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Emerging Energy Technology Fund Overview
New technology passes through a variety of phases as it proceeds from development and testing in the laboratory to
commercialization in the real world. Emergence is a critical middle phase in the development process of energy technology, linking
research and development to the commercialization of energy solutions. Although the Arctic possesses bountiful energy resources,
the Arctic also faces unique conditions in terms of climate, environment, population density, energy costs, logistics, and the isolated
nature of electrical generation and transmission systems. These conditions, challenging under the best of circumstances, make the
Arctic an ideal test bed for energy technology. Emerging energy technology provides a unique opportunity to meet Arctic energy
needs, develop energy resources, and create global expertise.
Building on the success of the Emerging Energy Technology Grant, funded by the Denali Commission in 2009, the Alaska State
Legislature created the Emerging Energy Technology Fund (EETF) in 2010 to promote the expansion of energy sources available to
Alaskans. These grants, partly funded by the Denali Commission and managed by the Alaska Energy Authority, are for demonstration
projects of technologies that have a reasonable expectation of becoming commercially viable within five years. Projects can
• test emerging energy technologies or methods of conserving energy;
• improve an existing technology; or
• deploy an existing technology that has not previously been demonstrated in the state.
The funded projects for Round 1 of the EETF include the following:
Alaska Division of Forestry, Biomass Reforestation of Boreal Forests
Altaeros Energies, Inc., High Altitude Airborne Wind Turbine
Alaska Applied Sciences, Inc., Solid State Ammonia Synthesis Pilot Plant Demonstration System
Arctic Sun, LLC, Arctic Thermal Shutter & Door Development
Boschma Research, Inc., Cyclo-Hydrokinetic Turbine Energy Production
Cold Climate Housing Research Center, Cold Climate Ground Source Heat Pump Demonstration
Genesis Machining and Fabrication, Ultra-Efficient Generators and Diesel-Electric Propulsion
Hatch, Application of Flywheels for the Integration of Wind-Diesel Hybrid Systems
Intelligent Energy Systems, Small Community Self Regulating Grid
Intelligent Energy Systems, Wind Diesel Battery Hybrid System
Marsh Creek LLC, High Efficiency Diesel Electric Generator for Energy Projects in Alaska
Oceana Energy Company, In-Stream Hydrokinetic Device Evaluation
Ocean Renewable Power Corporation, RivGen™ Power System Commercialization Project
University of Alaska Fairbanks, Safe and Efficient Exhaust Thimble
University of Alaska Fairbanks, Enhanced Condensation for Organic Rankine Cycle
Award recipients for EETF grants are selected through a competitive application process. Project selection for the EETF program
uses a two-stage application process and has a volunteer advisory committee appointed by the governor.

