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1.0 Executive Summary

Hawaii is an island state that relies heavily on imported fossil fuels to meet its energy needs. In
2008, Hawaii imported 42.6 million barrels of petroleum to meet 90% of its energy demand in all
sectors, and was the most petroleum dependent state in the nation. In 2008 this cost the state
approximately $8.4 billion each year, which was approximately 13% of the Gross State Product.
Most of the imported oil is used for transportation fuel and approximately 30% is used to
generate electricity.

Hawaii’s dependence on oil makes the State vulnerable to disruptions in supply. Further, the
volatility in oil prices translates into volatility in electricity prices. Asoil pricesincrease, Hawalii
consumers face increases in energy prices as well as the price of most basic goods and services
that are imported into the state and shipped between islands. High-energy prices also challenge
the competitiveness of Hawaii’ s tourism industry, which is akey sector in the State’ s economy.

In October 2008, the Hawaiian Electric Companies entered into an Energy Agreement with the
State of Hawaii and the U.S. Department of Energy as part of the Hawaii Clean Energy
Initiative. This initiative puts Hawaii on the path to generate 40% of its electricity from
renewable resources by 2030. Hawalii is aready near the top in the nation in the use of
indigenous renewabl e energy resources relative to the State's total electricity production. As part
of this agreement, aggressive renewable portfolio standard (RPS) goals were established that
ultimately require 40% of Hawaiian Electric utilities’ electricity to be generated from renewable
sources by 2030 (10% by 2010, 15% by 2015, and 25% by 2020), which is one of the highest
standards in the country. A cornerstone of this agreement is Hawaiian Electric’s commitment to
integrate 400 MW of wind power located on the islands of Molokai and/or Lanal that could be
transmitted to the load center on Oahu through an undersea cable system, known as the “Big
Wind” projects.

Integrating 400 MW of variable energy resources into the Oahu electrical system required an in-
depth analysis to: 1) determine the viability of the Oahu system to accept the wind energy, 2)
evaluate benefits of the project to the Oahu system, 3) identify potential impacts to the system
reliability, and 4) evaluate strategies to improve system performance. Studies of this nature
utilize sophisticated modeling tools to analyze performance of an electrical system through
production cost and system dynamic simulations.

Results of this study suggest that 400 MW of off-island wind energy and 100 MW of on-island
wind energy can be integrated into the Oahu electrical system while maintaining system
reliability. Integrating this wind energy, along with 100 MW of solar PV, will eliminate the
need to burn approximately 2.8 million barrels of low sulfur fuel oil and 132,000 tons of coal
each year. The combined supply from the wind and solar PV plants will comprise just over
25% of Oahu’s projected electricity demand.



1.1. Background

Hawaiian Electric Company (HECO) is an investor owned utility serving the energy needs for
the idand of Oahu with approximately 295,000 customers. Annua energy production is
approximately 8000 GWh and system load typically ranges from a peak of 1200 MW to a
minimum of 600 MW. The total generating capacity of the system is 1756 MW comprised of
HECO owned generating units and independent power producers (IPPs), primarily fossil-fueled
units.

Hawaiian Electric operates three power plants on the island of Oahu with atotal of 17 generating
units. These include (8) baseload steam units, (6) cycling steam units, and (3) three peaking
combustion turbine (CTs) units. The steam units burn low sulfur fuel oil (LSFO); two CTs burn
diesel fuel and one CT burns biofuel. The IPPs provide baseload energy, which includes: 1) a 46
MW city-owned waste-to-energy unit (HPower), 2) a 180 MW coal-fired unit (AES), and 3) a
208 MW L SFO-fired combined cycle unit (Kalaeloa). The baseload units operate continuously
throughout the year except during maintenance outages. HECO-owned cycling units are
committed daily to meet system demand and typically shut down following the evening peak.
Peaking units are committed as required to meet system demand during system peaks and
contingencies.

Starting in January 2009, the Hawaii Natural Energy Institute, the Hawaiian Electric Company,
and the General Electric Company jointly developed and validated detailed, state-of-the-art
power systems models of the Oahu electrical system to study the impacts of integrating the “Big
wind” projects. Different models were developed to analyze various time scales of system
operation ranging from seconds, to hours, to weeks, over an entire year of operation. These
models were used to assess specific high wind power scenarios, identify the potential challenges
of integrating large amounts of wind power, and assess potential solutions to these challenges.

The Department of Energy (DOE), the Hawaii Natural Energy Institute (HNEI), and the
Hawaiian Electric Company (HECO) provided funding for the Oahu Wind Integration Study. In
addition to GE, HNEI and HECO, the project team included AWS Truepower, who provided
wind power and wind forecast data, and the National Renewable Energy Laboratory, who
provided wind and solar power data and validation of these data. The National Renewable
Energy Laboratory aso sponsored a Technical Review Committee (TRC), which was assembled
five times during the project. The TRC consisted of technical experts from both industry and
academia that brought experience from similar projects from around the world. The TRC
provided oversight, guidance, and assessment of the work performed in this study.

Simulations of the Oahu system were performed for the year 2014. Inputs such as system load,
unit heat rates, fuel prices, planned unit maintenance, forced outage rates, etc. were based on
forecasts provided by HECO. The wind plants located on Molokai and Lanai were electrically
connected to Oahu via a High Voltage Direct Current (HVDC) cable system (see Figure 1-1).
These wind plants were not connected to the local island loads. New, on-island resources were
also modeled including 100 MW of wind power and 100 MW of combined centralized and
distributed solar photovoltaic (PV) power.
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Figure 1-1. Illustrative schematic of the Oahu, Molokai, and Lanai interconnection.

