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1 EXECUTIVE SUMMARY 
 

While the primary storage on ships is in the fuel, there is an increasing opportunity for additional 

storage technologies to play a role.  The primary drivers are large pulsed loads.  While these 

loads can, in principle, be operated directly from fuel, it appears that the power system may be 

smaller, lighter, and more efficient in some specific instances with additional storage 

technologies. 

 

The stored energy capacity required depends on the magnitude and duration of the load to be 

supported. Appropriate values are derived from Navy operational considerations, not power 

system technical considerations. Consequently, it has been the responsibility of the designers of 

the load, not the power system, to provide for the UPS capability.  To maximize efficiency while 

minimizing size and weight, storage considerations are increasingly becoming important in ship 

power system design. 

 

For ship systems, it is likely the dominant non-fuel storage systems will be based on batteries, 

flywheels, and/or capacitors.  The other alternatives have lower power and energy density than 

these three can achieve.  Consequently, they will likely be too large to be competitive. 

In general, discussions concerning energy storage implicitly refer to situations in which a storage 

technology other than fuel is added to the ship.  Also, it is important to consider when the 

additional technology may not be necessary.  When it is not necessary, the cost, size, and weight 

of the power system are all smaller. Analysis tools are available to support decisions as to 

whether or not non-fuel storage technology is appropriate. 

 

When storage is appropriate, it can have other beneficial attributes.  These include providing ride 

through capability if there is a sudden loss of a generator, buffering large step load changes, and 

pulse load discharge/charge.  There is also the possibility that the effects of fault currents can be 

exacerbated by storage if that possibility is not adequately considered in the system design. Also, 

there are limited studies that show that storage can be shared among loads an can be used to 

improve power quality when pulsed loads are not being used. 

 

The growth in the opportunities for storage technologies appears to be significant.  In addition, 

investments from outside of the Department of Defense suggest that significant improvements in 

the technology are likely forthcoming.  These growth factors make storage very promising for 

beneficial development. 

 

2 BACKGROUND 
 

When the sailing ship transitioned from the backbone of ocean transportation to a recreational 

asset, ships became large mobile energy storage systems. They no longer harvested ambient 

wind energy.  Rather, they carried their energy with them as fuel.  Initially, the energy stored in 

the fuel was used nearly exclusively for propulsion.  With the growth of radars and electric 

weapon systems, that situation is changing.   

 

These additional loads provide the potential for beneficial energy storage at smaller scales than 

the fuel tanks.  For example, storage could be used as part of hybrid propulsion in port to 
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maximize air quality; or the storage units can be used to improve power quality on the ship.   An 

obvious possibility is to eliminate the necessity of the power system being designed to provide 

directly the highest pulsed load on the power system.  In addition, storage can provide back-up 

power in the event a generator fails to give time to start an additional generator. 

 

To make the assessment of storage more complex, however, there are several possible storage 

technologies.  Clearly, the preference is to select the best technology and use it for ship storage.  

Unfortunately, the different storage technologies have different characteristics that make a one-

size-fits-all solution difficult.  For example, if it is necessary to deliver energy in nanoseconds, 

capacitors are the only real choice.  Similarly, if the energy must be stored for weeks, batteries 

are the only choice. For long-term storage, one must compare battery storage to simply using 

fuel.  Between the extremes, other technologies may be the most appropriate. 

 

The stored energy capacity required depends on the magnitude and duration of the load to be 

supported.  Appropriate values for the magnitude and duration are derived from Navy 

operational considerations, not power system technical considerations. Consequently, it has 

typically been the responsibility of the designers of the load, not the power system, to provide for 

the UPS capability.  To maximize efficiency while minimizing size and weight, storage 

considerations are increasingly becoming important in ship power system design. 

 

In future ship designs, the amount of energy stored is likely to increase. If, for example, an 

operational requirement to provide energy storage for gas turbine restart is added, then an 

additional 80-100 MJ energy storage capacity is required. If mission systems are required to be 

supported by UPS, then the required energy storage capacity can increase enormously. 

 

This report summarizes research on when to use fuel or alternative technology for storage.  It 

reviews the studies that have shown advantages and some risks on storage in routine operation.  

Transient loads are special circumstances that are also discussed.  Finally, some estimates of 

likely technology improvements are presented. 

