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A B S T R A C T   

As wind energy increases its global share of the electrical grid, the intermittency of wind becomes more prob-
lematic. To address the resulting mismatch between wind generation and grid demand, long-duration (day-long) 
low-cost energy storage is offered as a potential solution. Lithium-ion (Li-ion) storage is an obvious, well- 
developed candidate, but it is currently too expensive for such long-duration applications. Liquid metal bat-
tery (LMB) storage offers large cost reductions and recent technology developments indicate it may be viable for 
MW-scale storage. Accordingly, we investigate co-locating and integrating LMB and Li-ion storage within the 
substructure of an offshore wind turbine. Integration allows the substructure to cost-effectively double as a 
storage container and allows for costly electrical farm-to-shore connections to be reduced to near the average 
power size (by reducing peak power). These benefits are compared to the costs for battery integration. Simu-
lations show that line size can be reduced by 20% with 4 ​ h of storage or by 40% with 12 ​ h of storage, with 
negligible capacity factor losses. However, with 24 ​ h of average power storage using LMB, no line size reduction 
provided the best overall net value of the turbine-storage system due to the ability to capture all available wind 
energy and profit from energy arbitrage and full capacity credit. In general, LMB integrated storage results in an 
increased relative value with current system costs. Projected technology trends indicate that these benefits will 
significantly improve and that integrated Li-ion storage will also become cost-effective.   

1. Introduction 

Wind energy already provides more than a quarter of the electricity 
consumption in three countries around the world [1], and its share of the 
energy grid is expected to grow as offshore wind technology matures. 
The wind speeds on offshore projects are much steadier and faster than 
wind speeds on land, and offshore wind provides a location that is close 
to high demand coastal areas and avoids space constraints [2]. 

However, as grid penetration from variable (inconstant) renewable 
sources increases worldwide, their intermittency becomes more prob-
lematic [3]. As seen in Fig. 1, wind generation does not align well with 
times of electricity demand. Furthermore, the relative value of wind 
energy decreases when it becomes a larger fraction of the grid genera-
tion [4,5]. When in demand, renewable energy sources may have a high 
value compared to baseload generation, e.g., such as when solar pro-
duces power during the day at times of relatively high demand. How-
ever, the value of these resources falls when a glut of renewable energy 

with no marginal cost enters the market and depresses prices or forces 
curtailment of renewable resources [4,6]. This issue is expected to 
intensify since the electrical market structure is moving away from a 
purely energy-based market and towards a structure with greater focus 
on capacity and grid services [7]. While some have suggested improving 
forecasting methods to better handle renewable energy on the grid [8], 
another potential way to deal with these issues is to install high-capacity 
energy storage that can shift the time of generation to times when de-
mand is stronger [9]. This will require a low-cost energy storage solution 
that can provide storage for hours or even days. In this future, renewable 
energy could increase its value significantly by pairing with storage 
systems, allowing it to participate in capacity markets, energy arbitrage, 
and auxiliary services. 

Multiple strategies have been pursued to optimize the operation of 
battery storage with variable renewable energy. These include reducing 
the error between the forecasted wind power and the actual wind power 
[10,11], using a combination of energy storage and demand-side man-
agement [12], introducing incentives [13], and using large-scale 
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transmission systems [14] to integrate high shares of wind energy. 
One potential advantage to storage with wind energy is the ability to 

employ time-shifting for energy arbitrage. Previous work and modeling 
in energy arbitrage suggests that batteries are too expensive to break-
even in most arbitrage markets [15–18]. Salles [17] simulated energy 
storage systems in PJM (a mid-Atlantic electrical transmission organi-
zation) over 2008 to 2014 and found the best possible scenario yielded 
enough revenue to breakeven with battery installed costs at $200/kWh; 
however, other locations, during other years, required installation costs 
of half that value to break even [17]. As such, the more likely potential 
advantages to storage with wind energy are to time-shift the energy 
generated, balance the grid, and provide additional peak reserves [3,9]. 

Battery storage system capacity is typically quantified based on 
nameplate duration of discharge, or how many hours the battery can 
discharge at full rated battery power generation. Battery storage ca-
pacity is thus specified as, short-duration: less than 0.5 ​ h of rated 

capacity, medium-duration: 0.5–2 ​ h of rated capacity, or long-duration: 
more than 2 ​ h of rated capacity [19]. For grid applications, 4 ​ h of rated 
capacity may be more representative of “long-duration” storage [20,21]. 
This is an appropriate and critical quantification of the battery; how-
ever, for a storage system co-located and integrated with a plant, it is 
important to also consider the battery storage capacity relative to the 
plant power. 

Thus far, battery storage systems co-located with wind turbines are 
small relative to turbine power generation. GE installed a wind farm 
consisting of 13 turbines, with total rated generation of 37 ​ MW for their 
Tullahennel project in north-western Ireland, where each turbine is 
accompanied by a Li-ion battery to provide a total of 897 ​ kWh of storage 
[22]. Deepwater Wind recently won a bid from the state of Rhode Island 
to build a 144 ​ MW wind farm co-located with a 10 MW/40 ​ MWh Tesla 
battery, with a goal of shifting energy production to meet peak demand 
[23]. The largest battery storage system in the world is the Hornsdale 

Nomenclature 

Symbols 
C Battery C rate [1/hrs] 
G Energy generated [MW] 
k Heat transfer coefficient [W/m-k] 
P Power [MW] 
q Heat rate [kW] 
r Radius [m] 
t Thickness [cm] 
T Temperature [◦C] 
V Battery volume [m3] 
W Wind speed [m/s] 
η Charge or discharge efficiency [%] 

Subscripts 
avg Average power 
b Battery 
heater Heater 
i Insulation 
Joule Joule heating 
loss Heat loss 
rated Rated power 
storage Storage system 
total Combined system 

turbine Wind turbine system 
w Water 
wall Substructure wall 

Abbreviations 
AEP Annual energy production [MWh/yr] 
BOS Balance of station 
CapEx Capital expenses [$] 
CC Capacity credit [%] 
CF Capacity factor [%] 
CP Capacity payment [$/yr] 
CV Capacity value [$/MW-day] 
FCR Fixed charge rate [1/yr] 
LACE Levelized avoided cost of energy [$/MWh] 
LCOE Levelized cost of energy [$/MWh] 
Li–Bi Li | LiCl–LiBr–LiI | Bi battery chemistry 
Li-ion Lithium-ion 
LMB Liquid metal battery 
MGP Marginal generation price [$/MWh] 
NV Net value [$/MWh] 
OpEx Operating expenses [$/yr] 
SCAPP Storage capacity at average plant power [hrs] 
SCRPP Storage capacity at rated plant power [hrs] 
VSD Variable speed drive  

Fig. 1. Offshore wind energy generated at 15% penetration compared to electrical grid demand (both normalized by annual average) over a representative week for 
a) summer, and b) winter. 
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Power Reserve installed in South Australia in 2017; the system consists 
of 315 ​ MW of wind power combined with a 100 MW/129 ​ MWh battery 
used primarily for the purposes of grid stabilization [24]. 

