917,855 $27,686,910  §29.455965 $31,225,020 $32,994,075  $34,763,130  $36,532,185  $38,301,240 $40,070,295 $41,839,350

Figure 18. Score range for life cycle cost (peak shaving).

The TSA weighted score is given in Table 10. A higher TSA-weighted score is better.
From Table 10, ZEBRA has the lowest TSA-weighted score due to its poor performance
in weight and space. It can be seen that LFP has the highest TSA weighted score due to
its good performance in weight, space, safety, and operational experience. Thus, it can be
concluded that LFP is the most suitable battery chemistry for peak shaving.

6.5. Case Study II: Spinning Reserve

Here, a technology suitability assessment is performed for spinning reserve on an
OOGP in the North Sea.

6.5.1. ES Sizing (Step 4—Case Study II)

A BESS of 6 MW is proposed for the spinning reserve. A 30-min spinning reserve
is proposed. Thus, the required ES capacity is 3 MWh. The C-rate of this application is
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2, so only high C-rate battery chemistries listed in Table 1 are considered. With the BESS,
the platform can run on 1-3 gas turbines most of the time. The platform only runs on
four gas turbines when the load exceeds the capacity of three gas turbines. For the power
conditioning system, two SMA 4 MVA inverters are used [106].

Table 10. Technology suitability assessment weighted score for peak shaving (the higher TSA score,
the better).

Attribute LFP LTO NMC NiMH NaS ZEBRA
Weight 5 3 5 3.5 0.5 0.5
Space 4.5 0.5 5 4 0.5 1

Life cycle cost 3 4 0.5 1 5 3.5
Safety 4 4 3 5 4 4
Operational experience 5 5 5 3 4 4
Overall TSA weighted score (T'S Ayeignied) 4.22 327 3.52 3.34 2.85 2.62

6.5.2. Weight and Space Estimation (Step 5—Case Study II)

Here, the weight and space of the BESS are estimated. The maximum allowable weight
and space are 500,000 kg and 500 m?, respectively. As in case study I, the weight for the
different battery chemistries is estimated using the median of the range of gravimetric
energy density provided in Table 2. A 10-foot container is used here due to the small
ES capacity. The HVAC weight is estimated based on the cooling capacity required in
each 10-foot container. 15 kW, 15 kW, 12.5 kW, 10 kW, and 15 kW of cooling capacity per
container are assumed for LFP, NMC, LTO, NiCd, and NiMH, respectively. The estimated
weight for the battery chemistries is shown in Table 11.

Table 11. Estimated weight of different battery chemistries for an ES size of 6 MW /3 MWh.

Technology Battery Weight HVAC Weight gz:s:tioning g(())n(;iilr?;fom Fg:)tr?lainer ‘"f;)etiagl}ﬁESS
System Weight Weight

LFP 27,273 kg [67] 525 kg 7400 kg [106] 3[109] 3900 kg [116] 39,098 kg

LTO 35294kg [70] 750 kg 7400 kg [106] 5 6500 kg [116] 49,944 kg

NMC 27,600 kg 525 kg 7400 kg [106] 3 3900 kg [116] 39,425 kg

NiCd 48,000 kg [50] 1000 kg 7400 kg [106] 8 5200 kg [116] 61,600 kg

NiMH 35294kg[73]  700kg 7400 kg [106] 4 5200 kg [116] 48,594 kg

The estimated space for the battery chemistry is shown in Table 12. All five battery

chemistries satisfy the weight and space limits and are therefore being investigated further.
Table 12. Space of the different battery chemistries for an ES size of 6 MW /3 MWh.

Tecnology  Soeiiere™t e oo yyaC g Bt Conditioning ol BESS oo

LFP 3[109] 21.6 m? 2.93 m? 8.94 m? [106] 33.47 m?

LTO 5 36 m? 4.88 m?2 8.94 m? [106] 49.82 m?

NMC 3 21.6 m2 2.93 m? 8.94 m2 [106] 33.47 m?

NiCd 8 57.6 m2 7.8 m?2 8.94 m? [106] 74.34 m?

NiMH 4 28.8 m?2 3.9 m? 8.94 m? [106] 41.64 m2
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6.5.3. Life Cycle Cost (Step 6—Case Study 1I)

The life cycle cost is already defined in Section 6.4.3. Table 13 shows the cost parameters
of the battery chemistries for spinning reserve. The load data for the platform in this case
study was used to determine the number of cycles that the BESS must perform. From the
data, the spinning reserve service was used 223 times, which amounted to 176.46 MWh of
energy throughput in a year. This gives 58.82 cycles per year, and over 20 years, it gives
1176 cycles. All five battery chemistries have a cycle life higher than 1176 cycles and a life
span of 20 years, so there is no need for replacement for any of the battery chemistries.
Table 14 shows the life cycle cost for the five battery chemistries.

Table 13. Cost parameters of ES for spinning reserve.