 

3 STORAGE TECHNOLOGIES 
 

For land-based power systems, there is a range of commercially available storage options. For 

large quantity storage, water and compressed gas have found applications. Flywheels have been 

used to smooth power variations in wind farms and the grid. Batteries are used to provide 

emergency backup power in isolated systems on islands and grid stabilization.  Thermal storage 

is also possible.  For example, ice is a form of thermal storage that was used widely in the 

southern part of the U.S. to shift peak demand and is still used for large loads today. Specifically, 

the making of large quantities of ice at night provides a load for otherwise wasted hydro or wind 

power and can be used for cooling during the day.  Superconducting systems have been used for 

voltage support to smooth power flow. 

 

For ship systems, it is likely the dominant storage systems will be based on batteries, flywheels, 

and/or capacitors.  The other alternatives have lower power and energy density than these three 

can achieve.  Consequently, they will likely be too large to be competitive. 
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Batteries and flywheels are characterized by two loss mechanisms and one is dominant in 

batteries while the other is dominant in flywheels.  These are the turnaround efficiency and the 

loss rate.  The turnaround efficiency, frequently denoted as β
2
, is defined as the amount of energy 

that could immediately be taken out of a storage system divided by the amount that was 

deposited.  For a flywheel, the turnaround efficiency is seldom as low as 80% and can approach 

the high 90%’s, because the input/output device is a motor/generator and one can design them 

with efficiencies of 96% - 98% and even higher.  The higher efficiency systems tend to be 

somewhat larger and more expensive. 

 

The turnaround efficiency is denoted as a squared parameter because energy is lost going into the 

storage device and energy is lost as the energy is extracted.  Typically, the efficiency in each 

direction is about the same.  So if β is the one-way efficiency, then β
2
 would be the round trip 

efficiency.  In some cases, particularly when the charging and discharging time constants differ 

significantly, the efficiencies can be different.  Then the round trip efficiency would be the 

product of two different values not the square of one. 

 

The internal resistance is the dominant factor leading to reduced turnaround efficiencies in 

batteries.  This internal resistance is a fundamental property of a battery.  While fundamental, the 

internal resistance is a macroscopic quantity that represents a variety of physical and 

electrochemical processes including resistivity of the electrode material, various reaction rates, 

and ionic concentration gradients [a].   

 

The fact that there is a net internal resistance means that as current is applied to a battery or 

extracted from it, there is energy dissipated and the battery is heated.  This leads to typical 

turnaround efficiencies of about 40% - 70%.  Exact values depend on the chemistry used and the 

characteristics of the charging and discharging cycles.  While most battery systems operate in the 

listed range of turnaround efficiencies, there are published examples of higher values.  To 

achieve these higher efficiencies in practical systems, it is necessary to verify that the use 

conditions are compatible with the test conditions that yielded the higher efficiency. 

 

The loss rate is the rate at which the stored energy decays with time.  Estimated loss rates as low 

as 1%/hr have been reported [1] for flywheels.  Batteries, however, have negligible loss rates 

over hours or days.  Consequently, flywheels tend to be the first consideration when high 

turnaround efficiency is the dominant concern, i.e., frequent charges and discharges over the 

course of minutes or hours when in use.  Batteries, on the other hand, may be the choice when 

the use is much more intermittent.  Other factors, such as depth of discharge, required lifetime, 

and required charge/discharge times are also important factors in the selection consideration. 

 

Capacitors, particularly those used for intermittent duty, tend to be manufactured with the 

highest rated voltage being at a level that can degrade the capacitor lifetime as a function of time 

at full charge.  So, they are typically only charged very close to the time they are discharged.  