If one considers the battery capacity relative to the plant power (not 
the rated battery power limit), these installations would all store an hour 
or less of average wind power. While such energy storage capacity has 
not been commonly defined nor reported (to the authors’ knowledge), 
this characterization can value the integrated performance of a system 
composed of an energy source and its associated energy storage. This is 
important as wind energy can have periods of little or no generation that 
exceed 12 ​ h as shown in Fig. 1. A power spectral density analysis in 
Ref. [25], found that using energy storage to help smooth out the most 
common frequencies of wind power oscillation (12-h and 24-h) will 
likely require long-duration storage. As such, substantial levelization 
and/or demand-shaping requires storage in the range of 10–24 ​ h of 
average wind plant power [26]. Thus, if battery storage is going to be 
used to significantly levelize and control wind energy generation for 
day-to-day operation, then new storage options will be needed that are 
operable over much longer durations in the context of storage capacity 
relative to the plant average or rated power. In particular, none of the 
current or planned wind energy storage projects are able to address the 
majority of wind energy generation intermittency. 

Therefore, there is significant interest in the potential benefits for 
energy storage systems that have the capacity to store a fraction of a day 
up to a full day or more of average power [27]. The solution would seem 
to indicate that more storage capacity is needed for a given wind farm. 
However, utility-scale energy storage for even day-long duration is 
currently prohibitively expensive with conventional battery technolo-
gies. Limited options for low-cost, high-performance energy storage are 
even inspiring hybrid energy storage systems instead [28]. 

As noted above, a key to employing long-duration energy storage for 
wind is to ensure that the capacity comes at low enough cost with 
respect to the benefits it can provide. The cost for electrical energy 
storage is often driven by materials, packaging, and level of develop-
ment. Currently, the most commonly installed and well-developed 
electrical energy storage option is Li-ion batteries. Li-ion battery costs 
have dropped 85% from 2010 to 2018 [29], and battery pack prices have 
been projected to reach between $62/kWh and $76/kWh by 2030 [30]. 
Despite the declining prices, Li-ion batteries come with certain disad-
vantages, especially at MW-scale. They have a tendency to overheat, 
sometimes leading to thermal runaway and combustion [31,32]. Li-ion 
batteries also operate within a narrow temperature region and have 
significantly reduced performance outside that temperature region 
necessitating active thermal management systems [32]. Li-ion batteries 
can have a lifetime of more than 3500 cycles or 10 years operation with 
a wind farm, over which their capacity declines (since cycle life is 
nominally defined by 20% capacity loss) [33]. As such, integrated Li-ion 
batteries would need to be significantly oversized or replaced at least 
once during the 20–30 year life of a wind turbine to continue providing 
adequate storage capacity. 

An alternative electrical storage option that has been developed in 
recent years and may be approaching commercial production is the 
liquid metal battery (LMB) [34–39]. These batteries feature low 
raw-material cost, high thermal resilience, and long lifespan, and thus 
are judged to be a good fit for large-scale energy storage [37]. Addi-
tionally, their chemistries are neither volatile nor flammable. The liquid 
metal electrodes and molten salt electrolyte must be operated at 
elevated temperature so as not to solidify. With proper insulation, LMB 
can maintain operating temperature by generating adequate heat while 
cycling (charging and discharging) without the need for auxiliary 
heaters [39]. This feature favors LMB for large-scale storage applications 
(MWh) rather than small-scale storage applications (kWh). This paper 
will focus on the working composition “Li | LiCl–LiF | Bi” as specified in 
Ref. [35] and herein referred to as “Li–Bi”, where the anode is Lithium, 
the electrolyte is LiCl–LiF, and the cathode is Bismuth. This composition 
will be used because it has operational metrics reported in the literature. 

However, Ambri, a company working to commercialize the LMB tech-
nology, has recently announced a new Ca–Sb battery composition which 
is expected to exceed the high performance of Li–Bi while reducing the 
cost of storage even further to well below the projected price of Li-ion 
[39]. 

The significant benefits of long-duration storage for wind energy 
combined with recent developments in LMB technology suggest that this 
combination may have strong potential to address intermittency, espe-
cially offshore where storage can reduce farm-to-shore electrical 
connection costs. In order to investigate this hypothesis in a system- 
based cost-effective manner, the objectives of this work are: i) to 
develop a technical concept design for integrating LMB into a monopile 
offshore wind turbine to examine influence of storage capacity and 
electrical connection line size on overall capacity factor (Section 2), and 
ii) to determine the expected cost and value of such a wind-integrated 
battery system and compare these to those of a wind turbine with no 
energy storage and one with Li-ion battery storage (Section 3). 

This is the first study, to the authors’ knowledge, that investigates 
integration of wind turbines with LMB storage and the first to consider 
offshore energy storage capacity factors and economics for long- 
duration storage. This study is also the first to parameterize the bat-
tery capacity relative to the average plant power generation (not just the 
battery rated generation power). This capacity parameter represents a 
change in perspective which characterizes the energy storage and the 
energy source as an integrated system. As the LMB concept combined 
with a wind turbine has not been explored before in terms of an engi-
neering nor a cost basis, the present work is based on a first-order 
analysis to evaluate the leading factors that govern performance and 
cost. 

2. Concept design 

2.1. Capacity at average plant power 

As discussed above, energy storage capacity is typically measured 
based on the discharge time at rated power. This gives hours of storage 
capacity in terms of rated battery power, i.e. the time it takes to drain the 
battery at the maximum discharge rate. However, when thinking about 
integrating an energy storage system with a power plant (such as a wind 
farm), we can also measure the storage capacity in relation to the output 
power from the plant. This approach means that as the generation scales 
up or down, the associated storage hours can stay constant while the 
actual capacity (in MWh) varies. Quantifying the integrated storage 
capacity can either be defined relative to the rated (maximum) power of 
the plant or the average power produced by the plant, where the plant 
may be a solar farm, wind turbine, nuclear generator, etc. For these 
definitions, the rated and average power are proposed to be defined as 
that without storage to ensure a consistent baseline reference. In 
particular, for the rated version, we define storage capacity at rated 
plant power (SCRPP) in hours as the ratio of total storage capacity 
(MWh) to rated plant power (MW) 

SCRPP=
Total Storage Capacity (MWh)

Prated(MW)
(1) 

However, since the typical goal of co-located storage is to smooth or 
level the output from a variable renewable power plant, the average 
power production is more germane. For this, we define the storage ca-
pacity at average plant power (SCAPP) as the ratio of total storage ca-
pacity (MWh) to the mean (or average) wind power (MW) in hours and 
relate this to the plant capacity factor (CF) 

SCAPP=
Total Storage Capacity (MWh)

Pavg(MW)
=

Total Storage Capacity (MWh)
Prated(MW) × CF

(2a)  
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CF =
Pavg

Prated
(2b) 

The latter expression uses the conventional definition of plant ca-
pacity factor as the average power (Pavg) normalized by the rated plant 
power (Prated). A typical photovoltaic solar system will have a CF of about 
15%–25% with predictable daily cycles while a typical wind turbine will 
have a CF of 30%–50% with more irregular day-to-day, week-to-week 
and even season-to-season variations. Thus, storing one or more days of 
energy at average power (e.g. SCAPP >24 ​ h) is needed to achieve nearly 
levelized wind energy generation. However, there are significant bene-
fits for partial levelization and as such a range of SCAPP durations will 
be considered to provide the best net economic value for the integrated 
system. 

2.2. Overview of turbine for storage integration 

We propose placing a battery storage system within the tower of an 
offshore wind turbine, as depicted in Fig. 2a. The integrated battery 
storage would allow the wind turbine system to regulate when and how 

much power it is producing and control what power travels along the 
electrical lines to shore. The battery would interact with the variable 
speed drive (VSD) as depicted in Fig. 2b, thereby removing the need for 
additional power electronics in the system [40,41]. Thus, DC power 
would travel along the turbine tower to and from the battery, while AC 
power would travel out of the VSD and through lines to shore. 

