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1.0 Introduction 
The Hawaii Solar Integration Study (HSIS) was kicked off in March 2011 with the objective of 
assessing the challenges in operating the Oahu and Maui grids under high penetration of 
Solar PV and Wind. The study team includes General Electric Company (GE), Hawaii Electric 
Company (HECO), Maui Electric Company (MECO), Hawaiian Natural Energy Institute (HNEI), 
National Renewable Energy Laboratory (NREL), and AWS Truepower (AWST).  
 
The technical work started in August 2011 and was concluded in September 2012. The 
studies of the Oahu and Maui grids were conducted in parallel with similar objectives. 
However, the two grids have different generation resource mixes and different operating 
practices and therefore have very different challenges for integrating large penetration of 
solar and wind energy. The HSIS final report is therefore organized into two reports: one for 
the Oahu grid and the other one for the Maui grid. This report will focus on the analysis and 
findings for the Oahu grid.  
 

This study focuses on the operating impacts of higher penetrations of solar and wind energy 
on the Oahu bulk power system.  The studies support the Hawaii Clean Energy Initiative 
(HCEI), announced in January 2008, which includes a commitment to achieve 40% 
renewable generation from clean energy by 2030, expanded distributed generation, and 
load reduction.  The objectives are: 

1. Analyze the Oahu bulk power systems with high penetrations of solar and wind 
generation to  

 assess the levels of solar/wind energy delivered for a range of distributed/centralized 
photovoltaic (PV) plant scenarios,  

 assess curtailment impacts,  

 identify the operating characteristics (commitment, dispatch),  

 assess the dynamic performance, and 

 identify the operational and reliability challenges across the range of operational 
timeframes. 

2. Identify operational/mitigation strategies and new technologies that could help enable 
high penetrations of wind and solar power.  

3. Assess the impact of each mitigation approach across the range of  operational 
timescales; and  

4. Recommend mitigation strategies and requirements to increase wind and solar energy 
delivered, reduce adverse impacts on the thermal units, and ensure reliable and cost 
conscious system operation. 

This study focused on bulk-grid operation issues related to increased penetration of wind 
and solar energy, including reserve requirements, thermal generation commitment/dispatch 
strategies, ramping/cycling impacts, frequency/governing response, and renewable 
resource curtailment. Issues related to the transmission and distribution systems, including 
voltage control and reactive power management, were beyond the project scope. HECO and 
BEW Engineering conducted a separate analysis to examine distribution system issues 
related to high penetrations of PV resource.  
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Study team originally planned to look into the following scenarios of high penetration of 
Solar PV and Wind on the Oahu grid for a future study year of 2015:  
 

 Baseline scenario – 60 MW of Distributed Solar PV and 100MW of on-shore wind. This 
scenario is very close to actual reality and was used as a benchmark for comparison 
with other scenarios.   

 Scenario 1 – 60 MW of Distributed Solar PV, 100MW of on-shore wind, 100MW of 
Central Solar PV 

 Scenario 2 – 260 MW of Distributed Solar PV and 100MW of on-shore wind 

 Scenario 3 – 260 MW of Distributed Solar PV, 100 MW of Central Solar PV, and 100MW 
of on-shore wind 
 

The study team, after analyzing the Baseline Scenario, progressed to the highest solar and 
wind penetration scenario (Scenario 3) and found that the Oahu grid could absorb all the 
available solar and wind energy (904 GWHr or 11% of annual load energy) in this scenario 
without any significant impact on system performance. The study team decided to skip 
Scenarios 1 and 2 and focus on additional scenarios with higher penetration of solar and 
wind energy. The following is the complete list of scenarios that were investigated on the 
Oahu grid: 
 

1. Baseline scenario – 60 MW of Distributed Solar PV and 100MW of on-island wind. This 
was the assumed penetration level at the beginning of the study to represent the 
existing system. However, the Distributed PV penetration has already exceeded this 
level in 2012.   

2. Scenario 3A – 260 MW of Distributed Solar PV, 100 MW of Central Solar PV, and 
100MW of on-shore wind 

3. Scenario 3B – 160 MW of Distributed Solar PV, 200 MW of Central Solar PV, and 
100MW of on-shore wind 

4. Scenario 4A – 360 MW of Distributed Solar PV, 400 MW of Central Solar PV, and 
100MW of on-island wind 

5. Scenario 4B – 160 MW of Distributed Solar PV, 200 MW of Central Solar PV,  100 MW 
of on-shore wind, ad 200 MW of off-island wind 

 
The results of this study suggest that almost all of available solar and wind energy in 
Scenario 4A and Scenario 4B can be integrated into the Oahu grid while maintaining system 
reliability and stability. The amount of energy delivered to the Oahu electrical system 
comprises approximately 20% of Oahu’s projected electricity demand. Integrating this 
renewable energy (Solar PV and Wind) can help to reduce the variable cost of operation by 
19%  relative to Baseline system, each year. However, this does not include the capital costs 
for integrating wind and solar energy into the grid, nor does it include the cost of PPA and 
mitigation measures. The following report will detail the results of the study, including model 
development, assumptions and limitations, and proposed mitigation strategies. 
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The report is organized into ten sections. In Section 3.0 the objectives and technical 
approach of the study are outlined.  
 
In Section 4.0 details on the modeling tools and study assumptions are provided. Sections 
4.1 to 4.5 describe the GE power system modeling tools used in this study. There are five 
toolsets that were used. These were developed in the previous studies, but were enhanced 
and updated to reflect the current operating practices, assumptions, and solar & wind data. 
In Section 4.6, modeling assumptions used in the study, limitations of the tools in capturing 
some of the practical operational practices, and the risks and uncertainties in the current 
study are discussed.  
 
Section 5.0 provides details on the development of wind and solar data for different 
scenarios. This includes selecting the appropriate solar and wind sites in each scenario, and 
conducting variability and forecast accuracy analysis for each of these datasets. Sections 
5.4 and 5.5 discuss the operating up-reserves and the contingency down-reserves in 
different scenarios. The operating up-reserves are needed to counteract the variability of 
solar and wind in each scenario. This is in addition to the existing contingency reserves on 
the Oahu grid. The down-reserves are designed to have enough down-range on the units for 
a loss of load contingency event. No operating down-reserves were modeled in this study.  
 
Section 6.0 presents details on Baseline model development. The updates to the toolsets to 
reflect the generation fleet, fuel and load forecast, and operating practices for the study year 
2015 are explained. The improvements to the transient stability model, addition of under-
frequency load shedding scheme, and integration of solar and wind plants to the GE PSLFTM 
database are discussed.  
 
In Section 7.0, hourly production cost results from the scenarios are presented. The results 
indicate that the Oahu grid can absorb all the available solar and wind energy in Scenarios 
3A and 3B, which amounts to 11.5% of annual load energy. The penetration level in 
Scenarios 4A and 4B takes the system to the “pinch point” where all the available wind and 
solar energy cannot be absorbed with current operating practices. Out of the available 1632 
GWHr of solar and wind energy, 141 GWHr (or 8.6%) is curtailed in Scenario 4A. In Scenario 
4B, the curtailment is 73 GWHr (4.3%) out of 1650 GWHr of available energy. Other 
production cost metrics are discussed and compared against the Baseline scenario.  
 
In Section 8.0, the performance of the system in sub-hourly time-frames under different 
scenarios is discussed. Screening results from the GE Interhour tool are presented for six 
different types of sub-hourly events. Long-term dynamic simulations on challenging hours 
are presented to assess the response of thermal units to the variability of solar and wind. 
Transient stability simulations on challenging hours are shown to highlight performance 
under generation trip and loss of load events.  
 
In Section 9.0 strategies to enhance system operation, reduce solar and wind plant 
curtailment and reduce system-wide variable cost are examined.  This section describes the 
results of the GE MAPSTM production cost simulations on Scenarios 4A and 4B under different 
strategies. The results from the sub-hourly screening are presented and GE PSLFTM 
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simulations of challenging hours in these scenarios under a combination of mitigations are 
discussed.  

2.0 Background 
The study team leveraged models and toolsets developed in Oahu Wind Integration and 
Transmission Study (OWITS) and other recent studies for HECO [3]-[5]. These models were 
updated to reflect the situation in the study year (2015) for HSIS. The models consist of three 
specific simulation tools: the production cost modeling tool, the transient stability dynamic 
model and a long-term dynamic model, which included a representation of HECO’s 
Automatic Generation Control (AGC). A significant effort was devoted to develop and validate 
these models in OWITS. These models were used in HSIS to provide a Baseline measure of 
power system performance and for analyzing alternative energy futures for HECO. 
 