Data Collection
Data collection is a central component of all EETF awards. The recording and careful analysis of high-quality performance data are
critical parts of testing new energy technology, to understand how the technology performs and make future refinements. Using
this information to support data-driven decisions will continue to prove the value of Alaska as an energy laboratory and ensure that
new energy systems are applied appropriately.
Under an agreement with the Alaska Energy Authority, performance data generated by projects are independently verified and
analyzed by the Alaska Center for Energy and Power (if a potential conflict of interest arises for any technology, another independent
third party is identified). As projects conclude, summary reports and non-sensitive data are made available to the public.i
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A key deliverable for each EETF project is a lessons learned report by ACEP. As the projects deal with
emerging energy technology, providing lessons learned and recommendations is critical for understanding
the future of the technology in Alaska, and the next steps needed in developing energy solutions for Alaska.
ACEP’s technical knowledge and objective academic management of the projects, specifically for data
collection, analysis, and reporting, are vital components to the intent of the solicitation.
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Report Overview
This report discusses a flywheel energy storage system (FESS) and control system developed by Hatch Ltd. and
tested at the University of Alaska Fairbanks, ACEP Power Systems Integration Laboratory. The project objective was
to further the development of flywheel energy storage for isolated wind-diesel grid applications. Flywheel energy
storage offers high power density, high duty cycle, and long service life compared with other energy storage systems.
Application of a FESS can improve the penetration of wind energy sources into islanded wind-diesel hybrid generation
systems by enabling short-term energy storage that accommodates wind power generation variability and controls
grid frequency. A FESS can be charged during periods of excess wind energy generation, and then discharged during
periods of insufficient wind to ensure stable grid power while enabling reduced diesel energy generation output.
During testing in the ACEP Power Systems Integration Laboratory, the Hatch flywheel system response was characterized during various experimental loadings. System charge and discharge efficiencies were evaluated. The system
was also included in grid-scale testing, using historical wind and load profiles to evaluate the real-world potential of
flywheel compensation on power quality.
The Hatch FESS was tested under both experimental and simulated real-world scenarios. The system demonstrated
round-trip electrical efficiencies as high as 91% and required approximately 4 kW of power to maintain charge level.
Tuning of control parameters resulted in a 40% reduction in frequency range and 67% reduction of unacceptable
frequency values during simulated real-world testing. Published studies indicate that FESS has the potential
to significantly reduce diesel consumption in wind-diesel hybrid microgrids and provide load smoothing for
improved power quality and reduced diesel generator wear. This report analyzes selected performance data
and evaluates the possible impacts of flywheel energy storage technology on Alaska’s wind-diesel microgrids.

Project Introduction
The goal of this project was to evaluate the function and performance of the FESS developed by Hatch Ltd. for application
in Alaska’s wind-diesel microgrids. This project used a Williams Advanced Engineering flywheel rated at 200 kW peak
power (3-phase) and 1.4 kWh capacity. The FESS uses several advanced technologies to maximize efficiency and allow
continuous deep cycling without reduction in performance or service life1. The unique capabilities of the ACEP Power
Systems Integration Laboratory at UAF enabled testing of the FESS under experimental test protocols and in simulated
real-world conditions. The period of performance was March 9, 2012, to March 3, 2015. The system was subjected to 84
unique testing scenarios, and instrumentation collected FESS voltage, current, power, frequency, and state of charge data.

Emerging Energy Technology Fund
The following organizations were involved in this project:
University of Alaska Fairbanks
The University of Alaska Fairbanks (UAF) is the primary
contractor to Hatch and is responsible for fulfilling project
activities. UAF provided the space and utilities required for
testing and demonstration, and UAF Facility Services assisted
with project installation.
Alaska Center for Energy and Power
The Alaska Center for Energy and Power (ACEP), an applied
energy research program based at UAF, provided technical
support for data collection. In addition, ACEP provided
independent project and performance analysis and reporting.
This report is the final product of that effort.
Hatch, LLC
Hatch, LLC is a global multidisciplinary management,
engineering, and development consultancy. Hatch supplies
engineering, project, and construction management services,
process and business consulting, and operational services
to the mining, metallurgical, energy, and infrastructure
industries.
Alaska Energy Authority
The Alaska Energy Authority (AEA) is an independent
corporation of the State of Alaska and the state’s energy
office. AEA’s programs place Alaska at the forefront of
innovative ways to address high energy costs.
Power Systems Integration Laboratory
The Power Systems Integration (PSI) Laboratory, ACEP’s
energy testing facility, operates on the same scale as a
village power system and has the ability to be modified for
individual test scenarios. The lab transforms a potentially
chaotic field-testing environment into a continuously
improving process for optimizing efficiencies and is capable
of testing a wide range of islanded microgrid and distributed
generation scenarios, as well as the performance of individual
components. The lab contracts directly with clients and
operates independent of the ACEP EETF reporting initiative.