Different wind power scenarios were developed by the project team and were analyzed using the
modeling tools. For each scenario, these models were used to identify system performance and
operating characteristics such as unit commitment and dispatch, wind energy delivered, fuel
consumption, total variable cost, thermal unit ramping, system frequency performance during
transient system events, and system frequency performance during variable wind events.
Following these assessments a number of potential strategies were simulated to improve system
performance (i.e., increase wind plant capacity factors, improve system reliability, and improve
system efficiency).

Three primary wind scenarios were eventually considered; each examining a staged approach of
integrating wind power on the Baseline 2014 Oahu system, as presented in Table 1-1. Scenarios
#2 and #4 were removed from the study by combining resources and strategic planning and
execution of the study. This allowed the project team to focus on the three scenarios below.

Table 1-1. Oahu Wind Integration Study Scenario

. . Wind Solar PV
Scenario Title - -
Oahu | Lanai |Molokai| Oahu
Baseline 2014 Baseline
Scenario#1 | “BIOWInd" | qoomw | - - 100MW
Oahu only

Scenario#3 | BIgWind” 1 100mw | s00Mw | - 100MW

Oahu + Lanai only

_ “Big Wind”
Scenario #5 Oahu + Lanai + | 100MW | 200MW | 200MW | 100MW
Molokai

The study began with Scenario 5 to determine the effects of integrating 400 MW of total wind
energy from the islands of Lanai and Molokai to Oahu. Scenario 5 was selected first because it
would push the limits of both the simulated system as well as the modeling tools. In Scenario 3,
400 MW of wind energy from the island of Lanai was integrated into the Oahu system. Finadly,
Scenario 1 studied the Oahu system prior to the integration of any off-island wind energy.

The 100 MW of solar PV was deployed in each scenario primarily to evaluate its impact on wind
energy delivered to the Oahu system. Many of the solar PV installations across the island will be



much smaller in size relative to the wind plant resources evaluated. These smaller, distributed
solar PV resources are interconnected to the distribution system whereas the analyses in this
study focused exclusively on the transmission system to evaluate system-wide impacts
associated with the balancing of generation and load. A comprehensive study of both the
distribution and transmission system is required to analyze effectively the system-wide impacts
of integrating high levels of solar PV resources on Oahu. Also, note that the historical data
necessary to conduct a comprehensive solar integration study for the Oahu system does not exist,
and must be devel oped.

In paralel with this effort, the Hawaiian Electric Company performed a number of internal
studies to support the “Big Wind” projects. These include studies to improve generating unit
capabilities, an assessment of the Energy Management System (EMS), assessments of its load
control programs, and on-island transmission infrastructure studies. Other project teams
undertook a number of large technical studies centered on the undersea cable system, including
undersea topography and routing options, converter system configuration and technology
assessments, and project cost estimates. The results presented in this report consider the
conclusions and recommendations of many of these studies, where applicable.

1.2.  Study Approach

Over the past decade, GE Energy Consulting has conducted wind and solar integration studies
for electrical systems around North America. Most recently, these include the New England
Wind Integration Study and the Western Wind and Solar Integration Study. A summary of the
levels of renewable energy studied in each effort is provided in Figure 1-2. The wind integration
studies for the islands of Hawaii posed challenges in addition to those associated with integrating
high levels of wind power because of the unique characteristics of island electrical systems. The
frequency of a North American power system will be maintained at exactly 60 Hz if the supply
of and demand for electricity is perfectly matched in aregion. If imbalanced, the frequency will
begin to deviate from 60 Hz. Even without the integration of these renewable resources,
frequency on an island electrical system tends to vary more than large electrical systems because
the system is not interconnected with other power systems. With no electrical interconnection to
neighboring systems, each island must manage its system frequency independently. To maintain
adequate system performance during unexpected grid events, the spinning reserve requirement
for the island of Oahu is 180 MW. This means that at least 180MW of power can be made
available from the units already on-line (by increasing the production from these units) should an
event take place. This provides sufficient power should the largest plant, AES, unexpectedly
disconnects from the system.
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Figure 1-2. Renewable Integration Studies conducted by GE

Another characteristic of an island system is the significance that each generating unit can have
on overall system performance. Therefore, characteristics of the Oahu electrical system dictate
the design criteria of the generating units. For example, it is common to see generating plantsin
North America in the 1000 MW size or larger, to leverage the economies of scale. This is
possible because the size of the electrical system does not generally impose design constraints on
generating units. In the western region of the continental United States, referred to as the
Western Electricity Coordinating Council (WECC), the peak load is greater than 150,000 MW.
This peak load is more than 100 times larger than the Oahu power system. The loss of a 1000
MW unit in the WECC region is a small percentage of this region’s generation and has a small
effect on the system frequency deviation. Now consider the Oahu system, where the single
largest unit isthe AES coal plant, rated at 180 MW. This single unit provides anywhere from 15
to 30% of the Oahu system load, and typically is the reason for system operating policies and
maintenance scheduling. These unique system characteristics made it necessary to capture
accurately, 1) the dynamic capabilities of each generating unit, 2) the unique operational
characteristics of the system, and 3) performance of automatic generation controls (AGC), the
controller that schedules and dispatches each unit to maintain system stability from seconds to
minutes to hour timeframe.