The production cost model considers the dispatch and constraints of all generation on an 
hourly basis and provides outputs such as emissions, electricity production by unit, fossil fuel 
consumption, and variable cost of production.  The transient stability dynamic model 
considers shorter timescale contingency events (sub-hourly) and characterizes the system’s 
ability to respond to these events.  The long-term dynamic model considers critical wind 
variability events with one to two hour duration and characterizes the system’s ability to 
respond to these types of events.  Further, statistical analyses tools were developed in this 
study to analyze the variability of Solar PV and Wind resources and to quantify their impact 
on grid operation. 

3.0 Study Approach and Objectives 
The Hawaii Solar Integration Study analyzed five scenarios with different Solar PV (central 
and distributed) and Wind resources (on-island and off-island). One of the main objectives of 
the study was to identify the “pinch point” of the Oahu grid. A “pinch point” can be defined as 
a scenario wherein it is anticipated (1). the system will not be able to absorb significant 
portion of available renewable energy with current operating practices, and/or (2). the sub-
hourly response of the system is not sufficient to counteract the variability of renewable 
energy and regulate system frequency with current operating practices. Other study 
objectives are listed as below: 

 Assess the Solar PV and Wind energy delivered to the system 

 Assess changes in variable operating costs, fuel consumption and fossil plant 
emissions 

 Assess the dynamic performance of the Oahu system in sub-hourly time frames from 
few seconds to an hour, 

 Identify the challenges and impact to system operation, and  

 Identify strategies that facilitate high penetrations of Solar PV and Wind power 
 
The Baseline scenario was benchmarked first and then system operation under Scenario 3 
was investigated. Scenario 3 was the highest installed renewable capacity scenario at the 
start of the study. Detailed hourly and sub-hourly analysis were conducted for this Scenario 
and the results suggested that the Oahu grid could accommodate the full available 
renewable energy (904 GWHr) without any significant impact on system frequency under 
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challenging hours. The study team thereafter agreed to investigate higher renewable 
penetration scenarios as outlined in Section 5.0. The study approach for each of the 
scenarios can be summarized as follows: 

1. Quantify variability of aggregated wind and solar power resources using statistical 
methods.  Determine changes in wind+solar power output in different time periods (5, 10, 
30, 60 minutes). 

2. Calculate required contingency and operating reserves for each scenario.  Contingency 
reserves are spinning reserves that cover the loss of the largest generating resource (e.g., 
185 MW to cover the AES plant on Oahu).  Operating reserves are a combination of 
spinning and non-spinning resources that cover the variability in wind and solar 
resources.  Total reserves are the sum of contingency and operating reserves. 

3. Simulate hourly system operations for a full year using GE MAPS production simulation 
analysis.   Inputs include generating unit operating parameters (fuel cost, heat rate, start-
up cost, variable O&M, etc.), reserve requirements, generation must-run schedules, hourly 
wind and solar power output profiles. Quantify generating resource 
commitment/dispatch, variable operating costs (primarily fuel), emissions, and 
curtailment of wind/solar resources due to operational constraints. 

4. Screen annual hourly operations data from GE-MAPS to quantify performance during 
sub-hourly intervals.  This analysis examined wind and solar variability in several 
intervals (e.g., 5-min, 10-min, …) for each hour of the year, and measured the ability of the 
committed generation in each hour to follow that variability, within the constraints of unit 
ramp rates and min/max power limits, and without compromising contingency reserves. 

5. Identify challenging time periods for grid operations per the following criteria: 

 Wind and solar power can drop in a sustained fashion in 10-20 minutes.  This 
challenges ramp rate capability of thermal units. 

 Wind and solar power can drop in a sustained fashion in 30-60 minutes.  This 
consumes up-reserves and requires use of quick-start units. 

 Wind and solar power can rise when thermal units are near min power.  This 
consumes down-reserves or requires limiting wind and solar up-ramp rates or power 
production. 

 Wind and solar power can vary its production rapidly within an hour.  This challenges 
the ramp rate and maneuvering capability of thermal units. 

 Load rejection event could occur when thermal units are backed down.  Transient 
response could reduce generator power below stable minimum point. 

 A large thermal generator or HVDC converter can trip when the system is low on 
reserves.  This triggers under-frequency events and could cause distributed rooftop 
PV to trip and possibly load-shedding. 

Each of these screening criteria identified specific hours when the Oahu or Maui grid 
would be in unfavorable operating conditions to survive each type of event. 
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6. For worst-case conditions identified in the screening process above, perform long-term 
dynamic simulations (1-2 hours) or transient stability simulations (30-60 seconds) using 
GE-PSLF to quantify the overall system response and to determine if the system could 
survive with adequate reliability margins. 

7. For all study scenarios, tabulate operational constraints and performance issues that 
occur when using existing operational practices (e.g., down-reserve requirements, all 
reserves from thermal resources) and performance capabilities (e.g., Pmin of generating 
units). 

8. Explore and test possible mitigation methods that would improve overall system 
performance with high penetrations of wind and solar resources (e.g., reducing Pmin of 
thermal units, reserves from demand response or energy storage resources, down-
reserves from wind or solar resources).  Performance improvements were quantified by a 
combination of production simulations using GE-MAPS and time-response simulations 
using GE-PSLF. 

 
Results of the study are based on simulations of the Oahu electrical system and are meant 
to inform HECO on the potential benefits of implementing these strategies to integrate high 
levels of as-available renewable energy onto the grid.  As with any modeling study, 
additional work is required to assess feasibility, cost/benefit, and develop project plans 
necessary to implement these projects and strategies.   

4.0 GE Power System Modeling Tools 
The GE modeling tools used for this study are a mix of classical utility power system analysis 
tools, including production cost modeling and transient stability modeling performed by the 
Generation and Transmission Planning teams, and tools developed specifically for this and 
previous studies. 
 
The two classical power systems analysis tools used by the project team were: 
 

1. GE MAPSTM production cost modeling to assess renewable power curtailment, unit 
heat rates, variable cost of production, fuel consumption, emissions, etc, and 

2. GE PSLFTM transient stability modeling to assess short-timescale planning 
contingencies associated with high penetration renewable integration. 

 
One of the tools was debuted in earlier studies on the Big Island of Hawaii and Maui, and 
more recently on Oahu (OWITS). The learning from those studies was leveraged in this 
project: 
 

3. GE PSLFTM Long-term dynamic simulations to assess sustained and sudden 
renewable variability events capturing governor response and representative 
Automatic Generation Control response of the system. 

 
The final two tools were developed and enhanced from previous studies for this project: 
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4. Statistical Solar PV and Wind power variability assessments for quantifying operating 
reserves in different scenarios, and 

5. Interhour screening to identify challenging events when the system is constrained on 
different accounts/performance metrics as defined in the study 
  

These five tools were used in a series of simulation efforts to provide information over a 
range of timescales of interest to the project team. The range of timescales over which these 
tools work together are shown in Figure 4-1.  
 

 
 

 

Figure 4-1. GE Power System Modeling tools used in HSIS 
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4.1. GE MAPSTM production cost model 

Production cost modeling of the HECO system was performed with the GE’s Multi Area 
Production Simulation (MAPSTM) software program.  This commercially available modeling 
tool has a long history of governmental, regulatory, independent system operator and 
investor-owned utility applications.  This tool was used to simulate the Oahu grid as part of 
the baseline model validation process.  Later, the model was used to forecast the Oahu 
power system for the year 2015.  Ultimately, the production cost model provides the unit-by-
unit production output (MW) on an hourly basis for an entire year of production (GWh of 
electricity production by each unit).  The results also provide information about the variable 
cost of electricity production, emissions, fuel consumption, etc. 
 
The overall simulation algorithm is based on standard least marginal cost operating 
practice. That is, generating units that can supply power at lower marginal cost of 
production are committed and dispatched before units with higher marginal cost of 
generation. Commitment and dispatch are constrained by physical limitations of the system, 
such as transmission thermal limits, minimum spinning reserve, as well as the physical 
limitations and characteristics of the power plants. Significant effort was devoted to develop 
this model in OWITS. This study updated the model to reflect the current baseline system 
and practices, and used the model to study alternative renewable energy scenarios in the 
study year 2015. 
 
The primary source of model uncertainty and error for production cost simulations, based on 
the model, consist of: 
 

o Some of the constraints in the model may be somewhat simpler than the precise 
situation dependent rules used by HECO; such as losses are considered in prioritizing 
dispatch 

o Marginal production-cost models consider heat rate and a variable O&M cost.  
However, the models do not include an explicit heat-rate penalty or an O&M penalty 
for increased maneuvering that may be a result of incremental system variability due 
to as-available renewable resources (in future scenarios). 

o The production cost model requires input assumptions like forecasted fuel price, 
forecasted system load, estimated unit heat rates, maintenance and forced outage 
rates, etc.  Variations from these assumptions could significantly alter the results of 
the study.   

o Prices that HECO pays to IPPs for the delivered energy are not, in general, equal to the 
variable cost of production for the individual unit, nor are they equal to the systemic 
marginal cost of production. Rather, they are governed by PPAs. The price that HECO 
pays to the IPPs (AES and Kalaeloa) is reflected in the simulation results insofar as the 
conditions can be reproduced. 