One benefit of the proposed system is the possibility of reducing the 
size of the electrical lines to shore and the corresponding infrastructure. 
An example of how this storage system would function with reduced 
electrical line size is shown in Fig. 3 for a 5 ​ MW turbine with a 2.5 ​ MW 
line size and 6 ​ h of storage at average turbine power, i.e. 6 ​ h of SCAPP. 
When more wind power is generated than the maximum power that the 
transmission line can handle, the excess power charges the battery until 
it is full, and then the excess power is curtailed. When less wind power is 
produced than the line size, the battery discharges to provide additional 
power. This scheme attempts to provide power at a constant level as 
often as possible, but other storage schemes could seek to maximize 
energy revenue or to smooth the hour-to-hour output of wind energy, all 
of which will have different costs and values. 

Fig. 2. a. Battery storage integrated into offshore wind turbine tower. Tower and substructure heights are denoted on the left and are specified for the NREL 5 ​ MW 
turbine in Table 1. Fig. 2b. Battery connection to wind turbine electrical system via variable speed drive (VSD) [41]. 
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Wind speed data were gathered from the DOE BUOY project during 
its deployment off the coast of Virginia at a height of 90 ​ m [42]. A 
representative week of hourly wind speed data was pulled from the DOE 
BUOY data (a week with typical periods of high and low wind speeds and 
no missing data points) and was used throughout this paper. The 
probability distribution of the one week of data used herein and the 
entire year of data are shown in Fig. 4, with a Weibull distribution fitted 
to the year of wind speed data described by Scale = 9.5 and Shape =

2.1. Using one week of data reduced computational time while still 
capturing the important time scales on which the proposed storage 
system would be operating. 

The energy production of the wind turbine is based on values from 
the NREL 2017 Cost of Wind Energy Review [45] to allow for direct 
comparison with the LCOE breakdown provided in that report. The week 
of wind speed data was converted to wind power data using Eq. (3) by 
applying the NREL 5 ​ MW reference turbine power coefficient curve 
[43] and scaling the wind speeds such that the average wind power 
yielded a capacity factor of 0.427 to be consistent with the 2017 Cost of 
Wind Energy Review [45]. For the baseline conventional 5 ​ MW turbine 

(without storage and with the original electrical connection line size of 
5 ​ MW), resulting wind power generated (G) as a function of wind speed 
(W) is then given by 

W < 3m/s or W > 25 m/s G = 0 MW (3a)  

3m
/

s ≤ W < 11.4 m
/

s G = 0.00343 × W3 MW (3b)  

11.4m / s ≤ W ≤ 25 m/s G = 5MW (3c) 

For simplicity, wind farm wake losses and dynamic effects of tur-
bulence are ignored when converting wind speed data into wind power 
results, as is typical in initial designs. 

For this conceptual design of integrated storage, the baseline wind 
turbine was the monopile offshore NREL 5 ​ MW reference turbine [43], 
whose details are given in Table 1. The turbine tower and substructure 
heights are denoted in Fig. 2a. The battery system can be integrated into 
the monopile substructure of the turbine, either above water or below 
water, to create an integrated wind-storage system. The batteries will be 
considered with long-duration options of 6, 12, and 24 ​ h of SCAPP, 

Fig. 3. Energy storage example for a 5 ​ MW turbine over one week with a 2.5 ​ MW electrical line size and 6 ​ h of SCAPP, where times of charging, discharging, and 
curtailing are highlighted for a) power generated from the rotor and power sent to shore, as well as b) energy stored in the battery. 

Fig. 4. Probability distribution of one week of wind speed data (a) and one year of wind speed data (b) off the coast of Virginia at 90 ​ m above sea level from DOE 
BUOY project [42]. The week (a) has a mean wind speed of 8 ​ m/s while the year (b) has a mean wind speed of 8.4 ​ m/s. 
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where the average turbine power is 2.135 ​ MW based on the above ca-
pacity factor. 

2.3. Battery storage options 

Potential battery storage options within the wind turbine are 
compared in Table 2 for LMB, Li-ion, and Lead-acid batteries. The values 
for the more conventional energy storage battery options of Li-ion and 
Lead-acid in Table 2 are from Refs. [46,47], and both technologies have 
been implemented in large-scale storage installations [24,46]. 
Comparing these two options, Lead-acid is less expensive, but Li-ion has 
superior performance characteristics, in particular, a much longer cycle 
life. Space, mass, and life-cycle constraints tend to dominate for 
long-term installations, which is consistent with Li-ion being the domi-
nant battery option in current large-scale energy storage installations, as 
of the time of this writing [19]. 

The LMB storage options include both a published Li–Bi system [35] 
and an announced Ca–Sb system [39]. The performance specifications 
for these two systems configured for a large-scale application are listed 
in Table 2 and discussed below. However, in the absence of a full-scale 
deployment, LMB performance metrics contain a high degree of uncer-
tainty. The Li–Bi LMB system was tested at lab scale in cells as high as 
200 Ah capacity. Note that the Li–Bi system reported in Ref. [35] was 
not optimized and would be less expensive in a large-scale format. For 
example, in a large cell the ratio of the thickness to volume of the 
electrolyte would be significantly reduced. Furthermore, for the large 
battery comprising hundreds of large-format cells, the metals of the 
electrodes and the salts of the electrolyte materials would be purchased 
at bulk market cost, with lower metallurgical-grade purity. In order to 
estimate cost for a large-scale system composed of Li–Bi LMB, an 
“optimized” version of the Li–Bi system is used in Table 2 based on 
estimated manufactured pack cost (with more details on the assump-
tions in Appendix). For the projected Ca–Sb LMB, the cycle life is from 
Ref. [36] while the rest of the battery specifications are based on pub-
lished Ambri estimates [39]. The Ca–Sb system has not yet been 
commercially installed, but the production cell size is reported to be 800 
Ah, which will be aggregated into a 1000 ​ kWh battery. 

A comparison of the conventional battery options to the LMB options 
shows that both Li-ion and Lead-acid have higher roundtrip efficiencies 

than either LMB option. However, both LMB options have much lower 
cost than the traditional battery options as well as much higher cycle-life 
numbers. For integration into a wind turbine that is slated to have 20+
years of operation, low cost and high cycle-life are the driving factors for 
performance. Additionally, the high energy density of LMB is an 
advantage when integrating into a structure with finite available space. 
As such, LMB is a strong candidate for integrated wind energy storage 
though it requires additional technology development. Details on the 
how the LMB concept could be integrated are given in the next section. 

2.4. Liquid metal battery integration 

The proposed integration of LMB into the substructure is shown in 
Fig. 5 along with a generic cross-sectional design of the LMB. The LMB 
system would comprise custom-made cells with form factor of either 
disk (hockey puck-shaped) or prismatic (cereal box-shaped) configura-
tion. Some hundreds of these cells are stacked in the tower substructure 
so as in aggregate to provide the desired storage capacity, i.e., required 
voltage and current. However, there is ample space available in the 
tower substructure since there is approximately 550 ​ m3 of volume be-
tween the waterline and the mudline (Table 1), which is a factor of five 
more than volume needed for the LMB (details on the battery sizing 
within the turbine structure are given in Appendix). 