The Oahu Wind Integration Study was conducted in two phases. In Phase 1, the system models
were developed and simulation results were validated against historical data from 2007, for both
production cost and dynamic simulations. In Phase 2, different wind energy scenarios were
constructed and system operation was simulated for the study year. These scenarios included
different configurations of wind resources (as listed in Table 1-1) and simulations of various
strategies to; 1) increase wind energy delivered to the system, 2) reduce system operating cost, or
3) improve system reliability. The initial scenario analysis (Scenario 5) was quite extensive,
requiring multiple iterations of production cost simulations, analyses of results, and
modifications to assumptions to ensure reasonable operation of the system. Once production
cost modeling results were deemed reasonable, dynamic modeling tools were used to identify
hours of the year to simulate contingency events and conduct analyses of the impact of wind
variability and uncertainty on the system.



1.3. Challenges of operating Oahu’s system with high levels of wind power

Large-scale wind power presents several potential challenges for operating a power system,
particularly small island grids like the Oahu electrical system. This section describes some of
these challenges and begins by discussing operation of the baseline system without any
substantial variable renewable energy generation. Figure 1-3 illustrates the system load profile
for a typica week for the Oahu system in a future year without any large wind or solar PV
projects.
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Figure 1-3. An example of operation for the Baseline 2014 Oahu power system

The graph shows the system load at a given point in time and the colors depict the dispatch of
generating units to meet the load. The load profile of Oahu is characteristic of a residential
customer base as tourism has a strong influence on the commercial sector. As such, system load
does not deviate much from its profile. The system minimum load typically occurs from 10pm
to 6am. The system day peak occurs between 12pm and 1pm and load remains relatively
constant until the night peak between 6pm and 7pm.

Generating units are characterized by three modes of operation: baseload, cycling and peaking.
The basdload units are generaly the largest and least-cost units to operate and remain online
continuously throughout the year. These units are economically dispatched to meet system load.
In Figure 1-3 the baseload units are situated at the bottom of the figure and consist of the
Kalaeloa Combined Cycle plant, AES steam plant, and Kahe and Waiau reheat steam units. A
small amount of baseload energy is provided by HPower (waste to energy), Honua (gasification)
and OTEC (Ocean Thermal Energy Conversion). Honua and OTEC are not presently in
operation, but were assumed to be in this future study year.

Cycling units are smaller, non-reheat steam units. The cycling units are committed and
shutdown daily to meet system demand and typically provide system up-reserves. The blue area
represents cycling unit generation. The three peaking units are combustion turbines. These units
are fueled by diesal fuel (Waiau 9 and Waiau 10) and biofuel (CIP-CT1). Four customer-owned
diesel units can also provide peaking service. Peaking units are characterized as fast-start
generation and are committed to meet peak demand and for system emergencies.

The baseload plants remain online consistently and respond to a reduction in demand (load) in
the off-peak period by reducing their power output. Each unit has a limit on how low it can



reduce its output, while remaining in a stable operating state. Similarly, each unit has limits on
how quickly it can adjust output (up or down) to meet changes in the demand (known as ramp
rate limits). In the baseline system without wind power, some of the power plants reach their
minimum operating constraints during the off-peak period. The variation in load (demand) does
not challenge the capability of the units to change output (ramp up or down). Figure 1-4
contrasts the situation with alarge amount of wind power added to the system.
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Figure 1-4. An example week of operation for the Oahu power system with 500 MW of wind power
and 100 MW of solar power (Scenario 5)

Figure 1-4 shows a simulation for the same period of time as that shown in Figure 1-3 with the
addition of 500 MW of wind and 100 MW of solar power. The light green area represents the
wind energy delivered to the system and the yellow area represents the solar energy delivered to
the system. In this smulation, the renewable resources were added to the baseline system
without incorporating any strategies or modifications to system operation. The system cannot
accept all available wind energy during the system minimum load periods so excess wind energy
is curtailed as represented by the grey shaded area. During the periods of wind curtailment, the
thermal units are operating at a very low power output. Later in the report, the study results will
show that more wind energy can be accepted by the system if operational strategies are
implemented.

The study also analyzed the variability of these renewable resources and its impact on the
system. Figure 1-5 illustrates a significant change in wind power output on the third day of
another week.
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Figure 1-5. An example week of operation for the Oahu power system with 500 MW of wind power
and 100 MW of solar power (Scenario 5)

This figure shows simulated operation during the week with the largest drop in wind power
output over one hour, during the one-year study period. The magnitude of the wind power drop
is over 300 MW. In this example, sufficient up-reserve capacity was available on-line and
system operators would start peaking units (shown in red) to counter the loss of wind power.
This particular event was a long, sustained drop in wind power that did not result in a system
frequency deviation due to reserve capacity already online and generation that could be brought
online quickly. The analysiswill be described later in the Executive Summary.

The study also evaluated system performance for faster, short-term wind ramp events as well as
contingency events that are more typical of classical power system analyses. The remaining
sections of this summary describe the key results from this analysis and the technical report
contains the full details of these assessments.

This section summarized some of the fundamental concepts in power system operation to help
orient the reader with the challenges of operating a power system with a large amount of wind
power. The examples described were intended to provide the reader with some background to
help understand the technical and operating strategies selected by the study team to mitigate the
challenges from wind power described above.

1.4. Wind energy can supply nearly 25% of Oahu’s energy needs

The results from this study suggest feasible operation of the Oahu power system with high levels
of wind and solar power (26% by energy, 50% nameplate relative to peak load), provided the
strategies modeled in the study are implemented. This section will present system metrics, such
as annual energy production, variable cost, and fuel consumption, which quantify the impact of
the wind power additions to the mix of generation and operating costs. Subsequent sections will
describe the proposed modifications in more detail.