This is frequently not as significant; as they are often used to generate pulses ranging from 10’s 

of nanoseconds to 10’s of microseconds.  Consequently, they have little time at full charge even 

with a million charge/discharge cycles.  These capacitors, however, tend to have only about a 

few tenths of the energy density of rotating machines or batteries, which sometimes makes 

capacitor based systems unacceptably large. 
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In addition to conventional pulsed capacitors, ultracapacitors are also used for storage [4].  It 

should be noted that ultracapacitors and supercapacitors bridge the gap between batteries and 

conventional capacitors.  In general usage, the terms ultracapacitor and supercapacitor tend to be 

used interchangeably to indicate a capacitor with higher storage capacity and somewhat different 

properties than conventional capacitors.  Electrochemists, [2,3] however, rightly point out that 

there are different electrochemical processes that led to the different behaviors.  To be more 

rigorous, the term ultracapacitor describes a capacitor that has the metallic electrodes separated 

by a membrane and containing liquid electrolytes that contribute to the formation of a double 

layer that enhances the capacitance.  The supercapacitor on the other hand is constructed so that 

electrosorption or redox processes occur augmenting the capacitance.  While there are very 

different electrochemical processes contributing to the behavior, the technology is being 

developed that it provides a relatively uniform coverage between capacitors and batteries. 

 

So, there is a range of storage technologies and some are appropriate for consideration in 

shipboard use.  The selection of a good choice, however, depends on the details of the 

application as all of the approaches have limitations.  There is sufficient experience with all of 

them that it is possible to select the best choice in terms of size, weight, and efficiency for each 

particular application. 

 

4 FUEL AS STORAGE 
 

In general, discussions concerning energy storage implicitly refer to situations in which a storage 

technology other than fuel is added to the ship.  However, it is also important to consider when 

the additional technology may not be necessary, because when it is not necessary, the cost, size, 

and weight of the power system are all smaller.  

 

There are clearly situations in which operating solely on fuel is not an option.  An historical 

example is the submarine.  The occasional need to operate the submarine as quietly as possible 

and the requirement for alternate propulsion power in an emergency make it worth carrying large 

numbers of batteries.  They take up valuable space and they require fuel to transport them when 

they are not being used, but the benefit outweighs the cost.  Justifying that the benefit exceeds 

cost is obviously appropriate for all storage applications. 

 

In addition to the submarine example, there are other fundamental compelling reasons for some 

degree of storage.  One of the reasons is that the fuel-to-electricity storage option is not 

reversible.  Reversibility can be important for efficient operation in some cases.  An emerging 

example is an electric gun.  When the projectile leaves the barrel of an electromagnetic gun, 

considerable energy is stored in the collapsing magnetic field between the rails.  In a reversible 

system, this energy can be captured, stored, and used in the next shot.   

 

Another reason is that, with storage, it is not necessary to design the power system to meet the 

transient peak load.  Having to do so would lead to a power system that could well be 

significantly oversized for the ship except for a very small fraction of its lifetime.  A storage 

system, however, can accumulate energy over time from the ship’s power system, i.e., from the 

ship’s fuel.  The stored energy can then be used to power a transient peak load.  This may be due 
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to an absolute peak such as may be produced by an EM gun or a high powered laser, or a relative 

peak such as to start a back-up gas turbine when the load exceeds the supply. 

 

When one has storage technology installed for good fundamental reasons, that capability opens 

the door to using the technology in other beneficial ways.  These other uses may not be 

sufficiently cost effective to justify the initial expense, but they could be useful. 

 

So, the decision steps are first to determine if storage is necessary.  When the answer is 

affirmative, the possibility of other beneficial uses of the storage system should be explored.  For 

these situations, analysis has been done to quantify the trade space [5].  The summary of this 

analysis is captured in simplified equation (1), 

 
2

2

2 2

1 2

1 .avail

t t
W P t 

 

   
    
   

 (1) 

In this equation, which describes the non-fuel storage technology, P2 is the power with which the 

energy was introduced into the storage device, and t2 is the time over which it was deposited.  

Obviously, this is the input energy using average values.  A more rigorous approach would 

involve the integration of the power over time.  The efficiency of inserting or extracting energy 

is indicated by β
2
, Δt is the time the energy has been stored, and the decay rate is represented by 

two time constants τ1 and τ2. 

 

This equation highlights the fact that one always loses energy in storage.  This does not imply 

that it is always less efficient to use storage.  This seeming contradiction is due to the specific 

fuel consumption of gas turbines, Figure 1. 

 

As can be seen in this figure, the specific fuel consumption is highly nonlinear.  So, there are 

situations in which it is more fuel efficient to store energy when a gas turbine is operating near it 

best efficiency and use the stored energy rather than use a gas turbine at low load.  This suggests 

that for energy efficiency one would use a smaller turbine and storage for varying loads rather 

than use a larger turbine alone for load leveling. 