Safe operation of the batteries will be critical to their integration into 
offshore turbine structures. Using properly designed packaging, the LMB 
system has been demonstrated by Ambri to maintain safe exterior 
temperature and to keep its core molten by cycling every two days [39]. 
Joule heating within the battery (the energy loss associated with re-
ductions in round-trip efficiency in Table 2) combined with device 
insulation and packaging has been found to generate enough heat to 
maintain the requisite high internal working temperature while 
ensuring the external temperatures are low [39]. Additional insulation 
will be added between casing and tower to maintain lower external 
surface temperatures for the storage system. 

The battery stores energy during periods of excess wind power 
(generation exceeds demand or line size) and then discharges it during 
periods of low wind power. In particular, a battery management system 
(BMS) will decide when to store and when to deliver power. The BMS 
will need its own power electronics, which may be housed in the tower 
substructure. The space and power requirements of the BMS are ex-
pected to very small (relative to that of the turbine) such that they can be 
neglected with respect to power generation results in the present first- 
order concept design. However, round-trip efficiency of energy storage 
and regeneration can be significant and should be considered. 

The energy efficiency for a large-scale storage system can be sensitive 
to the rates of charge and discharge relative to the capacity of the storage 
system. Given the very large size of the battery relative to the maximum 
charge or discharge power, the resultant low charge and discharge rates 
should result in high electrochemical energy efficiency. For the LMB 
system considered herein, current experimental data suggests there is 
negligible change in capacity utilization or coulombic efficiency for C 
rates relevant to the grid LMB in this study, and that the voltage effi-
ciency has a linear dependence on C rate over the same charge/ 

Table 1 
NREL 5 ​ MW monopile turbine specifications, with site specific information 
[43–45].  

Specification Value 

Rotor diameter 126 ​ m 
Blade clearance 24.6 ​ m 
Tower height 87.6 ​ m 
Depth below water line, above mud 20 ​ m 
Depth below mudline 36 ​ m 
Diameter, thickness at and below waterline 6 ​ m, 0.027 ​ m 
Diameter, thickness at top 3.87, 0.019 ​ m 
Rated Power 5 ​ MW 
Capacity Factor (site-specific) 0.427 
Average Power (site-specific) 2.135 ​ MW  

Table 2 
Current and predicted LMB performance compared to other battery types.  

Battery type Specific Energy 
(Wh/kg) 

Energy Density 
(Wh/L) 

Cost ($/kWh) Cycle Life Roundtrip 
Efficiency 

Operational 
Temperature (◦C) 

Size Built/Tested 

Li-ion 150–180 300–350 600-800 
(installed) 

1500–5000 90% Ambient (− 20◦–50◦) 129 ​ MWh, Hornsdale Power 
Reserve, Australia 

Lead-acid 35–40 80–90 150-200 
(installed) 

500-1200 85% Ambient (− 30◦–40◦) 40 ​ MWh, Chino, California 

LMB Li–Bi 113 592 89 (predicted 
pack cost) 

~10,000 70% ~550◦ 200 Ah (~79 ​Wh) Li–Bi 
battery, Cambridge, MA 

LMB Ca–Sb (Ambri 
projections) 

– – ~21 (projected) ~10,000 
(projected) 

>80% 
(projected) 

~500◦ 800 Ah (~760 ​Wh) battery, 
Marlborough, MA  
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discharge rates considered [35]. A linear model (Eq. (4)) relating battery 
charge/discharge efficiency (η) to the battery charge/discharge rate (C) 
was calculated based on the LMB data provided in Ref. [35], as follows: 

C=
Rate of charge/discharge

Capacity
=

Power
Energy

(4a)  

η= 0.98 − 0.020(hrs) × C(1 / hrs) (4b) 

In general, the grid-connected LMB system considered in this study 
will operate at a much lower C rate (<1C) than those previously 
experimentally evaluated, such that the linear regime is very reasonable 
approximation. As such, this efficiency model is used for the present 
study. The energy lost to charge/discharge efficiency for a given power 
is assumed to all be in the form of Joule heating in the battery (qJoule). 

Heat transfer from the battery to the environment must also be 
considered. Ideally, the heat transfer rates (based on thermal insulation) 
match the Joule heating rates so that the battery can remain at a nearly 
constant temperature and there is no additional loss of energy from the 
system. One may size the thermal insulation to balance this heat gen-
eration on average. However, the charge rates (and thus the Joule 
heating) will vary depending on wind power availability so the heat 
transfer variations must be considered with respect to both the duty 
cycle and the operational temperature range associated with a particular 
LMB chemistry and design. When the Joule heating is high or the battery 
temperature is close to the peak operating range, active cooling from the 
much cooler external water may be used. When Joule heating is low or 
the battery temperature is close to the minimum operating range, heat 
addition (qheater) can be employed to maintain the operational temper-
ature of the system. Such heat addition is an additional energy loss to the 
system, so one may define the general energy loss via steady-state heat 
transfer at any given time as 

qloss = qJoule + qheater (5) 

For a 24-h SCAPP system, the average Joule heating of the battery 
from efficiency losses is 53 ​ kW. This can be used to make a first-order 
estimate of the thermal insulation system such that average heat loss 
matches the average Joule heating and minimizes time the heater is 
needed. 

To consider these thermal effects, the key components in the thermal 
system with a cross-sectional view of the battery within the turbine 
substructure is shown in Fig. 6. Based on this axisymmetric geometry, 
the heat lost to the water can be approximated as 

qloss =
Tb − Tw

ln

(
r2
r1

)

2πLki
+

ln

(
r3
r2

)

2πLkwall

(6a)  

L=
V

πr2
1

(6b)  

ti = r2 − r1 (6c)  

where Tb is the LMB operating temperature, Tw is the water temperature, 
r3 is the outer substructure radius, r2 is the inner substructure radius, r1 
is the battery radius, L is the vertical length of the battery within the 
underwater substructure, ki is the insulation thermal conductivity, tinsul 
is the insulation thickness, and kwall is the steel wall thermal conduc-
tivity. The battery length (L) stems from the volume (V) which is based 
on the total energy capacity and the LMB energy density. The heat 
transfer was found to be relatively insensitive to the water free con-
vection, so it was assumed that the outer temperature of the substructure 
is the same as the water temperature. This temperature was taken as the 
average water temperature off the coast of Virginia. The design speci-
fications, thermal material characteristics, and system temperatures are 
given in Table 3 and indicate that an average thermal insulation of 
7.6 ​ cm is needed for this system. Given these specifications and as-
sumptions, 53 ​ kW of heat loss is expected, which must be made up by 

Fig. 5. Liquid metal batteries: a) photo of prototype, b) integrated into offshore wind turbine tower, and c) schematic of active materials.  

Fig. 6. Cross-sectional schematic of storage system components in ther-
mal circuit. 
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either Joule heating or heat addition to maintain operating temperature 
of the battery. For a 24 ​ h SCAPP battery system discharging average 
turbine power (2.14 ​ MW), there is sufficient Joule heating to keep the 
system warm, but discharging at 0.5 ​ MW requires use of heaters and 
reduces the one-way efficiency of the battery from 97.6% to 89.4%. 

2.5. Levelization and capacity factor results 

The levelization and capacity factor are next considered in terms of 
two independent variables: the maximum electrical connection line size 
and the storage capacity in terms of hours of average power (SCAPP). 
Note that the resulting capacity factor is based on power produced to 
shore. The SCAPP is considered up to 24 ​ h which is enough to ensure 
significant smoothing and peak reduction. The optimum storage ca-
pacity will vary based on turbine size, wind conditions in the chosen 
location, and the grid valuation of energy as a function of time. Herein, 
we will employ the baseline 5 ​ MW NREL offshore turbine described in 
Section 2.2 such that the maximum power delivered is 5 ​ MW when the 
full 5 ​ MW farm-to-shore electrical connection line is employed. 