Figure 1-6 shows the annual generation by unit and fuel type for each scenario with the full

complement of operational modifications and strategies. The figures quantify how the addition of
wind and solar PV to the Oahu system displaced generation from the fossil-fueled units.
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Figure 1-6. Share of annual energy production by fuel and unit type for each scenario.

Scenario 1 shows that adding 100 MW of wind and 100 MW of solar PV on Oahu can provide
7% of the annual energy and primarily displace generation from the Waiau and Kahe baseload
units. The additional energy from wind and solar plants decreased the output from cycling units
and I1PP baseload units (AES coa plant and Kalaeloa Combined Cycle plant) but the relative
decrease was smaller. The previous figures (Figure 1-3, Figure 1-4, and Figure 1-5) illustrate the
displacement of thermal energy with wind and solar energy. During off peak hours, Kahe and
Waiau baseload units, and the Kalaeloa and AES plants typically decrease their output, as wind
energy is available. The units will continue to reduce their output until the units reach their
minimum power level, respecting the down-reserve requirements of the system. The down-
reserve is required to maintain unit stability during a loss-of-load contingency event. This will
help to ensure that the unit does not operate below its stable operating power during typical loss-
of-load events.

A similar pattern can occur during the daytime and peak hours. When wind and solar power is

available, output from the thermal units will decrease until these units reach their minimum
acceptable operating level, respective of the required down-reserve.
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In Scenarios 3 and 5, the addition of off-island wind power increased the annual generation from
wind and solar power to over 25%. The figures for these scenarios show that this new generation
primarily offsets generation from the Kahe basel oad units with smaller reductions in output from
the Waiau units, cycling units, AES coal plant, and Kalaeloa CC plant. In aggregate, comparing
Scenarios 3 and 5 to the baseline shows that the addition of 600 MW of new wind and solar PV
generation primarily displaces oil-fired generation from the HECO-owned baseload and cycling
units. Generation from AES and Kaaeloa decreases only dlightly because these plants are
typically the lower-cost plants on the Oahu grid. It is important to note that these results are
sensitive to the fuel prices assumed in the study. It should also be noted that CO; pricing is not
considered in these analyses. Changing fuel price assumptions and adding price associated with
CO, emissions could affect the relative order of substituting thermal generation on the system.

The simulation also quantifies the amount of fossil fuel energy displaced by the wind and solar
projects. The total fuel energy reduction between the Baseline 2014 case and the scenarios is
shown in Figure 1-7. Note that the energy from HPower, Honua, and OTEC was assumed
unchanged across all scenarios, and was therefore excluded from the comparison.
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Figure 1-7. Total annual fuel consumption by Scenario.

Figure 1-7 represents the total fuel energy for each scenario. The difference in total fuel energy
between the Baseline 2014 scenario and Scenario 5, with the suggested system modifications, is
~20 million MMBtu per year, which is comprised of nearly 2.8 million barrels of oil plus
132,000 tons of coal per year. The figure aso shows most of the fuel savings is due to the
reduction in fuel oil consumed by the Kahe and Waiau basel oad units.

The reduction in annual variable cost is considered next. The total annua variable cost is
primarily driven by fuel costs. Start-up and the Operations and Maintenance (O& M) expenses
for each unit were also considered in this study, but were generally small in comparison to the
fuel component. The variable costs used in this graph exclude the cost of the wind and solar
energy supplied to the system. Figure 1-8 shows the results for total annual variable cost in
different scenarios (relative to baseline).

12
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Figure 1-8. Total annual variable cost of operation.

The figure shows that the first 200 MW of wind and solar power on Oahu (Scenario 1) decreased
total annual variable costs by approximately 10%. The addition of the off-island wind plants in
Scenarios 3 and 5, and the associated strategies to enable the interconnection of the renewable
energy projects, reduced total annual variable costs by nearly 30% as compared to the Baseline
2014 system.

The results in this section show the aggregate annual impact of adding wind and solar power to
the Oahu system in different scenarios. During the course of the study, the team analyzed
numerous strategies that would help Oahu integrate more renewable energy into the grid, while
lowering the costs of each scenario, and improving the reliability of the system. The next
subsection describes these strategies and quantifies their benefits.

1.5. Strategiesto enable high levels of wind power on Oahu

A number of proposed strategies were simulated to observe the relative impact of each approach.
The results are shown in Figure 1-9 for Scenario 5. The “Pre-modifications’ condition
represents a scenario with the addition of 500 MW of wind power and 100 MW of solar power
with no modifications to the current operating strategies and generating unit capabilities of the
Oahu system.

13
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Figure 1-9. Scenario 5. Reduction in variable cost and increase in wind and solar energy delivered
for staged strategies.

The figure shows that each of the strategies considered in the study increased the amount of
renewable energy integrated into the system and lowered the annual variable cost relative to the
“Pre-modification” condition. The proposed system modifications are summarized below:

Strategy #1: Wind power forecast and system up-reserve requirements
This strategy changed the rules for committing units to the system. Two changes were applied:

e Incorporate state-of-the-art wind power forecasting in the unit commitment and ensure
cycling and fast-start units can be committed on a 4 hour ahead basis, and

e Increase the system up-reserve requirement to help manage sub-hourly wind variability
and uncertainty in wind power forecasts

In the pre-modification condition, system operators planned to bring units online to meet
forecasted load plus any reliability conditions. This operating practice neglected to plan for the
expected amount of wind available on the system and often resulted in an excess of capacity on
the system when large amounts of wind and solar power were available.

In this modified scenario, system operators committed units to meet the net load (forecasted |oad
minus forecasted wind power output). This change in the unit commitment rule resulted in fewer
cycling units being committed throughout the year, and thereby increased the amount of
renewable energy accepted into the system. The adverse affect of this strategy occurred when the
wind power forecast was inaccurate. For example, when wind power did not materialize as
forecasted, the commitment of a fast-start peaking unit was required to quickly meet system
demand.