 

Guidance has been quantified [5] as to when to use storage and when to depend on a gas turbine 

alone.  The guidance is summarized in the example chart in Figure 2.  In this figure, it can be 

seen that some duty cycles in which the use of fuel is more economical and others in which 

storage is the more efficient choice. 
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Figure 1:  Typical gas turbine specific fuel consumption as a function of power.  The high consumption at low 
power provides an opportunity for storage. 

 

 

 

Figure 2: An example of a duty cycle comparison to determine when energy storage is appropriate for load 
leveling.  The details of the curves depend on the storage technology.    This is a flywheel example.  The vertical 
axis is listed in dimensionless numbers that account for such parameters as the specific fuel consumption of the 

gas turbine and the losses in the flywheel. 
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5 EFFECTS OF STORAGE ON THE POWER DISTRIBUTION SYSTEM 
 

5.1 Introduction 
The attributes of storage were further explored by simulation [5].  Because of their relevance to 

shipboard power systems, the following scenarios were selected for study: 

 

1. Sudden loss of a generator 

2. Introduction into the power system of a 1 MW step load 

3. Pulse load discharge/charge 

4. Possible contributions to fault current by energy storage 

 

These represent operations and failures that can be anticipated in ship power systems.  While [5] 

gives considerable detail, it is important to highlight a few of the conclusions: 

 

5.2 Sudden Loss of Generator 
This simulation explored adding storage to an ac bus and to a dc bus to maintain operation in the 

event of an intermittent outage by a generator.  The ac system is shown in Figure 3.  The goal of 

this simulation is to demonstrate a restoration of power to the distribution bus by the flywheel 

energy storage system (FESS) unit through the corresponding load center transformer.  

 

 
 

Figure 3: Set-up of simulation of loss of power generation module. 

These results, shown in Figure 4, underscore the fact that switching megawatts of ac power 

typically generates large voltage and current transients. These can be sufficiently large that they 

can cause damage.  It should be noted that switching surges exist in all power systems. For land-

based systems, standard switching surge shapes are specified and the electrical insulation of 

components attached to the system is designed to withstand repeated switching surges.  

 

For the dc test, the flywheel energy storage systems were attached to a dc bus in a hybrid ac-dc 

system.  As expected the system worked well as shown in Figure 4. 
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Figure 4: Current change during energy transfer. 

Energy storage can also be used to provide ride through power if a gas turbine fails for some 

reason.  The simulation for such behavior is shown in Figure 5.  The scenario simulated in this 

case is the removal of a turbine from the system at the two second mark on the graph.  At that 

point two flywheel systems pick up the load and carry it until the turbine can be brought back on 

line. 
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Figure 5: When the turbine generator goes offline at t = 2 s the load is carried by the two flywheel generators 
(Generator 1 and Generator 2). At t = 4 s, the turbine generator is re-connected and, after an initial transient 
current spike, picks up the load again. 

 

5.3 1 MW step load 
One of the stresses on a power system that can lead to failures in poorly designed systems is the 

switching on or off of large loads.  If these are not well managed, one risks applying excessive 

torque to the generator and turbine shafts causing the control system to turn off the power system 

to avoid catastrophic damage to these key components.  In this case, a dc system was 

investigated and both the variation in generator frequency and the variation in dc voltage were 

predicted, Figure 6.   
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Figure 6: Generator frequency and bus voltage during pulse load charging event.  The upper chart shows that the 

frequency changes in both the main and auxiliary generators of about 3%.  The lower traces show the voltage 
changes by almost 10%. 

 

Subsequent experimental and theoretical work has generalized these results.  The generators that 

supply the power system have inertia.  The rotor is a rotating mass, just like a flywheel.  

Consequently, some energy can be added to the rotational energy or taken from it before the 

rotor speed changes sufficiently that it is necessary to disconnect them from the circuit to protect 

them from damage.  The greater the inertia, the more energy variation the generators can handle 

gracefully.  This provides some time for control action.  The control can exploit a storage 

technology purposely developed for this application.  The other alternative is to use existing 

HVAC and/or propulsions systems to provide the same function of the storage system until a gas 

turbine can be brought on line or turned off, which ever the load variation demands [6]. The 

trade space among generator inertia, speed of the control system and the safe operating margin 

on the generators has been developed theoretically [7].  In addition, the effects of control systems 

latency have been studied experimentally in a grid with high inertia [8].  Experiments are still 

needed on low inertia grids as would be used on ships. 