For the simulations, the charge and discharge strategy is to levelize 
power production for a given line size. Alternative regeneration strate-
gies could be used based on the system’s goal such as minimizing energy 
loss, reducing hour-to-hour variations in power output [50], or maxi-
mizing spot market profit [51]. For the levelization strategy chosen 
herein, the battery charges when power is produced above the line size 
limit (until the battery storage is full), and discharges when wind power 
is below the line size limit (until the battery storage is empty). To reduce 
the influence of the starting storage level, simulations were run itera-
tively with the final storage amount carrying over to the starting storage 
amount until an equilibrium point was reached. 

For each timestep in the simulation, any charging or discharging 
from the battery has an efficiency loss as calculated by Eq. (4). If there is 
not sufficient Joule heating (qJoule) from the efficiency loss to balance the 
mean thermal heat loss (qloss), additional energy is used from the battery 
or reduced from the turbine generation until the necessary 53 ​ kW is 
met. 

The impact of different amounts of battery storage and line sizes on 
levelization is illustrated in the two examples shown in Fig. 7 for a 
sample of one week of wind data (sampled from the BUOY wind data as 
described in Section 2.2). In these figures, the generated wind power 
shown in grey is bounded by the maximum power output of the turbine 
of 5 ​ MW, while the delivered power (black line) is bounded by the 
electrical connection line size. Both are quantified by the left-hand-side 
vertical axis. In addition, these plots include the battery storage level in 
orange-dashed line which is quantified by the right-hand-side vertical 
axis (ranging from 0 to maximum storage). Fig. 7a based on a small 
reduction in line size (to 4 ​ MW) and 6 ​ h of average wind energy storage 
capacity. It can be seen that the peak power production is shaved by 
1 ​ MW and that the energy storage is often emptied soon after the wind 
power drops below the rating of the line size. Fig. 7b has a larger 
reduction in line size (to 2.5 ​ MW) and a larger amount of storage (18 ​ h 
SCAPP) which results in more frequent storage utilization and a 
smoother output power profile. 

The influence of storage on capacity factor (Eq. (3b)) is considered in 
Fig. 8 for a range of battery capacities that can provide 0–24 ​ h of SCAPP 
and for a range of line sized from 2 ​ MW to 5 ​ MW. The capacity factor 
reflects losses due to curtailment, storage inefficiency (using Eq. (4b)), 
and heating (qheater). It can be seen that for a fixed amount of storage, 
reducing the line size, which reduces farm-to-shore connection costs, 
results in an expected loss in capacity factor. The black line in Fig. 8 
denotes 98% of the original wind farm capacity factor, and thus shows 
how much the line size can be reduced for a given storage capacity 
without significantly reducing the capacity factor. For example, 98% of 

Table 3 
Heat transfer analysis properties and dimensions for 24-h SCAPP system.  

Variable Value 

Tb  550 ​ ◦C (based on Li–Bi, Table 2) 
Tw  18 ​ ◦C [48] 
V  86.6 ​ m3 (based on Li–Bi density, Table 2) 
L  3.3 ​ m 
r1, r2, r3  2.897 ​ m, 2.973 ​ m, 3.000 ​ m 
ti  7.6 ​ cm 
kwall  39.2 ​W/m-K [49] (Steel at 800 ​ K) 
ki  0.125 ​W/m-K [49] (alumina-silica blanket at 750 ​ K)  

Fig. 7. Two options of line sizes and storage capacities illustrated with zero curtailment for a week of real wind data: a) 4 ​ MW line size and 6 ​ h SCAPP, b) 2.5 ​ MW 
line size and 18 ​ h SCAPP. 

Fig. 8. System capacity factor based on line size and storage time, accounting 
for losses due to curtailment, inefficiency, and heating. Black line represents 
98% of original wind capacity factor. 
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the original capacity factor is maintained with a line size of 4 ​ MW and 4 
or more hours of storage, or a line size of 3 ​ MW and 12 or more hours of 
storage. Reducing line size further requires significantly more storage to 
retain this capacity factor; thus, one must consider whether the savings 
associated with reducing line connection outweigh the loss in capacity 
factor. This compromise will be discussed in the next section. Using 
battery storage to reduce variations in the wind power output 
(“smoothing”) results in two additional benefits, not quantified here: 
reduction in penalties for balancing error when wind power output does 
not meet expected output, and ability to participate in day-ahead market 
auction [3,25,50]. 

The average “production efficiency” for each simulated week was 
calculated as the total energy generated to the grid, divided by the total 
energy produced by the wind turbine. This is not the storage efficiency, 
as most energy does not go through the storage system. Instead, this 
efficiency reflects average losses due to curtailment, storage efficiency, 
and heating losses, as the system tries to levelized the output power 
generation. The production efficiency for the 24 ​ h SCAPP system is 
96.7%, averaged across all line sizes considered herein, which will be 
used to simplify the simulations in Section 3.3 case study. 

3. Economic analysis 

3.1. LCOE and net value of energy 

The value of energy produced by a wind turbine can be considered in 
terms of costs and revenues, and these are generally normalized by the 
annual energy production in the wind turbine literature as levelized cost 
of energy (LCOE) and levelized avoided cost of energy (LACE) [52,53]. 
The baseline LCOE, divided into categories, is pulled from the 2017 Cost 
of Wind Energy Review for Fixed Bottom Offshore wind turbines [45]. 
This LCOE includes the annualized costs of a system divided by the 
annual energy production. 

LCOE =
(CapEx × FCR) + OpEx

AEP
(7) 

In this expression, CapEx is the total capital expenditures for the 
system lifetime, FCR is the fixed charge rate which annualizes the capital 
expenses based on financial considerations, OpEx is the annual oper-
ating expenditures, and AEP is the total annual energy production [45]. 

To value the revenue, LACE annualizes the revenue sources divided 
by annual energy generation. 

LACE =

∑Y
i=1(MGPi × Gi) + CP

AEP
(8)  

CP=CV ×CC ×

(
days
yr

available
)

In this expression, MGP is marginal generation price (price of en-
ergy) in time period i, G is the energy generated in time period i, CP is the 
capacity payment (the revenue an energy system can earn based on its 
ability to offset dispatchable resources used to meet peak demand), CV is 
the capacity value (the annualized cost of a dispatchable resource used 
to meet peak demand), and CC is the capacity credit (the percentage of 
installed capacity that can offset reserve requirements during peak de-
mand) [52]. 

Based on the cost and revenue, the resultant net value (NV) from the 
system is then the difference 

NV = LACE − LCOE (9) 

A system can thus be designed to maximize net value. While the 
addition of storage will generally increase LCOE, storage may increase 
LACE such that there is a net improvement in NV. 

Information from the 2017 NREL Cost of Wind Energy Review [45] 
and 2018 Energy Information Administration (EIA) Annual Energy 
Outlook [53] is used herein for the economic evaluation of turbines with 

and without storage. For offshore wind turbines in the US, the predicted 
LCOE is $124.6/MWh ($106.2/MWh with tax credits) and LACE is 
$47.6/MWh [53]. Even though these estimates result in a net loss 
(NV ​ < ​ 0), offshore wind farms continue to be built in Europe and are 
beginning to break ground in the US as well [54]. This can be attributed 
to additional financial aspects not directly related to engineering 
design—such as renewable energy credits, different financial assump-
tions, and government-based and corporate-based decisions to invest in 
renewable infrastructure. While these factors are important and should 
be considered in future studies, herein these additional factors are 
ignored in favor of a focus on engineering design aspects, and only LCOE 
and LACE will be considered. 