The strategy aso includes a modified up-reserve requirement to add regulating reserves to the

185 MW spinning reserve requirement to mitigate the adverse affects of wind power variability.
The added regulating reserve would be a function of the forecasted wind power and its expected
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extreme downward variability over the 10-minute time frame. This additional regulating reserve
is defined by the unit capacities and the combined ramping capability.

The results in Figure 1-9 show that with these two modifications wind energy delivered
increased by 7% and annual variable cost decreased by 4.4% relative to the pre-modification
condition.

Strategy #2: Reduce thermal unit minimum power and revise down-reserve requirement
The second modification to system considered in the study was:

e Reducing minimum stable operating power of seven HECO baseload units by a total of
~130 MW, and

e Implementing a down-reserve requirement (modeled as effectively 90 MW) to address
plausible load rejection events.

Figure 1-4 showed that many of the thermal units operate at their minimum power levels during
periods when a large amount of wind energy is being produced. The minimum power level of
the thermal units limits the amount of wind energy that can be accepted by the system. Reducing
the minimum operating point of the HECO baseload units lowers this constraint, allowing more
wind energy to be accepted by the system.

Review of theinitial results indicated that the majority of the HECO reheat units were dispatched
at their minimum loads for many hours of the year including periods of higher system load. This
significantly increased the system’ s exposure to a severe loss-of-load event. A loss-of-load event
would request that the thermal units reduce their power output. In some instances, some units
may already be operating at their minimum stable operating power. This could put the system at
risk. To mitigate this risk, the system down-reserve requirement was assumed to be 90 MW to
cover aplausible loss of load event.

The net effect of these modifications was a 14% increase in wind energy delivered to the system
relative to the baseline simulation. Total variable cost decreased by 9%, mainly due to
displacement of fossil fuel.

Another strategy was considered. This strategy included taking a baseload unit out of service for
a total of 18-weeks during the year. This strategy only marginally increased the wind energy
delivered to the system. This strategy also adversely affected the total variable cost of operation
because higher cost cycling units were committed during these 18-weeks instead of a lower cost
baseload unit.
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Strategy #3: Refine the on-line regulating reserves to leverage other resources to meet system
reserve requirements

In this strategy, the up-reserve requirement was reduced to account for “fast-responding”
resources such as quick start generation and controllable loads available to the system operator.
The net effect of this strategy reduced the number of units needed to meet the up-reserve
requirement. The results in Figure 1-9 show that this strategy did not increase the amount of
wind energy delivered, but did reduce the variable cost of operation beyond that observed in
Strategy #2. Table 1-2 summarizes the results shown for each scenario in this section.

Table 1-2. Summary of Oahu Wind Integration Study Results

Installed Wind [MW) | |qetalled Wind Energy [GWh) Total Total Avg HECO heatrate
. | Selar . L . . Variable Cost |  Fuel Energy [Btu/kWwh]
Qahu | Molokai | Lanai (Mw) | Available Delivered | Curtailed ($Mfyr) (1000xMMBu/yr) | simulated | Correctod?
Baseline 2014 0 0 0 0 0 0 0 100.0% 81,305 10,386 10,510
Scenario 1 100 0 0 100 358 358 0 91.7% 76,021 10,455 10,580
Scenario 3 + Strcltegles3 100 0 400 100 1,914 1,815 99 70.9% 61,317 10,795 10,924
Scenario 5 [Baselinel® 100 200 200 100 1,929 1,595 334 77.9% 62,193 10,704 10,832
Scenario 5 + Strc:tegie53 100 200 200 100 1,929 1,839 40 70.0% 61,045 10,778 10,907

! available refers to energy avialable on Oahu tafter 8% loss of off-island enargy over HYDC system)
2 Corrected heat rate is 1.20% higher than simulated icalibrated based on 2007 baseline model validation)
®These cases represent Scenario 3F3 and Scenarie 5F3 (all strategies are includad)

“This case represents Scenarie 54

Table 1-2 shows that the strategies described above successively increased the amount of
delivered wind energy. In fact, over 95% of the available wind energy was delivered when al of
the strategies were utilized. As noted in the earlier discussion, the addition of wind and solar
power significantly decreased total variable costs by nearly 30% (excluding costs of the
renewable energy and required system modifications) and considerably reduced fossil fuel
consumption.

The final column shows the average system heat rate for the HECO plants in units of Btus of
energy consumed per kWh of energy produced. The results show that conventional generating
units operate less efficiently with the addition of new wind and solar power on the system. This
occurs because the thermal units are backed down to accept the as-available renewable energy
being delivered to the Oahu system. When operating at lower output, the units consume more
fuel per kwWh of electricity generated (lower efficiency), which is reflected in the results when
comparing the baseline and Scenario 1 to Scenarios 3 and 5. Further, there is a system cost
associated with greater penetrations of wind and solar power. Results indicate the commitment of
peaking (fast-start) units increases. This occurs due to the fact that additional capacity/reserveis
needed during times when the wind forecast over-estimates the amount of wind power available.
Fuel cost for these units are typicaly higher (diesel and biodiesel) than the LSFO used for the
baseload and cycling units.
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1.6. Short-timescale wind variability events and system contingency events
considered for high levels of wind power on Oahu

In the previous sections, the analysis focused on longer timeframes (hour-to-hour, over one
year). The above anaysis was important to understand how the renewable energy displaced
conventional generation on adaily, weekly, and annual basis. This section focuses on the shorter
timescal e impacts due to fast variability of the wind plants and new contingency events resulting
from the undersea cable system in an environment of high wind energy penetration. The
following analyses were performed:

1. Sustained wind power drops that reduce the thermal unit up-reserves,

2. Sustained wind power drops within an hour that could challenge the ramp rate capability
of the thermal units.

3. Sustained wind power rises that could challenge the down-reserve capability of the
thermal units.

4. Volatile wind power changes that could challenge the ramping capability of the thermal
units.

5. The undersea cable trip contingency event that could cause a large under-frequency
event.

6. High wind energy delivery forces thermal units to their minimum operating points,
increasing exposure to large over-frequency events due to loss of load events.