 
The simulation results provide insight into hour-to-hour operations, and how the 
commitment and dispatch may change subject to various parameters, including equipment 
or operating practices. Since the production cost model depends on fuel price as an input, 
relative costs and changes in costs between alternative scenarios tend to produce better 
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and more useful information than absolute costs. The results from the model approximates 
system dispatch and production, but do not necessarily identically match system behavior.  
The results do not necessarily reproduce accurate production costs on a unit-by-unit basis 
and do not accurately reproduce every aspect of system operation.  However, the model 
reasonably quantifies the incremental changes in marginal cost, emissions, fossil fuel 
consumption, and other operations metrics due to changes, such as higher levels of wind 
power. 

4.2. GE PSLFTM transient stability model 

Transient stability simulations were used to estimate system behavior (such as frequency) 
during system events in the future year of study.  This type of modeling can be used to 
understand the impact of transient operation of different generators on system frequency in 
a second’s timeframe and is used by utilities to ensure that the system frequency remains 
relatively stable during critical operating practices.  For example, if a thermal unit is 
unexpectedly disconnected from the grid when a large amount of power is being delivered 
to the system from renewable plants, how does the system frequency and power output 
from the committed units change with different assumptions about wind plant performance, 
thermal unit governor characteristics, etc.  These types of simulations were performed in GE 
PSLFTM. 
 
The fidelity of short-term dynamics is limited primarily by the quality of governor model 
database.  Short-term dynamic models of the HECO grid were implemented in GE PSLFTM. 
This tool is widely used for load flow and transient stability analysis. The primary source of 
model uncertainty and error for short-term dynamic simulations is attributed to the difficulty 
in quantifying and populating component model parameters of various electric power assets 
in the HECO grid (primarily generators, load, and governor models).   
 

4.3. GE PSLFTM long-term dynamic model 

Long-Term Dynamic Simulations were performed for the Oahu grid using GE’s Positive-
Sequence Load Flow (PSLFTM) software.  Second-by-second load and wind variability was 
used to drive the full dynamic simulation of the HECO grid for several thousand seconds 
(approximately for two hours).  The model includes all of present day HECO-owned and IPP-
owned generation assets, and new plants (thermal, wind and solar) projected for the study 
year 2015. 
 
Long-term dynamic models are two to three orders of magnitude longer (in run-time 
duration) than typical short-term stability simulations.  The long-term simulations were 
performed with detailed representation of generator rotor flux dynamics and controls, which 
are typical of short-term dynamics.  The models that were modified, or added, to capture 
long-term dynamics were Automatic Generation Control (AGC), load, and as-available 
generation variability.  One responsibility of the AGC is frequency regulation, which involves 
managing the balance between supply and demand on the power system and correcting 
the imbalance by increasing or decreasing power production from a generator.  The load 
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and as-available generation are two other independent variables that affect the supply and 
demand on the short time-scale timescale of interest to the AGC. 
 
In contrast to transient stability simulations, the representation of long-term dynamics can 
be expected to be of lower fidelity because it is limited not only by the accuracy of the 
governor/power plant models, but also by the modeling of AGC: the controller that 
dispatches generation to maintain system stability.  Other phenomena that can affect long-
term dynamic behavior, such as long duration power plant time constants (e.g., boiler 
thermal time constants), slow load dynamics (e.g. thermostatic effects), and human operator 
interventions (e.g., manual switching of system components) were not included in this model. 
 

The GE PSLFTM simulation outputs include estimations of: 
 

o System frequency fluctuations due to load and wind variability, 
o Voltages throughout the system, 
o Active and reactive power flows, 
o Governor operation, 
o Primary frequency regulation needs, and 
o Load following regulation needs 

4.4. GE Interhour screening tool 

The fourth tool used in this study was the GE Interhour tool.  This tool was developed 
specifically to serve two purposes: (1) screen results from GE MAPSTM production cost 
simulations to identify critical hours of interest for further analysis in the GE PSLFTM 
representation of the Oahu Automatic Generation Control, and (2) assess the sub-hourly 
performance for reserves (up and down) adequacy in different time scales within an hour.  
 
The GE Interhour screening tool processes the hourly GE MAPSTM results in sub-hourly time 
steps. It assesses the impact of the changes in wind and solar power on the available 
reserve (up and down) respecting the ramp rate capability of thermal units. Further, it 
highlights critical hours that warrant further assessment in the second-to-second timeframe 
in the long-term dynamic simulation tool (GE PSLFTM representation of the Oahu Automatic 
Generation Control). It also highlights critical hours where the system operation maybe risky 
under a contingency event such as generation trip or load rejection. These challenging hours 
are analyzed in greater detail through the GE PSLFTM transient stability model. 

4.5. Statistical analysis of wind, solar and load data 

The Solar PV/Wind power data, Solar PV/Wind forecast data, and load data was analyzed to 
provide information that will help to shape the operating practices under high penetration of 
renewable energy scenarios. For example, Solar PV and Wind data was analyzed in different 
time scales within an hour to understand the net variability imposed on the grid and 
determine the necessary operating reserves to accommodate the sub-hourly changes in 
solar PV and wind power. These reserves were added on top of the contingency spinning 
reserve requirement to mitigate wind and solar power variability. 
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This tool was used to provide the team with an understanding of: 
 

o Solar/Wind power variability across many timescales (seconds to hours), 
o Solar/Wind power production correlated to load, time of day, etc, and 
o Solar/Wind power forecasting accuracy relative to solar/wind power data. 

4.6. Modeling limitations and study risks and uncertainties 

All of the realities of operating a power system cannot be captured in models, and as such, 
the models are intended to provide directionally correct, non-exhaustive estimates of key 
metrics for a future system that contains high levels of solar and wind energy.   
 
The models developed and presented here represent a mixture of standard electric power 
system engineering tools typically used by utilities and some novel simulation tools that are 
not within the utility planning repertoire.  This study is not a standard system planning study, 
nor is it meant to replace HECO’s utility planning process; instead the scenario analysis study 
described here can provide those familiar with the Oahu power system with directionally 
correct sensitivities, such as a change in the variable cost of production or emissions 
associated with a particular technology deployment decision. 
 
The results of this study are subject to the accuracy of the assumptions, limitations of 
modeling tools, and some planning study aspects that could not be fully captured.  
 

4.6.1. Modeling assumptions 
Some of the key modeling assumptions in the study that can affect the results are: 

 Accuracy of load and fuel price forecast for the study year 2015. This can change 
based on a number of factors, such as economic growth, aggressive deployment of 
demand response programs, etc, and as such can affect the accuracy of the study 
results 

 Modification of thermal unit minimum power levels that can alter the ABC constants 
used for heat rates calculations. Similarly, change in PPA costs/agreements with IPPs 
can also have an effect on the modeled heat rates. This can change the production 
cost numbers for the study year. 

 The accuracy of the modeled wind and solar data has a great impact on the 
production cost and sub-hourly variability analysis. The impact of wind and solar 
penetration on the future system operation can only be assessed to the level of 
accuracy of the modeled data.  
 

4.6.2. Limitations of the modeling tools 
Some of the operating practices cannot be fully captured by the modeling tools: 

 GE MAPSTM is an hourly production cost analysis tool. Any unit commitment/de-
commitment can only be modeled at the start of an hour. However, in real life, the 
grid operator can commit a unit at any time within an hour. 

 GE MAPSTM models the quick-start/peaking units to be committed at zero load for all 
hours of the year. Therefore, when these units are dispatched they may or may not 
respect the minimum power point. However, these units are needed to provide a 
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small fraction of the total annual energy in high renewable penetration scenarios 
(~0.1%). Hence the inaccuracy in the simulation results will impact only a portion of 
this small number. 
 

4.6.3. Study risks and uncertainty 
This study looks at futuristic scenarios of Oahu grid to specifically capture the impact of high 
penetration of renewables on the system operation, production cost and system frequency 
response. Other aspects of a planning study are not captured: 

 The study does not look if the system has adequate voltage/reactive power support 
under all operating conditions. The study also does not investigate what is the 
minimum level of thermal inertia needed to operate the Oahu grid under higher 
penetration of renewables, although the study does monitor the online non-
synchronous generation for all hours of the year  

 The study does not attempt to do a reliability analysis and exhaustively check the 
operation of the system under different (N-1) or (N-1-1) contingency conditions. 
However, the study investigates if the system is able to sustain the largest 
contingency under the most challenging hour. 

 The operating reserves are designed to sustain the variability in renewables for 
99.99% of the time. For other hours, the operating reserves will dip in to the 
contingency reserves. The probability of the occurrence of the largest solar and wind 
ramp down event in tandem with the largest contingency event (in other words a N-
1-1 contingency) was not investigated in this study.  