Technology Overview
The Role of Energy Storage
Diesel generators are the backbone of remote power
generation for good reason. In the face of high fuel costs
and challenging supply logistics, diesel generators remain
reliable, robust sources of electricity for remote communities.
Over 200 remote communities in Alaska rely on exorbitantly
expensive diesel for electricity and heat. The logistics of barge
delivery of fuel means that villages are often reliant on one
or two fuel deliveries per year, exposing them to significant
risk should the last barge delivery fail to arrive before winter.
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Lessening the reliance of villages on diesel electricity
generation through the introduction of comparably reliable
renewable electricity generation provides an opportunity for
significant economic benefits. Energy storage can provide
benefits to islanded grids at all levels of renewable energy
penetration.
An islanded grid with both diesel and wind generation
capacity may operate in three modes: diesel-only, winddiesel, and wind-only. In diesel-only times, the diesel
generators must respond to fluctuations in demand to
maintain stable grid voltage and frequency, ensuring that they
rarely operate at the ideal peak efficiency point. Maintaining
stable voltage and frequency requires that excess diesel
generator capacity (known as spinning reserve capacity or
SRC) be kept online so that a diesel generator may respond
to abrupt electrical load increases without a loss of power
quality. However, these operation regimes may not be the
most efficient, and operating diesel generators at below peak
efficiency is especially detrimental in communities with high
fuel costs and low income consumers. Energy storage can
reduce SRC requirements and smooth the load on the diesel
generator.
During periods of wind generation that do not completely
meet demand, the grid may operate in wind-diesel mode, but
during this mode of operation, changes in both load and wind
turbine output must be compensated for by changes in diesel
generator output. This variable operation is detrimental to
both diesel efficiency and longevity. Furthermore, when the
output of wind generation changes faster than the diesel
generator can respond, power quality will suffer, impacting
end users. Here, energy storage provides the ability to buffer
the variability of wind by storing the energy it generates
during periods of excess wind and supplying that stored
energy to the grid during periods of inadequate wind power
generation. This approach both increases the total use of
the wind resource and minimizes the negative impact of
wind energy generation on power quality and efficient diesel
operation.
Wind-only power generation enables periodic elimination
of diesel fuel usage, but presents significant challenges to
ensuring power quality. During periods of sufficient wind
generation, it may be feasible to shut down all diesel power
generation and rely solely on wind output. However, this
leaves the grid vulnerable to outages should wind generation
unexpectedly diminish. Diesel generator startup requires
several minutes, preventing quick response to decreases in
wind generation. As a result, utilities must maintain SRC in
the form of diesel generators operating at minimum output
to supplement wind generation during lulls in output2. Energy
storage extends the ability of a grid to bridge temporary lulls
in wind generation while avoiding power disruptions and
unnecessary generator start-ups.

Composite Flywheels for Energy Storage
The History of Flywheel Usage

Flywheel Energy Storage Characteristics

The flywheel energy storage system (FESS) is of particular
interest in wind-diesel microgrids because of its high power
density, deep-cycle ability, and long service life3. The impact
of a FESS on wind-diesel grids may be threefold. First, a FESS
may enable improved power quality by compensating for
abrupt changes in demand or generation. Second, a FESS
may improve wind penetration and diesel offset by reducing
or eliminating the need for diesel SRC. Third, a FESS may
reduce diesel generator wear and service costs by handling
dynamic load changes, allowing steadier operation of diesel
generators.

The most direct alternative is a battery energy storage system
(BESS). Flywheels offer several advantages over chemical
batteries for grid-scale short-term (seconds to minutes)
energy storage. A FESS does not degrade or lose capacity
over time, which allows for millions of charging cycles. The
system contains no chemical hazards and has better shortterm cycle efficiency and better peak response time. While
BESS cells degrade and must be replaced every 5 to 10 years,
a FESS is designed to operate for 20 years before requiring a
major overhaul. As a result, a FESS generally offsets higher
upfront costs by being cheaper to operate over time6. A FESS
can supply or absorb real power to stabilize system frequency,
and supply or absorb reactive power to control grid voltage.