 

5.4 Pulse load discharge/charge 
A key area in which energy storage is widely recognized as being necessary is to serve large 

transient loads.  In this case, the energy can be accumulated over time and be used in a short time 

for a high power load. 

 

To assess the feasibility of employing a dedicated energy storage device to minimize the impact 

of pulsed-load charging disturbances to the power system performance, a simulation study was 

conducted in which the ship’s ring bus was subjected to a large, sudden load demand by a 

generic pulsed-load charging circuit. This 30 MW step load caused large frequency deviations in 

the generators connected to the bus. The goal of this study was to reduce such deviations to the 

MIL-STD-1399 transient frequency tolerance of ±4% by applying energy from the storage 

device in a controlled fashion. 
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The simulations showed that the application of storage to mitigate the effect of pulsed loads was, 

as expected, quite feasible.  A system was considered that, without storage, could not maintain 

the standard frequency tolerance during a transient.  With storage, the system was compliant with 

the military standard.[REF?] 

 

5.5 Contributions to Fault Current by Energy Storage 
One of the risks with energy storage is that the stored energy can amplify damage during a fault.  

This is a legitimate concern that has to be managed through careful engineering.  A system-level 

simulation can help in understanding behavior in fault conditions. As an example, a line-

commutated thyristor topology was chosen as the interfacing circuit for the energy storage 

system for its hardware simplicity and relatively low cost. Through these simulations, it was 

shown that an ac bus fault, occurring during the regeneration operation of such a power 

converter, could induce commutation failure of the interfacing circuit, which could exacerbate 

the consequences of the fault.[REF?] 

 

When an ac line-to-line fault occurs during the discharge of the storage system, the capacitive 

energy storage system will act as a dc voltage source which in turn causes the conducting 

thyristor to fail to commutate (turn off) the current. This results in dc fault current into the ship 

ac bus until the energy storage capacitor is discharged. A simulation result given in Figure 7 

illustrates this fault scenario and shows time domain plots of the fault current waveforms 

throughout the ship system. 

 
Figure 7: Simulated current flows on the ship system during an ac line-to-line fault. 
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In Figure 7, the simplified ship system includes two main turbine generators, two auxiliary 

turbine generators, two propulsion motors, and the energy storage system. When a line-to-line 

short occurs on the ac ring bus, the ac fault current trips the breakers in the switchboards so that 

the faulted bus is removed from the system. However, if the energy storage system is discharging 

when the fault occurs, the resulting current prevents the next thyristor from operating properly. 

 

Therefore, the dc link capacitor acts like a dc source to the ac during its discharge, introducing a 

large dc current superimposed on the ac fault current from the generators. This high magnitude 

dc fault current is injected, not only into the fault location, but also into the generators due to 

their small dc resistance. The dc fault current cannot be effectively broken by the circuit breakers 

until the energy storage capacitor releases all of its stored energy and the fault current exhibits a 

natural zero crossing. 

  

This research highlights a potential problem associated with such power electronic interfaces 

applied to capacitive storage devices. This problem can be mitigated by applying a different type 

of power electronic interface, e.g., a forced commutated inverter with IGBTs. Moreover, this 

type of a fault is unique to capacitive storage. 

 

6 VERSATILITY IN PULSED POWER STORAGE SYSTEMS 
 

6.1 Introduction 
It is widely accepted that the ship power system benefits when large pulsed loads are powered 

from stored energy.  In addition, it is clear that there should be a recognized advantage if the 

various systems can share storage.  There are opportunities and constraints to this approach that 

have been demonstrated. 