5.0 Study Scenarios  
The study team originally planned to analyze a baseline scenario and three other scenarios 
with varying levels of installed capacity of solar PV. The scenario definition is shown in Table 
5-1. Baseline scenario reflects the benchmark case with 60MW of Distributed Solar PV (roof-
top and commercial) and 100MW of on-island wind, and is a representation of the existing or 
a near-future penetration levels of renewables on the grid. Although, the Oahu grid will have 
higher than 60 MW of installed Distributed PV by the end of the year 2012. Scenarios 1,2,3 
indicate additional capacity of solar PV (distributed/central) on the Baseline scenario and 
reflects different ways in the grid may see increasing build out of solar PV plants. The study 
team decided to benchmark the Baseline scenario first and then analyze Scenario 3 (which 
has the highest installed capacity of wind and solar PV plants). This decision was taken so as 
to understand the “pinch points” of the system at very high penetration of solar PV and then 
modify scenarios 1 and 2 based on the analysis. 
 
Full detailed analysis of Scenario 3 (results will be shown later in the report), in both hourly 
and sub-hourly time frames, suggested that the system is able to absorb all the renewable 
energy (zero curtailment) and the system can effectively counteract the solar and wind 
variability in sub-hourly times (with performance similar to the Baseline scenario). It was 
therefore suggested by the study team to look at higher installed capacity of renewables to 
understand the true “pinch point” of the system. A “pinch point” can be defined as a scenario 
wherein it is anticipated that (1). the system will not able to absorb significant portion of 
available renewable under current operating practices, and/or (2). the sub-hourly response 
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may not be enough to counteract the variability from renewables under current operating 
practices. Based on this, the study team decided to expand the scope of the analysis and 
include three other scenarios (Scenarios 3B, 4A, 4B), as shown in Table 5-2. Please note that 
the Scenario 3A is exactly the same as Scenario 3 in Table 5-1.  

Table 5-1. Original scenario definition 

 
 

Table 5-2. List of scenarios analyzed in HSIS 

 
 
Scenario 3A and 3B are similar in the levels of installed solar and wind capacity. The 
difference is in the amount of Distributed and Central PV installed capacity. Scenario 3B has 
2x100 MW central PV plants and only 160MW of Distributed PV; while Scenario 3A has 
260MW of Distributed PV and 100MW of Central PV, which is also distributed in nature and is 
made up of 18 plants; the maximum capacity of a plant rated for 13MW. With the same 
installed capacity, Scenario 3B versus Scenario 3A gives a comparison between the impact 
on system operation if the grid has more Central PV versus if the grid has more Distributed 
PV. 
 
Scenario 4A and 4B have same level of annual available renewable energy. The difference is 
in the amount of Solar PV and Wind installed capacity. Since the wind has roughly twice the 
capacity factor of solar PV, the installed capacity of renewables in Scenario 4B is lower than 
that of Scenario 4A. Scenario 4A has heavy concentration of solar PV while scenario 4B has 
roughly equal installed capacity of solar PV and wind. The results from these two scenarios 
will indicate how the system performs if the grid has heavy concentration of solar PV versus 
if the grid has equal concentration (installed capacity) of solar PV and wind.  

5.1. Solar Site Selection Process 

HECO identified the most likely locations for future Solar PV resources. Figure 5-1 shows the 
proposed Solar PV sites on the Oahu system. Pink bubbles (on the left hand side figure) 
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correspond to the solar sites that are currently not installed but may either be in the queue, 
or in the planning stages and can come online within the timeframe of next 3-5yr. Orange 
bubbles (on the right hand side figure) correspond to the resource potential based on 
technical criteria. This includes filtering out of unusable land (i.e. > 20% slope, conservation 
areas, controversial areas, limited solar irradiance).  
 
Based on the site map in Figure 5-1, HECO selected locations for the Distributed and Central 
Solar PV plants in each of the scenarios. Each bubble in Figure 5-1 covers an area with a 
number of substations. Each Distributed and Central site is tied to a particular substation at 
the 46kV level. Central PV plants were modeled in 40 kW blocks. Distributed PV, on the other 
hand, was modeled in blocks ranging from 0 to 611 kW depending on the capacity and area 
allocated to each substation.   
 

   

Figure 5-1. Solar PV sites on the Oahu Grid. (Potential Economic PV resource on left, Proposed 
Technical PV resource on right) 

 
Table 5-3 shows the installed MWs of Solar PV (central and distributed) in different areas (or 
bubbles) in Scenario 3A. It also shows the annual energy (GWHr) for Solar PV and Wind. The 
wind capacity factor is roughly twice the Solar PV capacity factor. The same analysis is also 
shown for Baseline Scenario in Table 5-4. 
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Table 5-3. Scenario 3A: Installed MWs of Solar PV (central and distributed) in different areas 
(bubbles). Capacity factor of Solar PV and Wind are also shown. 

 

 
 

Table 5-4. Baseline scenario: Installed MWs of Solar PV (central and distributed) in different areas 
(bubbles). Capacity factor of Solar PV and Wind are also shown. 

 

 
Further, based on HECO’s guidance, AWS Truepower also generated a superset of PV data, 
which consisted of 400MW of Distributed PV and 460MW of Central PV, again tying each of 
those sites to a particular substation (at 46kV) in the bubbles shown in Figure 5-1. The intent 
of generating this superset was to be able to pick additional PV sites in order to analyze 
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existing scenarios or build new scenarios with higher installed capacity of solar PV. 
Additionally, AWS Truepower also provided datasets for 3x100MW Central Solar PV sites, 
which were used for Scenario 4A and 4B. The location of the plants is shown in Figure 5-2 
indicated by a star symbol. 

 

Figure 5-2. Location of 3x100MW Central PV plants 

5.2. Development of Solar and Wind Datasets 

Each of the scenario allocations, listed in Table 5-1, has a number of individual solar and 
wind plants. For example, in Scenario 3, there are 18 central PV sites and 71 distributed solar 
PV sites. The time series data was provided for each of the sites.  
 
Initially, AWS Truepower provided solar PV production data at 10-minute resolution for 2007-
08. The frequency of PV ramps over time scales of 10 minutes to several hours captures the 
spatial variations of PV ramps over the island; however, shorter time scales of several 
minutes are important to analyze the ramps of central PV plants and other localized cloud 
phenomena. It was therefore decided by the study team that it is important to model the 
data in finer time resolution in order to truly capture the impact of solar PV ramps on the grid 
operation. As a result, AWS Truepower took the initiative of a cloud simulation that 
represents cloud behavior on the island on a 2sec basis for the years 2007-08 [1]-[2]. The 
cloud model develops its own representation of the cloud field by creating multiple clouds of 
different sizes and densities in the simulation domain. The model characterizes other 
atmospheric processes such as cloud thickness, reflection, maximum growth and decay 
rates, sun width, and other irradiance-based processes. The clouds then follow the NWP 
(numerical weather prediction) model winds, growing and shrinking to match the variations 
in space and time of the NWP model cloud cover fraction. The exercise helped to account for 
precise cloud location and size, varying opacity of clouds, edge effects and other 
phenomena.  
 
The on-island 100MW Wind was modeled as two plants of 30 MW and 70 MW capacity, as 
per the guidelines from the previous study (OWITS).  The data was constructed by taking 30% 
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and 70% of the total 100 MW of wind power. AWS Truepower supplied the 10min and 2sec 
dataset for these plants for two years (2007-08).  
 
It should be noted that the results of the study depend heavily on the quality of data 
provided, since historical power production data from the solar PV and wind sites does not 
exist, and models were used to develop the data (wind and solar power). 
 

5.2.1. Analysis of Solar PV and Wind Data 
Figure 5-3 shows a week of available Solar PV and Wind energy in different seasons for 
Scenario 3A. For reference, the load profile is also shown on the secondary y-axis. The plots 
show that the available Solar PV energy is much higher than Wind energy in this scenario, 
which is expected based on the installed MWs; but nonetheless it gives an intuition of how 
much solar and wind energy may be available on a typical day to serve the load. 
 

 

Figure 5-3. A week in different seasons in Scenario 3A. This is based on 10-min data. 

 
Figure 5-4 shows the aggregated daily output profile in Scenario 3A (260MW of Distributed 
PV and 100MW of Central PV) for the two years 2007-08. The PV data modeling was done 
such that the power injection into the grid is at rated capacity for the scenario (in this case 
360 MW). Figure 5-4 bucketizes the Solar PV output into different days (clear, cloudy, and 
overcast days) based on the variability (MW) and energy (MWHr). A clear day has high energy 
and low variability. On the other hand, an overcast-day has low energy and low variability. 
Cloudy-day has high variability and median energy. Variability is calculated as the RMS of 
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the deviations of PV output from a moving average window of one hour, over the entire day. 
Greater the RMS metric, more variable is the PV output on that day. On Oahu majority of the 
days fall into the cloudy-day bucket (see Figure 5-4). 
 