The remaining subsections describe these events in greater detail and discuss the results of the
analysis of each event.

16.1. Sustained wind power dropsthat reduce thethermal unit up-reserves

In general, the supply of electricity (generation) is managed to meet a variable but historically
predictable demand for electricity (load). Integrating large variable wind resources to the
electrical system increases the uncertainty in the amount of firm generation required to meet
system demand (load and system up-reserves). In addition, wind power variability can challenge
the system’s ability to maintain system frequency. Therefore, it is imperative to analyze wind
variability in different timescales (hours, minutes, and seconds) to assess the impacts on system
performance. This is especially true for the Oahu electrical system where one wind plant (400
MW on Lanai in Scenario 3) can provide as much as 50% of the energy during moderate system
load conditions, e.g. on weekends at light load. When wind plant production varies significantly,
the conventional generation must respond proportionally, and at the same rate to maintain system
frequency.

The number, size and geographic diversity of wind plants affect the variability of wind power as
seen by the system accepting this power. Large wind plants that are spread over a vast area
exhibit lower levels of sub-hourly variability on a per unit nameplate basis compared to smaller
wind plants. Even in Scenario 5, the two wind plants were geographically close to one other so
the variability of wind power delivered to the Oahu system was expected to be higher than that
of a system that has more geographically diversity in wind plant locations.

In this study, the team first analyzed the modeled wind power output data to characterize the
variability in the timescales noted above. The yearly data was screened to identify particularly
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challenging events when the system performance could be assessed. Figure 1-10 shows a
histogram of hourly wind power changes (modeled wind data obtained from AWS Truepower),
across the sum of the wind plants in Scenario 5 (200 MW Lanai, 200 MW Molokai, 100 MW
Oahu) for the years 2007 and 2008. The largest 60-minute wind power change was observed to
be 311 MW over one hour in Scenario 5. As areference, in 99.9% of the events, the wind power
dropped in Scenario 5 by less than 145 MW over one hour; and in 99.9% of the cases, wind
power increased in Scenario 5 by less than 167 MW over one hour.

On a smaller time scale of 10 minutes, the largest total wind power reduction was 90 MW in
Scenario 5 (and 127 MW in Scenario 3). A 5% loss of wind energy was assumed in the transport
of power from Molokai and Lanai wind plants to Oahu through the HVDC cable system.
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Figure 1-10. Histogram of total wind power changes over 60-minute for Scenario 5 for the wind
ener gy delivered to the Oahu system (two year s of simulated wind power data from AWS
Truepower).

During the event of the largest drop in wind power (311 MW over a 60-minute interval, or 27%
loss of generation), the system up-reserves were challenged. The system load was 1160 MW. At
the compl etion of this one-hour event, only 5 MW of up-reserve capacity remained on the system
if no additional units were committed. In the following hour, all fast-start units must be
committed to restore system up-reserve.

Figure 1-11 shows the wind and solar power change over the one-hour period and shows the
simulated system frequency during this event.
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Figure 1-11. Frequency performance during largest 60-minute wind power drop

Figure 1-11 shows that the wind power dropped drastically over the one-hour period. This
required conventional generators on the system to increase their output. The system frequency is
a measure of the balance between supply and demand. When demand and supply match, the
system frequency is 60 Hz. If the load (demand) increases more than the supply, the system
frequency decreases and vice versa. As the frequency drops significantly below 60 Hz, the
system may reach a frequency at which loads are disconnected (under-frequency load shedding
schemes) in order to avoid a cascading blackout. As the frequency rises significantly above 60
Hz, the system may reach a frequency at which thermal units are disconnected to maintain
system stability. In this event, the system frequency remains within an acceptable range, which
indicates sufficient up-reserve capacity and ramp rate capability of the units to manage the loss
of wind power. Note that a unit’s capability to provide up-reserves is a function of its remaining
capacity and its ramp rate. This analysis shows that wind plant variability in the 60-minute time
frame did not adversely impact system performance provided sufficient up-reserve is maintained.

1.6.2. Wind power changes challenge ramp rate capability of thermal units
One of the strategies going into the study was to model the HECO generating fleet with
increased ramping capability (nominal 5.5% per minute). The team again screened the wind
power data to find a short-term ramp event over a 10-minute interval. A specific challenging
event was identified. The load was 1108 MW at the start of the event. During the following 10-
minute period, the wind dropped by 83 MW, the solar dropped by 16 MW, and the load
increased by 6 MW. The analysis evaluated system performance for both the present and
improved generating unit ramp rates. Figure 1-12 shows the performance of the system during
this event, under the two different assumptions on the ramp rates of HECO units.
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Figure 1-12. Largewind, solar, load change over 10 minutethat
challenged the system ramp rate capability

The graph on top shows the system frequency during this event with the present unit ramp rates.
The sharp drop in frequency at the 10-minute mark is a result of a significant drop in wind
power. System frequency dips to 59.5 Hz, initiating the first under-frequency load shedding
(UFLS) scheme because the generating units are unable to match the rate of the drop in wind
power output. Once the system frequency is stabilized, units increase power to restore system
frequency to 60 Hz, approximately 15 minutes after the start of the event.