Note that LCOE and LACE are used herein due to the current com-
parable data in the wind turbine literature, but other cost metrics such as 
COVE [55] and sLCOE [56] may be equally able to consider the potential 
costs and benefits of adding storage to wind energy. 

3.2. Cost and value of energy storage 

Quantifying cost of storage depends on the technical specifics of the 
storage format. The configurations of large-scale LMB and Li-ion storage 
systems would likely be different when integrated with a wind turbine. 
Li-ion is typically manufactured in small cells that are then added 
together in a specific configuration to make modular battery packs [47], 
while the large-scale configuration of LMB storage is still unknown. 
Given the unknowns in these potential configurations, LMB and Li-ion 
storage systems are assumed to be comparable on a kWh basis and 
costs for both are estimated at the battery pack level. 

To determine net cost changes due to the addition of energy storage, 
BatPaC, a battery cost estimation tool from Argonne National Labs [57, 
58], was used to estimate the manufactured battery pack costs for a 
standard Li-ion composition (NMC/Graphite), as well as an LMB 
composition. The details of this cost analysis and the assumptions used 
are further specified in the Appendix. The BatPaC results give an average 
cost of energy capacity for Li-ion NMC/Graphite manufactured battery 
packs to be $137/kWhstorage, where kWhstorage is the energy capacity of 
the battery. The lab-scale Li–Bi system in Ref. [35] was optimized herein 
for large-scale production and projected to have a manufactured battery 
pack capacity cost of $89/kWhstorage. These costs include estimates for 
materials, battery management system, and manufacturing cost. These 
price differences are primarily driven by differences in raw material 
input prices per kWhstorage. 

To convert battery costs (CapExbattery) into total storage costs 
(CapExstorage) into storage system LCOE (LCOEstorage) comparable to tur-
bine LCOE, we use the following equations. 

CapExstorage($)=CapExbattery

(
$

kWhstorage

)

× SCAPP(hours) × Pavg(kW)

(10a)  

LCOEstorage

(
$

MWhturbine

)

=CapExstorage($) ×

FCR
(

1
/yr

)

AEP(MWhturbine/yr)
(10b)  

where the AEP is 18,703 ​ MWh/yr for the turbine, Pavg is the average 
plant power (2.135 ​ MW if no storage), and FCR (real fixed charge rate) 
is 7% which annualizes the investment over 20 years. This FCR is taken 
from the 2017 Cost of Wind Energy Review [45] and assumes the storage 
system would be financed with the wind farm on the same timeframe. 
This likely underestimates Li-ion costs because of their shorter expected 
cycle life compared to the lifetime of a wind turbine. Applying Eq. (10) 
to the three storage capacities considered herein gives the transformed 
battery costs listed in Table 4. 

In general, the batteries will not require additional grid connections 
or inverters since the battery storage system will be integrated into the 
wind turbine power generation system (as indicated in Fig. 2) However, 
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there will be other cost changes in the system’s total LCOE associated 
with the integration of storage. Storage can be used to levelize power 
and reduce the electrical connection cost and size from farm-to-shore as 
shown in Fig. 7. To evaluate the economic impacts of such changes, 
electrical connection costs are assumed to be proportional to maximum 
power plus a baseline cost for distance offshore (held fixed at 40 miles) 
[59], while installation costs are assumed to scale with the cost of the 
installed parts (turbine, battery storage, electrical, substructure). As 
such, the battery system increases the turbine installation CapEx costs 
(due to incorporation of storage) but any associated transmission line 
reduction decreases the connection installation CapEx costs (due a 
reduction in connection power rating). Financial costs are assumed to 
scale with total CapEx (turbine, electrical connection, substructure, 
BOS, installation, battery storage, installation) and thus can have similar 
increases and decreases. Herein, OpEx is assumed to remain constant for 
simplicity, but should be further investigated in later work. The resulting 
total system LCOE is thus defined by Eq. (11). 

LCOEtotal =LCOEturbine + LCOEstorage (11) 

While the above identifies changes in costs due to battery storage, the 
following considers potential revenue increases due to battery storage. 
In this economic analysis, the case of 24 ​ h of storage is examined in 

detail due to its ease of calculation for energy and capacity revenues. 
The change in value due to the addition of the battery storage is assumed 
to come primarily from energy arbitrage revenue and capacity credit; 
the sum of these revenue streams is analyzed via LACE. The baseline 
energy revenue for the 5 ​ MW wind turbine without storage is calculated 
by applying the week of wind power utilized in Fig. 7 to each week of 
2018 PJM spot market prices (a Mid-Atlantic regional transmission or-
ganization) [60]. Utilizing storage, a simple energy arbitrage scheme 
was implemented using hourly spot price data to estimate revenue. One 
day (24 ​ h) of SCAPP storage was used to shift average daily wind power 
output to the times with the highest energy spot market price, with 
maximum output constrained by line size, as illustrated in Fig. 9. Note 
that this uses a different storage strategy than that used in Figs. 6 and 7. 
Additionally, the system was not allowed to charge from the grid, only 
from generated wind power. An average production efficiency of 96.7% 
(based on the 24-h SCAPP simulations in Section 2.5) was used (rather 
than calculating losses due to curtailment, heater loss, and battery ef-
ficiency at each time step). This arbitrage scheme was applied for 
varying line sizes between 2.5 ​ MW and 5 ​ MW to constrain the amount 
of power that could be produced at once during peak hours. For 
example, with a 2.5 ​ MW line size, power is produced to the grid at 
maximum output (2.5 ​ MW) for 19.5 ​ h each day, while a 4 ​ MW line size 
produced 4 ​ MW of power for 12.25 ​ h. 

The next revenue source comes from the capacity payment that wind 
energy can receive based on its location and which electrical trans-
mission system it feeds into. For example, PJM onshore wind can receive 
a range of 14.7%–17.6% capacity credit [61], but offshore wind is likely 
to receive a much higher capacity credit. In this analysis, it is assumed 
that an offshore wind turbine would receive 33% capacity credit based 
on how the US EIA calculates LACE for offshore wind turbines [62]. This 
case study utilizes a capacity price from PJM for the 2021/2022 auction 
of $140/MW-day [63], which is consistent with past PJM capacity prices 

Table 4 
LMB Li–Bi and Li-ion battery costs per annual turbine energy generation 
(LCOEstorage) for 6, 12, and 24 ​ h of SCAPP.  

Battery size (hrs) Li–Bi ($88.9/kWhstorage) Li-ion ($137/kWhstorage) 

CapExstorage  LCOEstorage  CapExstorage  LCOEstorage  

6 $1,140,000 $4.26 $1,750,000 $6.57 
12 $2,280,000 $8.52 $3,510,000 $13.10 
24 $4,560,000 $17.00 $7,020,000 $26.30  

Fig. 9. Energy arbitrage scheme with 24 ​ h of SCAPP and a 4 ​ MW electrical line size depicting a) the wind power generated (grey area) and the electricity generated 
to shore (black line), b) stored energy over time, and c) spot market price sampled from PJM region. 
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in the last 10 years [61]. Storage could be optimized to provide 
maximum capacity payment, limited by line size. Based on results from 
Ref. [64], 10 ​ h of storage is predicted to earn a capacity credit of over 
90%; thus as a first-order estimate, 24 ​ h of storage is assumed to provide 
sufficient capacity for full credit, limited by line size. A capacity credit of 
100% is assumed for all 365 days of the year to determine capacity 
payment. 