 

Figure 5-4. Scenario 3A: Daily ouput profiles from Solar PV (central plus distributed) plants for 
2007-08 

Figure 5-5 shows the daily Solar PV output in different seasons in Scenario 3A. Four months 
January (autumn), April (winter), July (spring), and October (summer) are shown t represent of 
each of the season. The average temperatures are seen to be the highest in the month of 
October, hence the choice of seasons as shown in the figure below. The black line shows the 
average Solar PV output in a month. It can also be referred as the average climatological 
output for that month. The average PV output is the highest in April and October.  
 
A more detailed seasonal analysis is shown in Figure 5-6, which compares the seasonal 
variation between Distributed PV and Central PV using carpet plots. Each cell in the plot is 
color coded to reflect the average MWs for a particular hour and month. The Distributed PV 
output is seen to be higher in the shoulder months (March and September). The Central PV 
plants have a constantly higher output in the months of March to October. Central PV plants 
are modeled with single axis tracking, while the Distributed PV sites are not. This is one of the 
reasons for the difference in seasonal variation between them.  
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Figure 5-5. Scenario 3A: Seasonal variation in Solar PV (central plus distributed) 

 

 

Figure 5-6. Scenario 3A: Seasonal variation in output power of Central and Distributed PV 

 
Figure 5-7 compares the seasonal variation in aggregate Solar PV output (Scenario 3A) with 
the seasonal variation in the average net load. Net load is defined as the electrical load 
minus the renewable output (Solar PV and Wind), which must be served by appropriate 
thermal commitment. The net load on the grid (in Scenario 3A) is highest in the month of 
September through November (from 6-9 pm). This is the period when the Oahu grid has the 
maximum electrical load, most likely due to the higher temperatures at this time. The net 
load is lowest in the months March (from noon-3pm). 

MW MW 
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Figure 5-7. Scenario 3A: Seasonal variation in output power of Solar PV (central plus distributed) 
and Net Load 

5.2.2. Selection of the Solar and Wind data for the study year 
In order to select one of the two years of wind and solar data for the single year of study, the 
variability of wind and solar power data was assessed on a 10-minute and 60-minute 
interval (see Figure 5-8).  This was based on Scenario 3A as this was the first high penetration 
scenario analyzed in the study. Aat the time of selecting the study year, the project team had 
access to only 10 minute data. The 2 sec data was made available later in the study. 
However, the variability in 10 minutes and 60 minutes is a good indicator of the aggregate 
(island-wide) variability in the shorter and longer time scales. 
 

 

Figure 5-8. Annual energy and variability in Solar PV and Wind (2007 and 2008) 
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The 0.1% percentile changes in power (for 10-minute and 60-minute) are higher for the 2008 
dataset. The 60-minute changes in wind and solar power are based on a calculation of the 
rolling 10-minute data.  The annual energy of solar PV is also higher in 2008 dataset.  
 
Based on these results, 2008 data was selected for the study year, as the data showed 
greater total annual energy and higher variability for solar PV. 
 

5.2.3. Variability of Solar and Wind in Different Scenarios 
The variability of solar PV and wind power affects the grid operation in different time scales.  
An abrupt variation in a short period may require a prompt governor response while a 
continuous and sustained drop over a long period requires an AGC response.  In the initial 
stages of the project, statistical analysis was used to validate AWST’s modeled Solar PV and 
Wind data. This section describes the variability and statistical analysis applied to the AWST 
two-year-long wind and solar data, and present the major conclusions drawn from these 
analysis. 
 
5.2.3.1. Histogram of Ramps 
A histogram of power ramps at different time intervals provides a good statistical 
assessment of the severity of renewable variation.  Figure 5-9 illustrates two such examples 
from a large centralized PV plant (rated 100 MW) and on-island Wind farm (also rated 100 
MW) on the island of Oahu.  The x-axis of the figures shows the per-unit (with 100MW base) 
change of the renewable power over the specified time interval while y-axis of the figures 
tells how often the ramps would occur.   
 

      

Figure 5-9. Histogram of power ramps from a 100 MW centralized solar plant as compared to 100 
MW on-island wind on Oahu  

 
The comparison between the solar and wind power output, for the same installed capacity, 
shows that the variability of a Solar PV farm is higher than the variability of a wind farm in all 
time scales. Further, the power ramps from the Solar PV plant are similar in 5-minutes to 60-
minutes. This is because a big enough cloud can cover the geographical footprint of the 
plant in 5 minutes or less and the plant can lose 80% of its rated power in 5min from the 
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cloud coverage. However, the severity of such power ramps can decrease as the PV plants 
are spread-out to make the resource more geographically diverse. This will help to smooth 
out the short-term intermittencies considerably.  Such a smoothing effect is illustrated in 
Figure 5-10 for Oahu Scenario 3A. The shoulders of the power ramp histogram are narrower 
as compared to the left-hand side ramp histogram in Figure 5-9, highlighting the reduced 
occurrence of severe power ramps. 
 

 

Figure 5-10. Histogram of power ramps from the aggregated sc3 solar power output (360MW) 

Figure 5-11 and Figure 5-12 show the ramp histograms for Scenario 3A/3B (Figure 5-11) and 
Scenario 4A/4B (Figure 5-12). For reference, the figures also show the worst ramp down 
event (drop in renewable power) in each of the time periods. Figure 5-11 shows that the 
variability in shorter time scales of 5-min and 10-min is much more pronounced for Scenario 
3B than Scenario 3A. This is due to the fact that this scenarios has 2x100 MW concentrated 
solar PV plants, which are geographically close to one another. The variability in shorter-time 
scales is dictated by local clouds, which can cover a big farm of solar PV in a few minutes; 
while the distributed solar PV may never see coherent cloud cover over the island in such 
short time scales. Longer-term variability (30-min to 60-min) is governed by island wide 
weather phenomena (like a big cloud/storm covering the island) and is therefore similar 
between the two scenarios (as they have the same level of installed solar PV capacity). 
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Figure 5-11. Variability comparison between Scenario 3A and Scenario 3B 

 

 

Figure 5-12. Variability comparison between Scenario 4A and Scenario 4B 

Figure 5-12 compares the variability between Scenarios 4A and 4B. The plots indicate that 
the variability is higher in both shorter and longer time scales in Scenario 4A. The increased 
variability in the shorter time scale can be attributed to the fact that Scenario 4A has more 



 33 

Solar PV (and more Central Solar PV); while the higher variability in the longer time scales is 
due to the greater installed capacity of renewables in Scenario 4A.  
 
5.2.3.2. Scatter Plots: ∆P vs. P0  
One of the main purposes of studying renewable variability is to inform HECO of potential 
changes in wind and solar at different power output levels.  This analysis provides the 
information necessary to determine if sufficient levels of reserves are available to maintain 
system reliability.   
 
Figure 5-13 illustrates the result of such an analysis for Oahu scenario 3A.  The X-axis of the 
figures gives the total renewable power output (P0) at any given time.  The Y-axis of the 
figures reflects the amplitude of negative renewable power change (i.e., power drop ∆P) at 
the end of the specified time interval (10min in these plots).  Each dot in the figures 
represents such a power change starting from a 2-sec point in the two-year period. We are 
only showing the negative power ramps. Please note that the operating reserves are 
dictated by negative power variations; the positive ramps pose a challenge to system down-
reserves but they can be effectively limited by curtailing the power output.  
 

 

Figure 5-13: ∆P vs. P0 plots for Oahu scenario 3A 

An orange curve is created in each plot to include 99.99% of the total number of data points. 
This means if we use the orange curve as the system reserve requirement, for 99.99% of the 
time the system carries enough reserve to cover sudden reduction in renewable power. If 
the power drops so deep that this orange curve requirement is violated, then the system 
may use part of its contingency reserve (i.e., the 185MW reserve for the loss of AES 
generator).  The combined chance of having both such a large renewable power drop and 
the loss of AES generator is small and they are independent events.  In fact, from the 
production analysis, the HECO system carries much more reserve than this minimum reserve 
requirement for most of the time during its normal operation.  This makes the probability of 
having inadequate reserve even lower. 
 
A distinct feature of solar power that differentiates it from wind power is its daily pattern.  
For example, solar power is always zero during the nighttime; the sunrises in the morning 
(when the system mostly sees positive solar ramps) and sets in the evening (when the 
system sees big negative solar ramps). To acknowledge this feature, the ∆P vs. P0 plots are 
created separately for daytime and nighttime.  As it is clear from the figures, the maximum 
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power variation for wind only (in the nighttime) is less than the maximum power variation for 
both wind and solar (in the daytime) and therefore requires less system reserve. 
 