The lower graph shows the system frequency for the same event with the new, higher ramp rates
for the HECO generating units. In this ssimulation, system frequency drops during the sharp
wind power drop, but the magnitude and duration of the drop is significantly less. This analysis
illustrates the benefits of improving unit ramping capability as it helps to stabilize system
frequency during adverse wind power ramp events.

1.6.3. Wind power increase challenges system’s down-reserve

As noted in Figure 1-4, the conventional thermal generating units operate at their minimum
operating loads when a large amount of wind power is being delivered to the system. This
condition is expected to occur for many hours of the year. If the wind power output suddenly
increases, governor droop response of the thermal units could drive their outputs down below
their dispatchable minimum load, and start consuming the system down-reserves. If thisincrease
in wind power is large, the units may be forced to reduce output below their stable operating
load, which could lead to unit trips. Unless appropriate strategies are implemented to manage
these wind events, system reliability could be adversely affected.

A specific wind power event was observed. In this event, the wind power rose by 85 MW over a
10-minute interval. In order to manage the increase in wind power, fast-responding controls
must be implemented to reduce the sudden increase in wind power. One option is to institute
automatic wind plant curtailment control when thermal units are operating below or near the
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down-reserve requirement. Alternatively, the down-reserves could be increased, but this would
reduce the total amount of wind energy accepted by the system. Another strategy is to use wind
plants to provide down-reserve and contribute to this (reserve) requirement. All of these
strategies should be considered by HECO for future operations with large amounts of wind
power.

1.6.4. L arge sub-hourly changesin wind power maneuvered ther mal units

The team also analyzed generating unit and system impacts resulting from large variable wind
events within an hour. Wind data was screened for hours of high wind and solar power
volatility. An event was selected to determine whether the additional maneuvering of the thermal
units caused by wind power changes would be acceptable over this interval. Additionally, this
analysis intended to estimate the increased maneuvering on the thermal units due to the
additional variability brought by the wind plants. The power output from each unit was observed
for the hour.
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Figure 1-13. Impact of large swingsin wind power on system frequency with the proposed ther mal
unit ramp rate capability and droop response (Scenario 5)

The figure illustrates system performance with the new ramp rates. For this event, the system
load was 995 MW and the wind and solar power constituted a large portion of the generation.
The system frequency remained within acceptable limits over this hour. As part of this
assessment, the team determined the units on the system that were being dispatched to balance
the variability from the wind plants. Of the eight HECO baseload units and two IPPs that are
capable of providing regulation, it was observed that the HECO basel oad units carried the burden
of performing frequency regulation in response to these wind variability events, because the
HECO units are backed down and typically more costly to operate than the IPP units. Additional
sensitivity analyses were conducted to determine the benefits of the unit ramp rate improvements
and imposing ramp rate limits on the wind plants.

21



1.6.5. Loss of cable delivering off-isand wind energy causes large under-
frequency events

In addition to looking at the impact of wind power variability events, traditional contingency
events like instantaneous loss of generation were considered. With the installation of the
undersea cable system, the largest single-contingency event for loss of generation on the Oahu
system would be an undersea cable trip. Screening parameters included high wind plant output
and low system up-reserves. For these criteria, an hour was selected in Scenario 5 when the
system load was 1020 MW and the total wind power generation was at 363 MW, out of which
282 MW came from off-island plants. The system up-reserve capacity was relatively low at 267
MW, when a 200 MW cable trip was simulated. This was just prior to committing a unit to meet
up-reserve requirements. Figure 1-14 shows the results for this event.
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Figure 1-14. 200 MW cabletrip event in Scenario 5 with future thermal unit droop characteristics,
with and without wind turbineinertial-typeresponse. Second figur e shows response from
remaining off-island wind plant.

The top graph shows the system frequency in the first 100 seconds after the undersea cable trip
and the bottom graph shows the simulated wind plant output from the remaining off-island wind
plant, after the cable trip event. The wind plant was supplying 82 MW of power at the beginning
of this event. Since this is a transient event, no action of the Automatic Generation Control
(AGC) is considered. The graph illustrates the results under two sets of assumptions. For the
initial analysis (results shown in blue), the wind plant has no advanced capability to help the
system respond to these events. Thus, power output from the wind plant remains constant
throughout the event. The curve shown in red assumes the wind plant is capable of providing
commercialy available inertial-type response and can provide a short-term increase in power
output. The second graph shows a rapid increase in power from the wind plant, by
approximately 20 MW, in the first few seconds after the cable trip.

With no inertial-type response from the wind plants, the system frequency drops to 58.5 Hz,
triggering ~55 MW of load shedding. By implementing wind plants with inertial-type response
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capability, the remaining 163 MW of wind power (82 MW from off-island and 81 MW from on-
island) could briefly increase output, which helped reduce the under-frequency event by 0.13 Hz.
The analysis shows the benefits of wind plants with advanced control features that are designed
to assist the system during these types of events.

1.6.6. Load reection events during high wind conditions causes large over-
frequency events

Another contingency event that was considered in the study was a large loss-of-load during high

wind conditions. As noted in previous sections, with the ssimulated wind plant projects, the

thermal units were more frequently dispatched to much lower operating loads in order to accept

large amounts of wind energy. If a significant loss of load event occurred, the system could be

vulnerable if units were forced below their stable operating loads and units began to trip off-line.