The concept of using a rotating mass (flywheel) to store
kinetic energy is well established, from its use historically in
the invention of the potter’s wheel, to its current application
in every internal combustion engine. Coupling a flywheel
to an electric motor-generator allows the conversion of
electricity into stored kinetic energy, and back. During
FESS charging, an electric motor is used to accelerate the
flywheel to higher rotational speed. During discharge, kinetic
energy stored in the flywheel is used to drive the motor as a
generator to produce electricity. Energy stored in the flywheel
is unavoidably lost over time due to friction, limiting storage
duration. A modern FESS maintains the flywheel in a vacuum
and utilizes magnetic bearings to minimize drag and friction
loss. Control systems determine when and how the FESS is
charged and discharged, such that the system functions as a
“black box” that electricity may be directed to or drawn from.
In this way, the FESS is analogous to chemical energy storage
in batteries, with advantages and disadvantages.
Historically, flywheel energy storage has been used in Alaska
to reduce the negative impact of heavy machinery on grids.
In 1982, the Usibelli Coal Mine in Healy, Alaska, installed
a flywheel that functioned as a “peak shaver” to mitigate
the detrimental effects of the walking dragline on the local
electrical grid. The dragline pulled 6 MW of power during
start-up and regenerated 2 MW when unloaded, disrupting
power quality on the Golden Valley Electric Association grid.
The installed flywheel was capable of 5.2 MW of peak power;
it reduced the grid fluctuation to 0.5 MW and eliminated
issues for other customers4.
Recent FESS applications seek to use flywheel energy storage
to stabilize power during high use of variable renewable
power generation. In May 2015, Beacon Power announced an
agreement with Chugach Electric Association to supply a 320
kW FESS for integration with existing electrochemical battery
energy storage. The project will be installed at an Anchorage
substation and tested to determine if energy storage can be
scaled up to increase renewable utilization along the Alaska
Railbelt region5.

Flywheels fall short of batteries in efficiency when energy
must be stored over the medium term (hours). Despite
the flywheel being maintained in a vacuum and the use of
magnetic bearings, a FESS undergoes small frictional losses
that reduce “charge” over time. Additionally, electricity is
consumed by auxiliary systems running the vacuum pump
for the containment and cooling systems of the generator
and drives. When sizing an energy storage system, an
economic analysis must include a consideration of the impact
of flywheel auxiliary power consumption versus battery
temperature-control power consumption for the particular
application. A performance comparison of FESS and lead acid
and lithium-ion BESS technologies is shown in Table 1. FESS
and BESS Performance Comparison7,8.
Table 1. FESS and BESS Performance Comparison7,8
Metric

Units

FESS

Lead Acid

Li-Ion

$/kWh

1000–5000

200–400

600–2500

Wh/kg

5–100

25–50

75–200

Wh/L

20–80

50–90

200–500

$/kW

250–350

300–600

1200–4000

Power

W/kg

400–1500

75–300

150–2000

W/L

1000–5000

90–700

1300–10,000

SelfDischarge
Rate

%/min

2.5

.004–.012

.004–.012

%/day

100

.1–.3

.1–.3

80–90

75–90

65–75

Cycles

10 –10

250–1500

600–1200

Years

15–20

3–15

3–10

Energy

Efficiency
Lifetime

4
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Although not directly addressed in this project, Hatch
identifies the future opportunity for complementary
implementation of both a BESS and FESS. In such a scenario,
batteries provide medium- to long-term storage capacity
for extended diesel-off operation. A FESS provides a high
ramp rate, frequency, and reactive power control, sparing the
batteries the brunt of the cyclical loading that is detrimental
to their longevity.
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Project Summary

System Testing

This project was completed in three phases, each furthering
the development of flywheel energy storage for use in remote
and islanded wind-diesel power generation systems:
• Phase 1 – Model development based on real-world data
and predictable impact of a FESS on the grid.
• Phase 2 – Design of FESS controls (hardware and software) and grid tie inverter.
• Phase 3 – Testing of the integrated flywheel and control
system in a laboratory under experimental and simulated
real-world scenarios.