5.2.3.3. RMS Index to Identify Fast Variations 
In addition to sustained renewable power drops or rises, it is of great interest to study the 
system response to high frequency renewable variations.  For this purpose, an hourly index 
based on RMS calculation is used to assess the severity of fast power variation.  The worst 
hours identified from this analysis are then selected for further investigation in PSLF long-
term dynamic simulation.  This RMS calculation is explained below. 
 
First, depending on the specific scenario of interest, the total renewable power output is 
calculated, at every time step of interest, as the summation of all existing wind and solar 
plants. For example, the total renewable power of Scenario 3 is calculated as: 
 
 ( )             ( )               ( )               ( ) 

 
Then, the 5-minute moving-average power is obtained using the following equation: 
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That is, for each time stamp, the 5-minute average value equals the mean value of all the 2-
sec data points that are in the sliding window centered at this time and with 2.5 minutes to 
both sides. 
 
Next, the time series of renewable power deviation is computed for each data point: 

         √
 

    
∑     

 ( )

              

 

 
The larger the RMS value is, the more variable the renewable power is in that hour over the 
time interval examined.  The length of the moving average window determines the 
bandwidth of the renewable variability. In this study renewable variations with respect to 5 
and 10-minute averages were considered. It was agreed by the stakeholders that this 
captured an important operating timeframe for the thermal units: longer than the immediate 
governor response and shorter than the timeframe to commit another unit. The 
nomenclature used in the remainder of the report calls RMSX to refer to the hourly RMS with 
respect to a X-minute (1, 5 and 10 minute) moving average. Same method and 
nomenclature was used to analyze results. Figure 5-14 depicts the RMS calculation of high 
frequency renewable variation from the 2-sec simulated wind and solar power data. 
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Figure 5-14: RMS calculation of high frequency renewable power variation 

5.3. Development of Solar and Wind Forecasts 

In addition to solar and wind power data, AWS Truepower provided the forecast data for 
each of the sites (solar and wind) in the following timeframes.  
 

o 1 hour (only wind) 
o 4 hour  
o 6 hour  
o 24 hour  

 
The time-frame of interest for the Oahu grid is 4-hour. This is because the commitment of 
cycling units requires about a 4-hour advance notice. The study used 4-hour ahead forecast 
for solar PV (both Distributed and Central) and wind plants in the unit commitment process. 
 

5.3.1. Analysis of Solar PV and Wind Forecasts 
The accuracy of the forecast plays a major role in (1). the ability of the system to absorb 
renewables, and (2) variable cost of operation. Figure 5-15 shows the forecast error 
comparison between Scenarios 3A and 3B. Forecast error is measured as Actual – 
Forecasted MW of renewables. Positive value of forecast error suggests that the system 
under-forecasted the available wind and solar energy, while negative values imply over-
forecast.  
 
Figure 5-15 compares the forecast error for Scenarios 3A and 3B. It shows that the forecast 
error for Scenario 3B is more than the forecast error for Scenario 3A (in both positive and 
negative values). This suggests that forecast inaccuracy is higher if the system has more 
Central PV than Distributed PV.   
 

2-sec renewable 
power data: P(k)

Renewable power deviation:

PDEV(k)=P(k)-PMA(k)
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Figure 5-15. Forecast error: Scenario 3A vs Scenario 3B 

 
Figure 5-16 compares the forecast error between Scenario 4A and 4B. The error is higher in 
Scenario 4B, which has more installed wind capacity. This analysis illustrates that the 
forecast accuracy is better for solar PV than for wind. Solar PV has a daily pattern of sun-rise 
and sun-set, which helps to bound the forecast error; while wind power is more random with 
no day-to-day pattern. 
 

 

Figure 5-16. Forecast error: Scenario 4A vs Scenario 4B 
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5.4. Operating Reserves 

This section describes the methodology used for designing appropriate level of operating 
reserves to cover the sub-hourly variability of renewables. The derivation of the system 
operating reserves is based on the following definitions and principal rules. 
 
Contingency Reserve: MWs to cover for the loss of the largest unit (AES generator in the 
HECO system) 
Operating Reserve: MWs to cover for the variability of wind and solar power; composed by 
spinning reserve and non-spinning reserves 

Spinning Reserve: Available headroom (MWs) from committed thermal units; 
considered available right away when needed 
Non-spinning Reserve: Available MWs capacity from quick-start units; the availability 
is dependent on the reaction time of operator to turn on the units and is limited by 
the start-up time and ramp rate of the units 

 
The Oahu system presently has approximately 40 MW of distribution-connected PV systems 
without ride-through capability. These systems were installed before the new requirements 
were enacted.  It is possible that most or all of these systems would trip due to under-
frequency following the trip of the AES coal unit. Thus, the worst-case loss of generation 
event for Oahu would be 225 MW, corresponding to the combined loss of the 185 MW AES 
unit and 40 MW of distribution-connected PV resources. This type of event should be 
considered for future analysis of contingency reserve requirements. 
 
The current operating practices assume that all the contingency reserves as well as 
operating reserves must be provided by the thermal units. Sections 9.4 and 9.7.6 will discuss 
the possibility of using other resources (such as demand response or energy storage) for 
providing a portion of operating and contingency reserves.   
 
Operating reserves are needed to cover the variability in all time scales within an hour when 
no additional thermal units can be committed, other than the quick-starting units. The 
following equation describes the principal rule for determining required levels of operating 
reserves on the Oahu grid. 
 
                                                                                  (1) 
 
In the above equation, the renewable variation is a function of power output and is 
dependent on the time interval of consideration.  The derivation of this function is explained 
in Section 5.2.3.2 as the orange envelope in the ∆P vs. P0 plots.  In the following discussion, 
we will use ∆P (P0, t) to represent it. The non-spinning reserves, denoted as Rn(S, t), which can 
be made available within an hour depends on a number of things that are explained below.  
 

 Response time from operator to trigger the units 
o 10 minutes was assumed in this study 

 Availability if quick-starting units 
o All units were assumed to be available 
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 Ramp rates of the units 
o Normal ramp rates were considered. However, a sensitivity with emergency 

ramp rates is shown in Figure 5-17 

 Starting sequence of the quick-starting units 
o The most conservative case was assumed: fire the smallest unit first and the 

largest unit last. A sensitivity with simultaneous start of the units is shown in 
Figure 5-17 
 

 Time delay between start of successive units 
o The most conservative case with sequential start of units was assumed 

 
Figure 5-17 illustrates the non-spinning reserve as the function of time and operator’s action 
strategy.  In this figure, both strategies take a reaction time of 10-minute meaning the 
operator will wait for at least 10min before triggering the quick-start unit(s). As illustrated 
above, there can be a number of strategies to account for the availability of the quick-start 
units in an hour. We show two extreme cases, as Strategy I and Strategy II. As a conservative 
approach to count the availability of quick-start units, the operator (after the initial reaction 
time of 10 minutes) can sequentially start the units, starting from the smallest unit, at their 
normal ramp rate (as Strategy I). In Strategy II, the operator can start all the units together at 
their emergency ramp rate.  The resulted black curve in Figure 5-17 is the aggregated 
available power from all the fast-start units within the hour. 
 

 

Figure 5-17. NonSpinning reserve (as the black curve) as the function of time and operator’s 
action strategy 

The plots show that the available non-spinning reserve is 
  (              )      at the end of 20min if strategy I is used and  
  (               )        at the end of 30min if strategy II is used. 
 
Our objective here is to calculate the minimum value of operating reserves that is sufficient 
to sustain the variability of renewables within an hour, based upon the availability of quick-
starting units as shown in Figure 5-17. With the help of equation (1), this can be further 
explained by the following inequality: 

Strategy I Strategy II
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  (  )     (    )    (   ), for any time t within a hour (0≤ t ≤60min           (2) 
Where, Rs(P0) is the spinning reserves requirement 
 
The time is limited to less than an hour because this is the longest time-period that the 
system may not have new unit commitment to help overcome the renewable power 
reduction.  
 
In the derivation of power variation function in Figure 5-13, we generated a ∆P vs. P0 plot for 
a fixed time interval (10 minutes in that figure) and then estimated a   (    ) function for 
that time interval.  To acquire the final spinning reserve requirement, our methodology is to 
calculate the   (    ) function for each time interval within an hour, taking into account 
the contribution from the quick-start units in that time interval. The final spinning reserves 
requirement is the envelope of all of the   (    ) functions. This process can be expressed 
in the following equation. 
      (   )          (      )    (     )  where τ=1, 2, 3, …, 59, 60min          (3) 
 
Figure 5-18 is generated using the described method.  Each colored curve represents a 
particular sub-hourly time interval and is generated according to the methodology described 
above. The ultimate spinning reserve requirement is the minimum boundary of all the 60 
curves as the one in bold black color. Only those curves are shown in the figure that 
contribute to the final spinning reserve requirement. With the more aggressive operator’s 
action strategy (Strategy II), the required spinning reserves are lower.  However, this effect is 
small because the solar power variation is dominated by short-term variability and the 
spinning reserve must cover for these drops before the fast-start units can make significant 
contributions. 
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Figure 5-18: Spinning reserve requirement for Scenario 3A 

The spinning reserves requirement in different scenarios is shown in Figure 5-19. The 
requirement is separate for day-time hours (when the Solar PV production is high) and night-
time hours (when only wind power is online). The study has used the conservative approach 
of counting the availability of quick-starting units, according to Strategy I. 
 