 

A fundamental constraint is imposed by the power system inductance.  For systems with 

inductance, L, the induced voltage, V, by a changing current, I, is  

 

V = L(di/dt)      2 

 

The factor di/dt in equation 2 indicates the time rate of change of the current.  This equation 

highlights the fact that when there is a changing current, such as is required by a pulsed load, 

there can be an induced voltage in the circuit.  This is the source of the switching surge that was 

observed in the simulation of the use of storage to replace a generator that was switched off.  If 

not managed, this pulse can produce electrical breakdown in components that could affect the 

operation of the entire power system.  It should be noted that the inductance of a ship power 

system is typically much less than that of a land based system.  However, with the high rates of 

change of current anticipated in some applications, even small amounts of system inductance can 

cause significant problems. 

 

The largest di/dt in future ships is likely to be from the pulse used to fire an electromagnetic gun.  

To avoid deleterious effects on the system, the inductance must be very low.  This is achieved by 

a combination of conductor geometry and close proximity of the final pulse shaping circuit to the 

breech of the gun.  With their slower rate of change of current, lasers provide somewhat more 

flexibility with respect to storage location. 
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The existence of such storage systems lead to a number of alternatives to explore.  These 

include: 

 

 The opportunity to use the same storage system for more than one pulsed load 

 The opportunity to use the pulsed power storage to enhance steady-state operation 

 The opportunity to distribute storage in convenient locations 

 The implications of partial availability  

 

None of these questions have been studied thoroughly, but some initial work has been done.  In 

addition, some of the constraints and opportunities are fundamental to the technology and so are 

expected to be relatively self-evident. 

 

6.2 Storage System for more than One Pulsed Load 
Using a storage system for more than one pulsed load has been modeled when the two loads are 

an electromagnetic gun and a free-electron laser [9]. This research highlighted the feasibility in 

some situations to share storage for high power loads.  It is important to note that the simulated 

ability to share a storage system was predicated on a specific concept of operations that it used.  

In particular, it assumed that the electromagnetic gun was an appropriate selection for the ship to 

provide offensive capability or defensive support for facilities or personnel on shore.  The laser, 

by contrast, was used for ship self-defense.  It was also assumed that it was important to have 

nearly all of the propulsion capability available for evasive maneuvers. 

 

For this simulation, rotating machines were used to provide the storage.  This is the same concept 

that is used in the Navy’s Electromagnetic Aircraft Launch (EMALS) system [10], but the 

rotating machine had a somewhat different design to support shorter pulses.  Figure 8 shows a 

situation in which the rotating machine was spinning at a rate to support several shots from an 

electromagnetic gun [9].  In this scenario,  

 

 
 

Figure 8:  Simulation results showing the same storage system powering multiple loads. 
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the ship was slowed from 30 knots to 20 knots to rapidly, i.e., in less than 15 s charge the energy 

storage system to power several shots.  Immediately upon charging, a single electromagnetic gun 

round was fired when an incoming missile was detected, the ship went to full speed and four 

shots were fired from the free electron laser.  This is a very promising result, but significantly 

more research is needed to explore the entire operational space so that appropriate requirements 

can be set for a multipurpose storage system. 

 

6.3 Pulsed power storage to enhance steady-state operation 
An appropriately designed pulsed power system can enhance steady-state operation during 

routine operations.  One example is to use the stored energy to improve power quality.  To 

demonstrate the feasibility of this dual-function, a Simulink
®
 model of a propulsion power train, 

with an integrated pulse power supply and active filter, was developed [9]. Figure 9 shows the 

top level model where, for simplicity, only a single propulsion power train and a single 36 MW 

generator were used. The energy storage block and an inverter were explicitly extracted out of 

the pulse power supply to clearly show their dual use. 

 

 
Figure 9: The Simulink model of a pulsed power storage system which can also be used as an active filter to 

enhance power quality. 

 

The simulation showed that the approach was effective in reducing the total harmonic distortion 

in both the voltage and the current waveforms.  Additional work would be required, however, to 

understand the implications of an intermittent interruption of the filtering to be able to fire pulsed 

weapons. 

 

6.4 Distributed Storage 
The three most likely ship storage technologies, batteries, capacitors, and rotating machines, are 

fundamentally modular.  The natural modularly of a battery is at the cell level, typically at a 
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voltage of about 1.5 volts.  The fact that high powered batteries are made up of series and 

parallel combinations of these individual cells makes them attractive candidates for 

unconventional packaging and distributed storage. 