ES Technology LFP LTO NMC NiCd NiMH
Cost per kWh $580 [21] $1005 [21] 420 [21] $400 $500
Cost of ES $1,740,000 $3,015,000 $1,260,000 $1,200,000 $1,500,000
Cost of Power $373,000 [115] $373,000 [115] $373,000 [115] $373,000 [115] $373,000 [115]
converter
Cost of installation ~ $5500/tonne $5500/ tonne $5500/ tonne $5500/ tonne $5500/ tonne
Initial cost of $215,035 $274,692 $216,838 $338,800 $267,267
installation
Total capital cost $2,328,035 $3,662,692 $1,849,838 $1,911,800 $2,140,267
O&M cost for ES 0.5% of ES cost 0.5% of ES cost 0.5% of ES cost 0.5% of ES cost 0.5% of ES cost

per year per year per year per year per year

0.5% of power 0.5% of power 0.5% of power 0.5% of power 0.5% of power
O&M cost for

converter cost converter cost converter cost converter cost converter cost
Power converter

per year per year per year per year per year
Total O&M cost $10,565/year $16,940/year $8165/year $7865/year $9365/year
Life span of ES 20 years [111] 20 years 20 years [109] 20 years 20 years
Life span of Power 25 years
converter
Project life 20 years
Annual o
Interest rate 8%
Annual o
Inflation rate 4.5%

Table 14. Life cycle cost of the battery chemistries.

Battery Chemistry Capital Cost Replacement Cost O&M Cost Life Cycle Cost
LFP $2,328,035 - $346,350 $2,674,385
LTO $3,662,692 - $555,350 $4,218,042
NMC $1,849,838 $267,670 $2,117,508
NiCd $1,911,800 - $257,840 $2,169,640
NiMH $2,140,267 - $307,010 $2,447277

6.5.4. Decision Making Using Technology Suitability Assessment Weighted Score
(Step 7—Case Study 1I)

The TSA-weighted score was presented in Equation (24). CV(x) in Equation (25)
is again used here. From the result of the weight, space and life cycle cost estimations,
CV (weight) = 0.19, CV (space) = 0.36 and CV (life cycle cost) = 0.32. Thus, wy: = 0.8,
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wsp = 1 and wy.. = 1. The score ranges for weight, space, and life cycle cost are given in
Figures 19-21, respectively. Table 15 shows the TSA weighted score for the five battery
chemistries. It can be seen from Table 15 that LTO has the lowest TSA weighted score,
which is due to its poor performance in weight, space, and life cycle cost. It can be seen
from Table 15 that LFP and NMC have the highest TSA weighted score and are considered
the most suitable ES for spinning reserve.

|5 | 45 4 | 35 | 3 |25 | 2 | 35 | 1 | 05|
39,098 kg 41,348kg 43,598 kg 45849kg 48,099 kg 50349kg 52,599 kg 54,849 kg 57,100 kg 59,350 kg 61,600 kg
Figure 19. Score range for weight (spinning reserve).
|5 | 45 4 | 35 | 3 |25 | 2 | 35 | v | 05|
3347m?  3756m?  41.64m? 4573m?  49.82m? 53.91m? 57.99 m? 62.08 m? 66.17 m? 7025m? 7434m?

K | 45

Figure 20. Score range for space (spinning reserve).

4 | 35 | 3 |25 | 2 | 15 | 1 | 05|

$2,117,508 $2,327,561

$2,537,615  $2,747,668  $2,957,722 $3,167,775 $3,377,828  $3,587,882 $3,797,935  $4,007,989 $4,218,042

Figure 21. Score range for life cycle cost (spinning reserve).

Table 15. Technology suitability assessment weighted score for spinning reserve (the higher TSA
score, the better).

Attribute LFP LTO NMC NiCd NiMH
Weight 5 3 5 0.5 3
Space 5 3 5 0.5 4
Life cycle cost 4 0.5 5 5 4.5
Safety 4 4 3 5 5
Operational experience 5 5 5 3 3

4.5 2.93 4.5 3.1 4.06

Overall TSA weighted score (TSAweighted>

7. Conclusions

This paper performed a technology suitability assessment study of multiple battery
chemistries for application in OOGPs. An improved 7-step procedure for determining the
most suitable battery chemistry is proposed. In order to implement the 7-step procedure,
the following battery chemistries were reviewed in detail: LFP, LTO, NMC, NiCd, NiMH,
NaS, ZEBRA, VRB, ZnBr, Zn-air, and LiC. As part of the 7-step procedure, the operational
experiences of these battery chemistries were also reviewed and used to evaluate the
suitability of the battery chemistries for peak shaving and spinning reserve. Based on
the lack of sufficient operational experience, Zn—air and LiC were discarded while the
remaining battery chemistries were investigated further.

In general, this work highlights the need for proper TSA for selecting a battery chem-
istry due to the harsh and unique conditions the offshore environment presents. This is
exemplified using the 7-step procedure on two case study applications (peak shaving and
spinning reserve), which are based on a real OOGP in the North Sea. Although several grid
services were reviewed, the case study only considers two grid services, which are peak
shaving and spinning reserve.

A TSA-weighted score is calculated. For peak shaving, ZEBRA has the lowest TSA-
weighted score. ZEBRA's low TSA-weighted score is due to its poor performance in weight
and space. LFP has the highest TSA-weighted score and is deemed the most suitable battery
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chemistry for peak shaving. For spinning reserve, LTO has the lowest TSA-weighted score
due to its high life cycle cost and requirement for high weight and space. LFP and NMC
have the highest TSA-weighted scores and are deemed the most suitable battery chemistries
for spinning reserve.

Note that even though the two grid services have been treated separately, one BESS can
be deployed to deliver both grid services. If one BESS serves both grid services, it is possible
to use a BESS size that is less than the sum of the two capacities for the grid services.
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Appendix A

Dimension of 20-ft container: 6.1 x 2.9 x 2.4 m;
Dimension of HVAC: 0.6 x 2.9 x 2.4 m.
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