 

Figure 5-19. Operating spinning reserves requirement in different scenarios 

5.5. Down Reserves 

The down reserves on the system are required to provide the necessary operating range on 
the thermal units so they can decrease their output in response to a loss of load contingency 
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event. These reserves are classified as contingency reserves for load rejection on the system. 
No operating down reserves are carried on the system. 
 
In the current operating practices, HECO system operators dispatch the system to carry 
atleast 40 MW of down-reserves for all hours of the year.  All the down-reserves are provided 
by the thermal units. Sections 9.5 and 9.7.5.1 will show the value of down-reserves 
contribution from wind and solar plants. The current operating practice requires that in 
hours when the thermal units maybe backed down (possibly during off-peak periods), the 
system operators will always make sure that their dispatched output is at least 40 MW 
greater than their minimum power level. The current system, however, would normally be 
dispatched such that it carries much more than 40 MW of down-range, because the thermal 
units normally do not sit close to their minimum power level.  
 
Analytical results from this study indicated that for high penetrations of wind and solar 
generation, baseload thermal generating units would be operating at minimum power for a 
significant portion of the year, thereby increasing the risks associated with loss of load events. 
HECO performed analysis to quantify the possible loss of load for credible fault and feeder-trip 
events. HECO determined that 140 MW load could be lost for a daytime event (under a 
transmission fault or the loss of Pukele substation with two failure of the transmission out 
feeds) and 90 MW of load could be lost for a nighttime event (under the loss of 80 MVA 
transformer and adjacent 46kV circuits). These levels of down-reserves were assumed for 
Scenarios 4A and 4B. For other study scenarios, 40 MW of down-reserves were assumed (see 
Table 5-5). 
 
 
 
 
 

Table 5-5. Down-reserves requirement in different scenarios. 

 Day-time Down 
Reserves Requirment 

(MW) 

Night-time Down 
Reserves Requirement 

(MW) 

Baseline 40 40 

Scenario 3A 40 40 

Scenario 3B 40 40 

Scenario 4A 140 90 

Scenario 4B 140 90 

 
The higher down reserves requirement in Scenarios 4A and 4B is not related to the higher 
wind and solar penetration levels. Rather, it reflects the most current information on loss of 
load events from HECO. Later on, the scenarios analysis will highlight (Figure 7-14) that 
Baseline and Scenarios 3A and 3B carry down-reserves in excess of the new requirement 
(140 MW day and 90 MW night) for almost all hours of the year. Hence, the team decided 
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that there was no need to re-run these scenarios with the modified down-reserves 
requirement.  
 
This was modeled in the production cost simulations by raising the minimum power levels of 
thermal units to reflect the required down-reserves requirement in each scenario. In 
Baseline and Scenarios 3A/3B, the 40 MW requirement was spread out equally on all the 
baseload units. So each of the ten baseload units carried 4 MW of down-reserves. This 
allocation methodology was improved, with agreement from HECO, in Scenarios 4A/4B. The 
down-reserves are a contingency reserves, which are provided locally by the governor 
action and droop control. The MW support from a unit depends upon its droop 
characteristics and and the rating of the unit. Since all the HECO units are modeled with the 
same droop of 5%, the MW support from a unit depends directly on its rating. Hence in 
Scenarios 4A/4B the down-reserve requirement was distributed according to the size of the 
units. Table 5-6 shows the modeled minimum power of the baseload units different 
scenarios to respect the down reserves requirement.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5-6. Modeled minimum power of the baseload units, respecting the down reserves 
requirement, in different scenarios 
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6.0 Model Development and Refinement 
The analytical and simulation models and toolset for HSIS are inherited from the Oahu Wind 
Integration and Transmission Study (OWITS). Significant effort was spent in developing and 
validating these models in OWITS. The demonstrated degree of accuracy for these models is 
considerably above the accuracy generally achieved for forecasting models. 
 
In this study, these models are used, but are updated to reflect the current state of affairs for 
the Oahu grid in order to benchmark the Baseline scenario. The improvements and 
refinements for each of the tools are listed in the following sections. 

6.1. GE MAPSTM Production Cost Model  

The inputs to the production cost model consist of thermal unit characteristics, system load 
forecast, fuel price forecast, renewables profile, operating reserves, and other system 
operating data. The following section outlines the assumptions for the Baseline model for the 
study year 2015.  These assumptions were mostly unchanged for the scenario analysis 
described later in the report.  Any changes made to the assumptions for the scenarios are 
specified.  Note that MW values presented for the production cost tool are reported in net 
MW. 
 

6.1.1. Oahu thermal generation 
The Oahu generation consists of the following thermal units: 

 
o Baseload units: AES, Kalaeloa, Kahe 1, 2, 3, 4, 5, and 6, and Waiau 7, and 8. 
o Cycling units: Waiau 3, 4, 5, and 6, and Honolulu 8, and 9. 
o Peaking units: CT1, Waiau 9, and 10, and Airport DG  
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o Scheduled energy from IPPs: HPower and Honua 
 
Figure 6-1  shows Oahu’s projected average daily load profile for the HSIS study year of 
2015.  The shaded areas at the bottom of the plot represent the minimum generation levels 
for the baseload power plants. In the report, these units are also referred to as the must run 
units. For the purposes of this study, the terms “baseload”, “must-run”, and “fixed schedule 
operation” are used interchangeably. The baseload units are generally the largest and most 
efficient units to operate and are economically dispatched to meet system load. These 
plants were not designed to be cycled on and off on a daily basis, and have therefore been 
historically operated 24 hours per day.  In addition, Waiau 7 and 8 are required to support 
the transmission system voltage between the generation area in the south west and the 
load area in the southeast. HECO and APTECH are presently conducting a study to quantify 
the impacts of increased cycling duties on baseload thermal generation resources. The 
study is also exploring possible retrofits or modifications to the units that would enable 
increased cycling capability. 
 

 

Figure 6-1. Average Load and minimum power output from the baseload generation 

 
Another modeling requirement specified by HECO is the cycling unit start-up order.  Cycling 
unit pairs cannot be started simultaneously, so required on-line time of the second unit 
dictates scheduling of the first unit. As a result, cycling unit startup schedule is not based 
solely on lowest incremental cost. This is captured in some instances but has not been 
captured for all of the events due to limitations of the model. 
 

6.1.2. Thermal unit heat rates 
The heat rate curves were modeled based on the average ABC heat rate constants provided 
by HECO.  The heat rate curves are provided below. More details are available in Appendix A. 
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Figure 6-2.  Thermal unit heat rates for Baseline 2015 

 

6.1.3. Fuel prices and variable cost 
The fuel prices modeled in all of the scenarios are summarized below in Table 6-1: 

Table 6-1.  Fuel cost ($/MMBtu) 

 
 

Note that the start-up cost is not included in unit commitment, but is included in the total 
variable cost for each unit. Total variable cost of a unit also comprises the O&M costs as 
specified by HECO. 
 

6.1.4. Load forecasts 
The 2015 average daily load shape and seasonal variation in peak and energy is shown in 
Figure 6-3. Morning pick-up of load occurs between 6-10 am and evening peak occurs 
between 6-8 pm. The load on the Oahu grid seems to peak in the months of July – October, 
when the average temperatures are high.  
 

Study 

Year

Honolulu 

LSFO

Waiau 

LSFO

Waiau 

Diesel

Kahe 

LSFO
AES Coal

Kalaeloa 

LSFO

Biodiesel 

(CT1, DG)

2015 17.3 16.8 21.9 16.8 1.9 17.4 42.6
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Figure 6-3.  2015 Load shape for Oahu 

6.1.5. Independent Power Producers 
HPower’s dispatch is modeled to follow a fixed schedule of 73 MW with fixed unit outages. 
Similarly HONUA is modeled to follow a fixed dispatch of 6MW. The hourly production from 
AES and Kalaleloa units was established according to the economic dispatch. 
 