 

Over time, the size and form factors of pulsed capacitors have become relatively standard with 

each discrete capacitor storing a few tenths of a megajoule.  However, the designer has flexibility 

for packaging as different sizes and aspect ratios if needed.  

 

Finally, rotating machines can be made with very wide granularity in power from, at least, 

microwatts to gigawatts.  This gives the ship designer the ability to interconnect a number of 

devices of different sizes to enhance locational flexibility.  This flexibility is a benefit with the 

constraints that exist within a ship’s hull. 

 

The flexibility is constrained somewhat, however, by the power system inductance.  Distributing 

storage successfully requires that the di/dt be sufficiently small that unwanted voltage transients 

are kept to benign levels.  This means that the more the storage is distributed, the slower the 

pulses must be.  Of course, it is possible to envision a number of hybrid situations in which 

distributed slower systems are used to power faster systems close to the load.   

 

A second possible constraint is the bus work or cabling for a distributed system is larger and 

heavier than in a more concentrated system.  Size and weight are enemies of an effective ship.    

 

So, although distributing storage to underutilized areas of the ship is attractive for each of the 

technologies, engineering such a solution can be challenging.  It requires some extensive 

modeling and simulation to determine proper operation of a distributed storage system.  With the 

level of maturity that has been achieved, today’s primary approach has been to concentrate the 

storage in the vicinity of its intended use. 

 

6.5 Partial Availability 
Because of the inherent modularity of the storage systems, there is always the possibility that 

some portion of the system will be inoperable.  The best failure mode would be benign, i.e., the 

defective portion could be removed from the circuit and the system could continue to operate 

albeit with reduced effectiveness. 

 

This could occur, for example, when the absence of the defective portion only affected the 

amplitude of the pulses.  If that were the case, one could envision a scenario in which the range 

of an electric gun would be reduced or a solid state laser might have to stay on target a little 

longer for maximum effect.  This would be an imperfect, but likely tolerable situation. 

 

The more destructive would be if the removal of a portion of the storage system affected not only 

the amplitude, but also the shape of the pulse.  In an electromagnetic gun, for example, if the 

pulse shape changed so that there would no longer be a sufficient normal force to maintain 

pressure on the rails by the sabot, significant damage to the gun could occur.  Under this 

condition, an arc can be established between the sabot and the rails leading to the destruction of 

the barrel. 
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Distributed systems and systems designed for graceful degradation both have attributes that 

make them very appealing.  Having a distributed system with graceful degradation would be a 

powerful system.  Moreover, one can develop scenarios by which such a system could exist.  

Significantly more research is needed, however, before either can be maintained reliably under 

the existing conditions. 

 

6.6 Role of Emerging Technologies 
The U.S. alone has spent hundreds of millions of dollars on battery research over the past few 

years.  The battery research investment is driven largely by the demands of transportation and 

communication.  The mainstream of the research appears to increase the energy density and 

reduce the cost [11].   

 

For ship storage, the increased energy density would be beneficial.  There are also Navy needs to 

achieve that increased energy density in a system that could sustain rapid charge and discharge 

with high turnaround efficiency.  Electric vehicle research may help in this direction in that they 

need faster charging, long battery life, and low weight in systems with long range.  It is likely 

that the broader advances will help guide Navy-centric research. 

 

Like batteries, flywheels are an established technology.  Most of the electricity used in the world 

is generated in rotating machines and about 60% of it is used in rotating machines. Consequently 

it is clear, that such systems are compatible with, and even integral to, electrical systems.  With 

the growth of renewable energy sources, there is interest in flywheel energy storage in the land-

based grid [12].   

 

On the research front, carbon nanotubes have generated excitement as possibly reducing the cost 

and increasing the energy density of these devices.  In addition, advances in superconducting 

bearing materials promise reduced losses [13]. 

 

There is significantly less research being done on pulsed capacitors, but they are technically 

proven and commercially available. 

 

7 CONCLUSIONS 
 

Energy storage for use on Navy ships is available and is used today.  All of the available 

technologies have unique advantages and drawbacks that make the selection of a given solution 

for a given application an analysis effort.  The growth of pulsed loads is going to increase the 

importance of ship board storage.  In addition, it is increasingly likely that the storage will be 

used to improve operational efficiency and reduce air pollution. 
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