Testing data evaluated in this report were collected during
Phase 3 at the ACEP Power Systems Integration Laboratory at
UAF. Successful use of energy storage technologies requires
the development and optimization of control systems specific
to wind-diesel generating systems. The controller in this
system is capable of millisecond control resolution to ensure
the stability of the microgrid. The control system seeks to
minimize diesel fuel consumption by using load and wind
predictions based on historical data. Fast control of active and
reactive power is used to maintain grid voltage, frequency,
and power angle stability. Additionally, the system is rated
for four-quadrant operation in real and reactive power flows.
The FESS supplies or absorbs real power to stabilize system
frequency, and supplies or absorbs reactive power to control
grid voltage. The control system may also be expanded to
allow complementary operation of both battery and flywheel
storage systems, prolonging battery cell life and decreasing
the sizing requirements of both systems. Ultimately, the
aim of this work is to develop the FESS towards the goal of
optimizing utilization of wind resources to offset fuel costs,
reduce carbon emissions, and reduce diesel generator wear.

In Phase 1, high-resolution power generation data from
Nome, Alaska, were used to characterize the grid system and
develop a model that could be used to predict the impacts of
introducing a FESS and quantify potential economic impacts
of increased wind penetration. In Phase 2, the FESS control
software and hardware were designed, based on the results
of the Phase 1 studies. This effort included implementing a
grid-tied inverter to integrate the DC flywheel system into
the AC grid. In Phase 3, laboratory testing of the integrated
flywheel and control system was completed. At the ACEP
Power Systems Integration Laboratory at UAF, testing was
performed to verify the model from Phase 1, assess the
control system developed in Phase 2, and evaluate the overall
robustness of the FESS and its application in wind-diesel
microgrids. This testing confirmed the performance of the
FESS and its interface with the AC grid under simulated realworld conditions.

ACEP performed independent analysis of the data sets
generated during the laboratory testing completed in Phase
3. The FESS was instrumented for voltage, current, and
frequency on the AC side of the grid tie inverter, as shown in
Figure 1. PSI flywheel testing and data collection schematic.
The flywheel speed was also measured to monitor the FESS
state of charge. Flywheel operation was quantified based on
these data channels, listed in Table 2.

Figure 1. PSI flywheel testing and data collection schematic
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Figure 2. Hatch FESS front (left) and rear (right)

A Williams Advanced Engineering flywheel rated at 200 kW
peak power (3-phase) and 1.4 kWh capacity was used in this
project. The system used an advanced magnetically loaded
composite (MLC) rotor. This material reduced eddy current
losses and heating in the rotor, resulting in efficient operation
and allowing continuous deep cycling without reduction
in performance or service life1. Relevant specifications of
the flywheel used in this study are presented in Table 3.
The Hatch FESS installed in the Power Systems Integration
Laboratory is pictured in Figure 2.

Units

System
Motor Generator
Input Requirements
Output Capabilities
Flywheel Operating
Speed

Table 2. Hatch FESS Instrumentation
Measurement

Table 3. Hatch FESS Specifications

Temporal
Resolution
[sample/s]

AC Power (3 phases)

[W]

120

AC Voltage (3 phases)

[V]

120

AC Current (3 phases)

[A]

120

AC Frequency

[Hz]

120

State of Charge

[rpm]

2000

Stored Energy
Discharge Power

Williams MLC200 Flywheel
High-speed permanent magnet brushless DC
450 VDC minimum
5 A minimum
570–900 VDC adjustable
5 ms response to full load
460 to 600 Hz (27,600 to 36,000 RPM)
14.3 MJ (4.0 kWh) max kinetic energy
5.4 MJ (1.4 kWh) usable charge energy
200 kW max (26 s duration)
48 cycles per hour

Cycling Capacity

1150 daily charge-discharge cycles for
20 years
10,000,000 lifetime charge-discharge
cycles