To better understand these risks, the number of hours each unit operates at their minimum power

was calculated, respecting the down-reserve requirement. Table 1-3 shows the results on a
percentage basis, relative to the Baseline 2014 scenario.

Table 1-3. Per unit operation at minimum dispatchable power with respect to Baseline

Time at minimum SCENARIO
dispatchable power Baselinel] 1 | 3 | 5

Kahe 1 100% 134% 153% 158%
Kahe 2 100% 143% 173% 173%
Kahe 3 100% 139% 225% 228%
Kahe 4 100% 134% 159% 160%
Kahe 5 100% 140% 261% 261%
Kahe 6 100% 131% 273% 272%
Waiau 7 100% 137% 93% 92%

Waiau 8 100% 129% 145% 146%

The results indicate that HECO reheat units operate at their minimum operating loads for a
significant number of hours as compared to the Baseline scenario. This increases the number of
hours the system could be at risk during transmission line faults. Modification to the down-
reserve requirement was recommended to mitigate these system risks.

In this analysis, an hour was selected when the system load was 720 MW, the wind power was
providing 50% of the generation (357 MW), the majority of the thermal units were dispatched at
their minimum-operating load, and the system was carrying 89 MW of down-reserve. A down-
reserve requirement of 90 MW was assumed in this study. At this instant, an event with a 140
MW loss of demand was simulated. The magnitude of this event was based on historical data
from the Oahu system. The results are shown in Figure 1-15.
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Figure 1-15. 140 MW load rejection event in Scenario 5 with future thermal unit droop
characteristics, with and without wind turbine over-frequency control (3% droop / 30 mHz
deadband).

The top graph shows the system frequency response immediately after the loss of load. The
figures show results for two alternative options of wind turbine capabilities. The baseline case
(shown in blue) considers wind turbines with no advanced features, while the alternate case
(shown in red) considers wind turbines that are capable of providing commercially available
over-frequency control, and can quickly reduce their output during system over-frequency
events.

In the baseline system, frequency immediately rises above 61 Hz. In the “wind over-frequency”
case, the magnitude of the frequency rise is lower and frequency settles down to a lower steady
state value. The figure on the bottom illustrates the difference in wind plant output during these
simulations. Again, no automatic generation control (AGC) response is considered for these
types of simulations. In reality, after the event occurred, the AGC would send requests to the
dispatchable thermal units to change their power output to bring the frequency back to 60 Hz.

The results show the magnitude of frequency excursion is substantially reduced when the wind
plants participate during an over-frequency event. Thiswind turbine feature can help to maintain
a more stable system frequency during these events and potentially reduce the down-reserve
carried by the thermal plants.

1.7. Observations
This section of the summary highlights the observations and conclusions of the study.

e Limited wind energy curtailment occurred, primarily during light load (night-time)
operation
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o Table 1-2 showed that nearly 95% of the available wind power could be accepted
by the system with modifications to system operations and existing generating
units.

Thermal units are dispatched at their minimum operating loads, respecting the down
reserve requirement, for a significant number of hours beyond the traditional system
minimum load periods of 10pm to 6am. Thermal units operate less efficiently at these
lower |oads.

The Oahu system is exposed to new contingencies and risks that could affect the system
reliability, such as:

o Thepossibility of a sudden loss of load (load rejection) when the thermal units are
operating at low power output, and

o The possibility of an undersea cable trip event that increases the loss of generation
contingency from 180 MW (loss of AES) to 200 MW (loss of an off-island wind
plant operating at full power).

Sustained (60-minute) drops in wind and solar power do not impact system performance
provided sufficient up-reserve is maintained.

Variability in wind and solar power outputs, within an hour, could challenge the ramp
rate capability of the thermal units and increase the severity and frequency of ramping
events for the thermal units.

Based on these observations, the following approaches were considered and studied to reduce the
variable cost of operation and increase the wind energy delivered to the Oahu system:

Increasing the thermal unit ramp rate capability to manage the variability of wind power.
Wind power forecasting to improve the commitment of the thermal units. Wind forecasts
help the operator to schedule unit commitments to meet the net load (i.e. load minus
forecasted wind power). This increases the amount of wind energy accepted by the
system and reduces total variable costs.

Defining the up-reserve requirements based on the wind power forecast and ramping
capability. By establishing a new reserve requirement, the system can better respond to
severe wind ramp events and system reliability can be maintained.

Reducing minimum power of baseload units and refining the down-reserve. Reducing
the minimum power of baseload units enables more wind energy to be accepted by the
system. System performance is further improved with increased ramp rate capability.
Refining the down-reserve requirement helps ensure system reliability during severe loss-
of-load events.

Seasonally cycling-off select baseload units. During periods of anticipated low load,
cycling off selected baseload units reduced the number of units on-line and helped enable
more wind energy to be accepted by the system. These benefits are offset by an increase
in cycling unit run-hours as the more efficient baseload unit is unavailable during these
periods.

Reducing the up-reserve by relying on fast-start units and load control programs that can
be dispatched quickly (to support generation) when the wind power drops.

Considering advanced wind turbine technologies to provide inertia-type response, so
wind plants can assist the system during system contingency events. Wind turbines with
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advanced capabilities can contribute towards on-line reserve requirements and potentially
increase total wind energy that can be accepted by the system.

This study did not perform extensive analysis on strategies to mitigate variability that utilize
energy storage because of constraints on the study's resources and timeline. While energy
storage can be used to help mitigate the variability and uncertainty of wind power in the HECO
system, the cost and benefit of energy storage would need to be explicitly compared against
alternate technologies and strategies that were considered in th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>