In order to compute the changes in LACE with storage, a method is 
needed that is consistent with the baseline offshore turbine LACE (no 
storage). If one only combines energy revenue and capacity payments 
for the baseline wind turbine using Eq. (8) with PJM values for energy 
and capacity payment, the result computed herein is $37.5/MWh, which 
is less than the EIA value of offshore LACE of $47.6/MWh [53]. This 
difference can be attributed to additional factors (not included in Eq. 
(8)) such as the expected increase in natural gas price (and therefore all 
energy prices) over time and location-dependent price variations. In 
order to employ current PJM energy and capacity credit prices in this 
study when evaluating various storage options while still matching 
LACE values from literature, these additional factors are accounted for 
by the addition of a PJM scaling factor (fsite) for LACE as 

LACE =
fsite × (Energy Revenue + Capacity Payment)

AEP
(12) 

To match the EIA value for LACE, fsite = 1.27 is used herein. The 
introduction of this site factor adds significant uncertainty into the 
analysis and thus the following results should be considered only as first- 
order economic estimates to estimate potential economic impact of 
various design choices. Also, note that other revenue streams associated 
with storage may also be possible such as forecasted energy balancing, 
frequency regulation, and other auxiliary services. Currently, such rev-
enue is small and is therefore neglected herein. However, these revenue 
streams may become increasingly important as renewable energy 
penetration increases. 

3.3. Case study results of economic impact of storage 

Based on the above assumptions and methods, the economic impact 
of storage is considered relative to a baseline offshore wind turbine. This 
case study assumes a fixed amount of storage capacity of 24 ​ h of SCAPP 
(equivalent to 51,240 ​ kWh for the 5 ​ MW rated wind turbine) and varies 

the line size. Lesser amounts of storage will have economic impacts 
between that of the baseline turbine (with no storage) and the turbine 
with 24 ​ h of energy storage. 

Fig. 10 compares the total LCOE of the original system with a 5 ​ MW 
electrical connection line to one with 24 ​ h of storage and a 2.5 ​ MW 
electrical connection line size. While the battery storage does increase 
the overall system cost, it also allows for reductions in cost in some areas 
such that the net cost increase is less than the total cost of the batteries. 

Next, we consider the revenue aspects for a range of line sizes using 
PJM 2018 data. As shown in Table 5, there is net savings in the electrical 
infrastructure associated with reducing the line size (which partially 
offsets the cost of the battery as noted in Fig. 10). The table also shows 
that the baseline wind turbine generates $32.88/MWh in energy reve-
nue (using units as in Eq. (7)), while applying energy arbitrage (with 
24 ​ h of storage) resulted in a maximum annual increase in average spot 
price revenue of 31% over the baseline wind turbine profile. The base-
line wind turbine without storage generates $4.51/MWh (using units as 
in Eq. (8)) in capacity payment revenue. The breakeven cost is the 
maximum battery cost at which the economic benefits associated with 
storage (due to the combination of energy revenue and capacity pay-
ment revenue) outweigh the costs. In Table 5, the breakeven manufac-
tured battery pack cost in $/kWhstorage was found by iteratively seeking 
a battery cost such that the change in LACE and change in LCOE were 
equal. Thus any battery cost lower than the breakeven cost would reflect 
a net addition of value to the system, whereas battery costs higher than 
the breakeven indicate a net reduction of value for integration in this 
5 ​ MW offshore wind turbine. 

If one now considers a specific battery technology with identified 
cost per capacity, the likelihood of meeting the breakeven requirements 
of Table 5 can be determined. The change in net value was calculated 
(compared to a baseline no storage wind turbine) as shown in Fig. 11 for 
Li–Bi storage and in Fig. 12 for a variety of storage options. Recall that 
the integrated storage system is based on a fixed capacity of 24 ​ h of 
SCAPP. In Fig. 11, the change in LACE and LCOE for the current esti-
mates of LMB storage start as a net loss for the smallest line size since the 
increase in revenue from storage does not outweigh the battery costs. 
However, as the line size increases, the increased value becomes greater 
than the increased cost, resulting in a positive change in net value (the 
difference between the blue and yellow lines, which is also indicated by 
the orange line). This indicates that adding 24 ​ h of battery storage, with 

Fig. 10. LCOE effect of switching from Original System with 5 ​ MW line size to Proposed LMB System with 2.5 ​ MW line size and 24 ​ h of SCAPP.  
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a line size of 3.5 ​ MW or greater, would result in increased profit for the 
system. Furthermore, it is found that the 5 ​ MW line case gives the 
maximum increase in NV, indicating that the concept of net cost benefits 
associated with a reduced line size are never realized for this amount of 
storage and the given revenue assumptions. 

In Fig. 12, the change in net value is plotted for current and future 
storage costs for both Li-ion and LMB. Costs for storage capacity are 
based on current predicted LMB (Li–Bi), $89/kWhstorage; predicted LMB 
by 2030, $21/kWhstorage; current Li-ion (NMC/Graphite), $137/ 
kWhstorage; predicted Li-ion by 2030, $67/kWhstorage [30]. All storage 

types show the same trend of increased value with increased line size, 
again indicating that the concept of net cost benefits associated with a 
reduced line size are never realized for this amount of storage for the 
current case study. In addition, it can be seen that the projected cost 
decreases in Li-ion and LMB will serve to make energy storage have 
positive net value in the considered grid application. In particular, the 
falling cost of Li-ion technology may reach the breakeven cost in the next 
10 years. In contrast, the estimated cost of LMB technology is already at 
the break-even cost and is projected to drop even further in the future, 
but the LMB technology requires additional development before it will 

Table 5 
Changes with different potential line sizes for a turbine with 24 ​ h of SCAPP (irrespective of storage technology as battery costs are not included).  

Line Size 5 5 4.5 4 3.5 3 2.5 

SCAPP (hours) 0 ​ h 24 ​ h 24 ​ h 24 ​ h 24 ​ h 24 ​ h 24 ​ h 
Electrical Infrastructure Cost Reduction N/A 0% 9% 18% 27% 35% 44% 
Energy Revenue ($/MWh) $32.88 $43.18 $41.65 $40.56 $38.91 $36.8 $34.58 
Capacity Revenue ($/MWh) $4.51 $13.70 $12.30 $10.90 $9.56 $8.20 $6.83 
Breakeven Cost ($/kWhstorage) N/A $100.73 $96.57 $94.70 $89.96 $83.22 $75.11  

Fig. 11. Change in LACE, LCOE, and Net Value for wind turbine with 24 ​ h integrated Li–Bi storage compared to wind turbine system alone.  

Fig. 12. Change in net value of a turbine with 24 ​ h of storage (compared to baseline wind turbine system with no storage) for current and future Li-ion and LMB 
predicted costs. 
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be ready for large-scale commercial applications. 
It should be again noted that the present case study results are spe-

cific to current PJM data whereas other locations and times would 
require different scaling factors (Eq. (12)) and so the quantitative results 
provided herein are for specific conditions and cannot be broadly 
employed for other locations and future times. However, one may expect 
that the net value will rise as renewable energy penetration rises since 
power fluctuations will be stronger and there will be increased value 
placed on smoothing power output. Additionally, markets with higher 
capacity prices or more variable energy spot pricing may see additional 
benefits than demonstrated herein. 