5
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The system is reported to have an energy density of 9 Whr/kg
(consistent with values in the literature) and power density of
3000 W/kg (exceeding values in the literature)1.
The Power Systems Integration (PSI) Laboratory provides a
controlled environment for a broad range of product testing,
including power control technologies, in an environment
capable of closely mimicking real-world conditions. The
laboratory’s unique capabilities include the following:
• 100 kW wind turbine simulator (VFD-controlled 3-phase
480 VAC 60 Hz input motor coupled to a 3-phase 480
VAC 60 Hz output induction generator)
• Energy storage power converter (160 kVA 480 VAC 60
Hz 3-phase)
• MATLAB/Simulink model of diesel generator, inverter,
battery and primary loads
• Ability to connect with the diesel testbed to test various
arrangements of distribution
• Grid models and interoperability scenarios
• Programmable reactive load banks to simulate actual
village or industrial loads (250 kW 208 VAC 3-phase and
250 kW 480 VAC 3-phase)
• Lead acid battery bank (336 VDC, 1000 Ah)
• Distributed control system
• High-resolution data acquisition equipment
For this study, the PSI lab simulated an islanded wind-diesel
grid at scale by using a 320 kW diesel generator, 100 kW wind
turbine simulator, and two 250 kW variable load banks. The
load banks and wind turbine simulator were controlled to
follow experimental test protocols and real-world historical
load and wind profiles.

Technical Evaluation
More than 80 tests were performed on the Hatch FESS.
These tests were used to evaluate and adjust system
parameters to optimize the FESS response to various grid
conditions. System tuning and testing included block load,
step load, ramp load, and frequency changes. The system also
demonstrated four-quadrant reactive power operations.

Charge-Holding Performance
The energy stored in a FESS is slowly depleted over time due
to small frictional forces on the flywheel. To maintain a set
level of charge, the FESS must consume a small amount of
power to offset the energy lost to internal friction. A series
of tests evaluated the specific efficiency and charge-holding
capacity of the Hatch FESS. Figure 3. Power consumption
to maintain charge at various states of charge shows the
flywheel charge level and power draw during one of these
6

tests. The flywheel was held at a series of charge levels
for several minutes each. The system was also allowed to
decelerate naturally during the middle of the test to evaluate
the self-discharge rate due to frictional losses in the system.
The FESS power consumption was averaged during each of
the charge-holding periods, shown by magenta lines in the
lower panel of Figure 3. The FESS required approximately
4 kW of power from the grid to maintain a set charge level,
with a slight increase in consumption at higher charge levels
(flywheel speeds).

Rundown Performance
The charge loss rate of the FESS is the rate at which internal
friction depletes the energy stored in the flywheel. In the
charge-holding performance test sequence, the flywheel
was left unpowered for approximately 6 minutes, starting at
roughly the 25-minute mark in Figure 3, to allow observation
of the self-discharge rate of the flywheel without externally
supplied power. Figure 4 shows this self-discharge region.
The linear regression indicates a self-discharge rate of
approximately of 2.1 kW, which equates to 2.5% charge level
per minute. This test demonstrated the expected loss of
stored charge when the FESS is unpowered. A fully charged
system is expected to lose all usable charge in approximately
40 minutes without external power. This performance is
consistent with the literature.

Electrical Efficiency
Energy storage system efficiency refers to the percentage of
electrical energy charged into the system that is discharged
back to the grid. The FESS was tested through five full
discharge and charge cycles at five different power levels to
test the full range of round-trip electrical efficiency. These
tests were performed at power levels ranging from 10 kW to
200 kW. Example data from the 50 kW power level test are
shown in Figure 5. In each test, the FESS was brought up to
full charge level and then discharged to minimum charge
level at the specified power. The system was stabilized at the
minimum charge level and charged to full rated capacity at
the specified power.
The experimental round-trip electrical efficiency of the
FESS was calculated by isolating the discharge and charge
events, identified by the dashed lines in Figure 5. For each
power level, the electrical efficiency was calculated as the
total discharge energy divided by the total charge energy:

Composite Flywheels for Energy Storage

Figure 3. Power consumption to maintain charge at various states of charge

This calculation isolates the charge and discharge performance, but is not representative of the electrical efficiencies that may be
expected in real-world FESS operation. The difference between isolated charge/discharge efficiency and aggregate test efficiency
is demonstrated in Figure 6, which plots the efficiency during isolated charge/discharge events along with the efficiencies
observed over the entirety of each test. The full test efficiency accounts for the energy required to maintain charge levels for an
arbitrary time between charge and discharge events.
The energy balance and calculated electrical efficiencies for the five tests are compiled in Table 4. Low power levels require
longer charge and discharge durations, which increases the total energy lost to friction and decreases efficiency. High power
levels lose more energy to resistive losses in the motor/generator.
Table 4. Charge/Discharge Test Data
AC Power Level [kW]
10

50

100

150

200

Charge Electrical Energy In

[kW-hr]

1.81

1.20

1.13

0.963

0.897

Discharge Electrical Energy Out

[kW-hr]

0.732

0.954

0.970

0.814

0.820

Charge/Discharge Cycle Efficiency

[%]

40.5%

79.8%

86.0%

84.6%

91.4%

Full Test Energy In

[kW-hr]

2.07

1.66

1.60

1.79

1.76

Full Test Energy Out

[kW-hr]

0.733

0.959

0.981

1.02

0.973

Full Test Electrical Efficiency

[%]

35.4%

57.9%

61.5%

56.7%

55.2%

Aggregate FESS Efficiency
Laboratory testing used the FESS in a variety of operations that were not necessarily representative of real-world operations.
However, the total performance of the FESS over many different tests gives a conservative estimate of aggregate performance
in the long run. Over the entirety of the test data analyzed by ACEP, the flywheel completed 10.3 hours of testing. The total
aggregate energy into the FESS was 88 kWh, and total aggregate energy output of the FESS was 38 kWh, which equates to
an average efficiency of 44% and average power consumption of 4.8 kW. Note that the majority of the tests were focused on
characterizing and tuning FESS behavior, and are not representative of real-world operation.
7

Emerging Energy Technology Fund

Figure 4. Discharge without charge
maintenance power

Figure 5. Example of 50 kW full-cycle
efficiency test

Power Quality Impact
Electronic devices are designed to use electricity of a specific voltage and frequency. Abrupt changes in load or generation on a
small grid can cause detrimental fluctuations in the voltage and frequency, causing reduced power quality and negative impacts
on the operation of electric devices. The high ramp rate capability of the FESS allows it to compensate for abrupt changes in both
generation and load, enabling mitigation of the power quality reduction typically associated with these events.
The unique capabilities of the PSI Lab enabled testing of the Hatch FESS under simulated real-world grid conditions at scale.
8
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Real wind and load profiles were imposed on the FESS, and tuning parameters were adjusted successively through four identical
tests (labeled Tuning #1–4 in Table 5) to improve system impact on power quality.
Frequency impact on power quality may be quantified in several different ways. The extremes of frequency fluctuation, the
variability of the frequency, and the total time integration of unacceptable frequency values capture different qualities of
frequency behavior. These metrics, compiled for the five tests that used ACEP’s real wind and load profiles, are shown in Table 5,
where F-cycle is the total time integration of frequency outside a ±0.5% band of nominal 60 Hz.
Table 5. ACEP-Provided Real-Wind/Load Profile

Average Flywheel Power

[kW]

Baseline

Tuning #1

Tuning #2

Tuning #3

Tuning #4

-

-3.91

-4.00

-3.91

-3.96

Test Electrical Efficiency

[%]

-

0.8%

16.0%

14.9%

18.2%

Frequency Min

[Hz]

58.80

59.00

59.00

59.20

59.20

Frequency Max

[Hz]

60.55

60.32

60.36

60.38

60.24

Frequency Range

[Hz]

1.75

1.32

1.36

1.18

1.04

Improvement

[%]

-

24.6%

22.3%

32.6%

40.6%

Frequency Std. Deviation

[Hz]

0.077

0.074

0.071

0.070

0.052

Improvement

[%]

-

4.3%

7.7%

9.3%

33.1%

[Hz-s]

88.1

56.6

67.2

59.2

28.8

[%]

-

35.8%

23.8%

32.8%

67.4%

F-cycles
Improvement

Figure 6. Round-trip full cycle efficiencies

Final tuning resulted in a 41% reduction in frequency range, 33% reduction in frequency variability (standard deviation), and 67%
reduction in frequency cycles outside ±0.5% of 60 Hz.
Data from Tuning #4 in Table 5 are plotted in Figure 7. Figure 7(a) shows the flywheel power flow, Figure 7(b) shows the flywheel
charge level, and Figure 7(c) shows the AC frequency for the final tuning scenario. The frequency data from the baseline test
scenario without flywheel compensation are plotted in Figure 7(c) behind the FESS compensated frequency data. This figure
shows the reduction in variability of grid frequency accomplished with flywheel compensation.
9
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Figure 7. FESS test data using ACEP Nome real wind/load profile:
(a) Flywheel Power, (b) Flywheel Charge Level, (c) AC Frequency

Findings and Conclusions
The Hatch FESS seeks to offer stability and increased use of renewable energy in isolated wind-diesel microgrids. Meeting these
goals requires the system to operate with a positive impact on power quality and with minimal parasitic load on the grid. Testing
completed at the ACEP Power Systems Integration Laboratory indicated that the system could be fully charged and discharged
with round-trip electrical efficiencies as high as 91%. However, due to internal frictional losses, the system required power to
maintain charge level over time. Laboratory testing showed that the system must draw approximately 4 kW from the grid to
maintain charge level. This testing also showed that, should the flywheel be disconnected from the grid, it would lose charge
level at the linear rate of approximately 2.5% (2.1 kW) per minute. Over the course of all ACEP testing, the FESS averaged 4.8 kW
10
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power consumption and an aggregate electrical efficiency of 44%. The results of this analysis are based solely on data collected
on the AC side of the flywheel inverter during laboratory testing; they do not include data on auxiliary system losses and may
differ from manufacturer specifications.
Testing of the FESS under simulated real-world conditions based on historical data revealed the impacts that the system
could have on grid frequency. The most successful tuning test realized a 40% reduction in frequency range, a 33% reduction
in frequency variability (standard deviation), and a 67% reduction in frequency cycle outside ±0.5% of 60 Hz. These grid
stabilization capabilities would allow the use of highly variable wind energy generation and load demands, with reduced
detriment to grid frequency and power quality.
While economic analysis of the FESS was not included in this project, economic analysis of grid storage on wind-diesel systems
can be found in the literature. A study by the Technishe Universitat Darmstadt and University of Alaska Fairbanks simulated the
impact of energy storage for the islanded grid of Nome, Alaska, and estimated the resulting reduction of diesel consumption.
The simulated system included multiple flywheel energy storage systems in parallel with 959 kW power and 58 kWh storage
capacities. The simulations showed that significant reductions in diesel fuel consumption were possible during periods of
medium to high penetration of wind, with zero to minimal increase in diesel consumption during periods of little to no wind. The
simulated scenarios predicted a reduction of 2800 to 3600 liters per week in diesel consumption during “high” wind periods
and a reduction of 1200 to 2200 liters per week in diesel consumption during “lower” wind periods. The study suggests that load
smoothing provided by a FESS may relieve generators from high dynamic load changes, reducing generator wear and extending
service life9.
Flywheel energy storage is uniquely suited for grid-scale energy storage during periods of high renewable penetration. The
technology’s deep-cycle capabilities, fast response time, and high power flows allow mitigation of renewable generation’s
detrimental impacts on grid reliability and power quality. High up-front capital costs, significant parasitic loads, and charge decay
suggest that a FESS may be best implemented as a short-term energy storage component in a hybrid energy storage system.
Medium-term energy storage is better accomplished with electrochemical battery energy storage. The control systems and
knowledge developed in this project will promote the installation of FESS in real-world microgrids with the ability to improve
wind utilization, diesel efficiency, and power quality.
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