4. Summary 

To address the resulting mismatches between generation and grid 
demand and to increase the value of wind energy, long-duration low- 
cost energy storage is needed as renewables increase shares on the 
electrical grid. LMB has a potentially very low energy cost and good 
performance (high efficiency, high cycle life, etc.) and thus may be a 
good fit for use with wind energy. To investigate a co-located system, the 
battery capacity is quantified relative to the average plant power rather 
than the battery rated power. Such a change in perspective is important 
for an integrated system with energy storage and generation. 

A concept is proposed to place the battery within the substructure of 
offshore wind turbines. By co-locating, simulations indicate that the line 
size can be reduced to 4 ​ MW with about 4 ​ h of storage, and reduced to 
3 ​ MW with about 12 ​ h of storage. Smoothing the wind power output 
provides additional benefits which could include increased participation 
in day-ahead market auctions (recommended for future study). 

As a case study, 24 ​ h of storage with variable electrical line sizes to 
shore was analyzed. Reductions in cost due to decreased line sizes, 
combined with synergistic benefits of co-locating storage and wind en-
ergy, results in the total LCOE for a turbine ​ + ​ storage system to be less 
than the sum of both individual system costs. However, while reducing 
the line size helps offset the cost of adding batteries, greater value is 
added to the system in the form of energy and capacity revenue from 
maintaining high line size, as seen in Fig. 11. Applying energy arbitrage 
(with 24 ​ h of storage) resulted in a maximum increase in energy reve-
nue of 31% over baseline wind generation. Adding Li–Bi batteries (one 
optimized form of LMB) to the offshore wind turbine system is predicted 
to result in a net increase in net value. Breakeven costs are high enough 
that current LMB technology (Li–Bi) is expected to be profitable and 
future Li-ion technology is expected to be profitable by 2030, if not 
sooner. 

The present engineering analysis is limited based on current 
knowledge of liquid metal batteries. The LMB technology is still being 
developed and changes to the cost and performance estimates are ex-
pected in the near future. This simple analysis did not model full battery 
operation (as in Ref. [18]), consider battery lifetime with a wind-based 
duty cycle, or investigate the potential increased maintenance for bat-
tery integration, and these are recommended for future investigation. 

There are also limitations with respect to the economic analysis. The 
potential cost savings from reducing electrical line size should be further 

investigated with a more complete electrical system model with a large- 
scale wind farm. Along these lines, integration and installation aspects 
for LMB storage with a floating wind turbine should be considered, since 
the weight of the battery may positively help offset cost of ballast weight 
and the line cost savings are expected to be even larger (as compared to 
the present fixed-bottom turbine). Furthermore, the economic analysis 
would also benefit from the application of a detailed energy arbitrage 
scheme with the policy and temporal constraints of practical energy 
markets. In addition, the economic analysis is based on the current 
electrical market, but this market is expected to significantly change 
with increased renewable penetration in the near future. Based on the 
above, LMB integration into a wind turbine is highly promising but more 
work, including an experimental prototype demonstration, is needed to 
assess its quantitative impact on its net value. 

Finally, the environmental impact of integrating a battery storage 
system into an offshore wind turbine is also of importance. While the 
footprint of the wind turbines are not expected to change, there may be 
an increased surface temperature from the LMB system or reduced 
electrical line sizes, which may affect the local environment. Most 
importantly, the reduction in carbon emissions from integrating wind 
turbines with battery storage into the grid could also be quantified and 
valued. 
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Appendix A 

Specifications of the proposed LMB system based on the optimized Li–Bi chemistry are given in Table A.1. The storage time is based on hours of 
storage at average power, 2.135 ​ MW. The dimensions are based on the expected interior diameter of the monopile tower substructure (using 
specifications given in Table 3) and demonstrate that the battery system would take up a small fraction of that space. The battery cost is based on the 
total manufactured battery pack cost estimated in Table A.2.  
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Table A.1 
LMB Specifications for use in monopile wind turbine, running at average power output, based on reported numbers from Ref. [35] (assuming optimized battery costs) 
and assumed space available in monopile.  

Storage Time (h) Energy Stored (MWhstorage) Mass (Mg) Volume (m3) Height (m) Battery 
Cost ($">$) 

6 12.81 113.4 21.64 0.82 $1,139,321 
12 25.62 226.7 43.28 1.64 $2,278,643 
24 51.24 453.5 86.55 3.28 $4,557,286   

Table A.2 
Battery costs ($/kWhstorage) based on Li-ion costs from BatPaC and corresponding costs for LMB from Ning et al. [35], optimized Li–Bi, and Ambri  

Battery Type Li-Ion LMB (Ning) LMB (opt) LMB (Ambri) 

Chemistry NMC/Graphite Li–Bi Li–Bi Ca–Sb 
Status Realized Realized Projected Projected 
Electrode $42.28 $154.00 $19.41 $17.00 
Carbon and Binders $2.27 $0.00 NA TBD 
Positive Current Collector $2.08 $2.08 $2.08 TBD 
Negative Current Collector $8.70 $4.35 $4.35 TBD 
Separators $13.56 $0.00 NA TBD 
Electrolyte $9.45 $66.00 $15.63 $4.00 
Cell Hardware $3.92 $3.92 $3.92 TBD 
Module Hardware $14.07 $14.07 $14.07 TBD 
Battery Jacket $9.87 $4.94 $4.94 TBD 
Battery Management System $11.33 $11.33 $11.33 TBD 
Thermal Management System $0.70 $1.00 $1.00 TBD 
Battery Pack Total $118.24 $261.69 $76.73 TBD 
Battery Pack Manufactured Total $137.06 $303.35 $88.94 TBD  

The battery modeling tool BatPaC, developed by Argonne National Lab [57,58], was used extensively to estimate battery costs in this work. The 
Cost Breakdown Analysis from this tool provided the Li-ion costs for nickel-manganese-cobalt (NMC)/Graphite type batteries in Table A.2 (column 1). 
Then manufactured battery pack cost for variations on LMB storage were then calculated based on known specifications for different systems, as well 
as assumptions based on the original BatPaC numbers. The LMB (Ning) column is based on battery specifications found in Ref. [35] for a lab-scale 
battery; thus, the material costs and quantities are not optimized for full-scale production. The LMB (opt) column attempts to optimize the values 
from Ref. [35] to reflect the costs of full-scale production by reducing the amount of electrolyte used and switching to market pricing for materials [65, 
66]. Finally, LMB (Ambri) is based on the material costs provided by LMB manufacturer, Ambri, and thus reflects the expected future costs of LMB. The 
assumptions used for each battery component are given in Table A.3 where many components are directly based on the Li-ion costs and the final 
manufactured cost is based on a scale factor of 1.16 up from the battery pack total (based on the same scaling with Li-ion).  

Table A.3 
Assumptions used for battery cost components costs for LMB from Ning et al. [35], optimized Li–Bi, and Ambri based on Li-ion BatPaC reference  

Battery Type LMB (Ning) LMB (opt) LMB (Ambri) 

Electrode Given Market prices ($10.78/kg and $100/kg) Given 
Carbon and Binders N/a N/a  
Positive Current Collector = =

Negative Current Collector 50% reduction 50% reduction  
Separators N/a N/a  
Electrolyte Given 25% reduction, $5/kg Given 
Cell Hardware = =

Module Hardware = =

Battery Jacket 50% reduction 50% reduction  
Battery Management System = =

Thermal Management System $1/kWh $1/kWh  
Battery Pack Total (summation) (summation)  
Battery Pack Manufactured Total (Scale factor) (Scale factor)   
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