6.1.5.1. Kalaeloa combined cycle plant 
In order to capture the operation of Kalaeloa, the following assumptions were made: 

o Kalaeloa was modeled as three separate units: 
o Unit 1 (CT + ½ ST) rated for 67-90 MW.  Wash time from 9pm (Fri) to 9am (Sat) 
o Unit 2 (CT + ½ ST) rated for 67-90 MW.  Wash time from 9pm (Sat) to 9am (Sun) 
o Unit 3 rated for 28 MW.  Operates only when Unit 1 and Unit 2 are operating at 

max capacity. 
o Kalaeloa operates in single train (67-90 MW) for at least five hours before entering 

dual train mode (134-180 MW) 
o Note that the heat rate curve for two of the units (Unit 1 and 2) is based on the dual-

train configuration efficiency.  It was necessary to accurately capture the heat rate of 
this plant when these two “units” were both in operation (i.e. in dual train combined 
cycle configuration). Hence, both the units were modeled with the heat rate during 
dual train operation mode. Actual heat rate is expected to be higher (less efficient 
operation). 

 
6.1.5.2. AES coal-fired steam plant 
The AES plant was modeled based on the representative ABC heat rate curve provided by 
HECO.  AES was assumed to be capable of being backed down to 67 MW during off-peak 
hours (minimum net power + 4 MW of down-reserve in Baseline scenario). 

 

6.1.5.3. HPower municipal solid waste plant 
The HPower plant was assumed to follow a fixed schedule of 73 MW, with an outage 
schedule.  According to HECO, HPower is not on AGC and governor control. 
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6.1.5.4. Honua gasification plant 
Gasification power plant, modeled to provide a constant 6 MW throughout the year.  
Although this is a small plant, it is necessary to capture the contribution of this plant to the 
future energy production on the island. 
 

6.1.6. Down-reserve requirements 
Note that the eight HECO baseload units (K1 K2, K3, K4, K5, K6, W7, W8) and two IPPs 
(Kalaeloa and AES) were modeled as maintaining an initial minimum of 40 MW of down-
reserve by increasing the minimum dispatch power levels on the units by 4 MW each.  This 
requirement was later increased in Scenarios 4A and 4B, as explained in Section 5.5. 
 

6.1.7. Overhaul, maintenance and forced outages 
The actual planned and scheduled maintenance outages were modeled based on the 
intervals provided by HECO.   
 

6.1.8. Fast-starting capability 
Waiau 9, Waiau 10, CT1 and the Airport DGs were modeled as units being capable of starting 
within an hour to cover for a deficiency in operating reserves, according to the starting 
profile shown in Figure 5-17. Under normal operating conditions of meeting the peak load, 
when baseload units are on outage, the following starting order was used: 
 

o Airport DG are triggered first: The operation is limited to 1500 hours/year with a 
maximum fuel burn limit at 250,000 gallons 

o Followed by CT1 Combustion Turbine 
o Finally, W9/W10 are fired.  

 

6.1.9. Operating Reserve requirements 
All thermal units, except HPower and Honua are modeled to count 100% of their remaining 
capacity towards meeting system reserve requirements.  Fast-start units (CT1, W9, W10, and 
Airport DG diesel units) provide non-spin portion of the operating reserve requirements 
according to Strategy I in Figure 5-17.    
 

6.1.10. Run time requirements 
In order to capture the minimum up or down time for some of the HECO units, the following 
assumptions were made: 
 

o 5 hour downtime for W3, W4, W5, W6, H8, H9 
o Minimum run time of 3 hours for cycling units 
o Minimum run time of 1 hour and downtime of 1 hour for W9, W10 
o Minimum run time of 1 hour for CT1 

 

6.1.11. GE PSLFTM transient stability model  
Transient simulations were performed using the dynamic model of the Oahu grid to assess 
the impact of severe system events, such as transmission faults resulting in cable trip events 
and generator trips.  The extent of the associated simulation work is not intended to displace 
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an interconnection study and is limited to explore implications relative to reserves or 
potential commitment constraints that could impact assumptions for other analysis in this 
study. 
 
This section presents an overview of dynamic modeling of the various components of the 
power system assets on the Oahu grid. The Positive Sequence Load Flow model was 
developed and validated in OWITS in great details. However, these models were updated to 
reflect the present system practices. PSS/E load flow datasets provided by the Transmission 
Planning Division of HECO were converted to GE’s Positive Sequence Load Flow (PSLFTM) 
program format and transient stability assessments were performed in GE PSLFTM model.  
This tool is widely used for load flow and transient stability analysis.  This commercially 
available tool has a long history of application in the electric utility industry. 
 
The model revision includes updates to the dynamic models of all of HECO-owned and IPP-
owned generation assets (primarily generators, excitation systems and governors), loads, 
new renewable sources (new wind and solar plants) and protection schemes to maintain 
system stability (under frequency load shed scheme, etc.).   

 

6.1.11.1. Baseline Load Flow Model 

The load flow dataset shown in Table 6-2 (in PSLF format) was provided for the 2015 study 
year. The baseline dynamic model of the power system was prepared for 2015, which 
included new wind and solar power plants, new ramp rates of thermal units, new droop 
characteristics of the governors, new network data, etc. 

Table 6-2. Load Flow Case 

File Year 2015 Gen (MW) 

ge trc dataset bew.sav 1068 

 
The following methodology was used for preparation of the baseline load flow case for study 
year 2015: 
 

o The maximum capacity of HPOWER has been increased to 73 MW as per 
guidance from HECO 

o Honua: Gasification power plant, also modeled as a reduction in load to provide a 
constant 6MW throughout the year. The load reduction was modeled at the PSLF 
substation: 4113 “CEIP46C” 46.0kV. 

o GE PSLFTM program used gross limits for AGC and governor models, as provided in 
Table 6-3 below. 

 



 49 

Table 6-3. Min and Max unit ratings in Gross MWs 

 
 
6.1.11.2. Governor Droop and Ramp Rate settings 
The database was modified to reflect the governor droop settings according to the 
information provided by HECO. Table 6-4 provides a summary of proposed governor droop 
settings that were used in the study.   

Pmax

Plant Base/3A/3B 4A/4B - Day 4A/4B- Night
Base, 3A/3B, 

4A/4B

H8 22.3 22.3 22.3 53.4

H9 22.3 22.3 22.3 54.4

W3 22.3 22.3 22.3 46.6

W4 22.3 22.3 22.3 46.6

W5 22.5 22.5 22.5 54.5

W6 22.5 22.5 22.5 53.5

W7 27 35.7 31.2 82.9

W8 27 36.2 31.5 86.1

W9 5.9 5.9 5.9 52.9

W10 5.9 5.9 5.9 49.9

K1 36.5 45.1 40.6 82.1

K2 36.7 45.3 40.8 82.1

K3 36.3 45.5 40.8 86.1

K4 36.3 45.4 40.7 85.3

K5 54.7 71.3 63.9 134.3

K6 54 70.6 63.2 134.4

Kal1 67 78.8 73.9 90

Kal2 67 78.8 73.9 90

Kal3 0 0.0 0.0 28

AES 67 91.3 81.2 185

CIP-CT1 45 45.0 45.0 113

AiportDG 0 0.0 0.0 8

Pmin
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Table 6-4 Thermal unit governor droop settings 

 
 

AGC ramp rate values were also provided by HECO for the purpose of the study and were 
based on attainable performance from the units after targeted modifications applied to the 
units.  These settings are indicated as “Target” in Table 6-5.. The units have a different 
capability in the up and down directions, with normally the up ramp rates being higher than 
the down ramp rates. In this study, the minimum of the up/down ramp rates were used in 
the GE PSLFTM model. This was done to assume an even response in both directions. The AGC 
is already fairly aggressive with the assumed ramp rates and additional non-linear response 
can exacerbate oscillatory behavior. It also captures the worst case or a conservative 
operation of the grid to respond to the variability of renewables.  

NAME DROOP

AES 5.0%

Kalaeloa 1 5.0%

Kalaeloa 2 5.0%

Kahe 1 5.0%

Kahe 2 5.0%

Kahe 3 5.0%

Kahe 4 5.0%

Kahe 5 5.0%

Kahe 6 5.0%

Waiau 7 5.0%

Waiau 8 5.0%

Honolulu 8 5.0%

Honolulu 9 5.0%

Waiau 3 5.0%

Waiau 4 5.0%

Waiau 5 5.0%

Waiau 6 5.0%

Waiau 9 5.0%

Waiau 10 5.0%
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Table 6-5 Target Ramp Rate settings 

 
 
6.1.11.3. Baseline Dynamic Model Data 

The dynamic model of Oahu system includes detailed dynamic models and respective 
parameters of generator units, turbine-governors, excitation systems, under frequency load 
shed scheme and dynamic load characteristics. Table 6-6 provides a summary of the 
models available in the PSS/E dynamic database.  The dynamic database, provided by HECO 
in PSS/E format, was subsequently converted to GE PSLFTM format in prior studies.   
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Table 6-6 Summary of various dynamic models in the PSS/E database for Oahu system 

 
 
6.1.11.3.1. Turbine/Governor Models 

Table 6-7describes the governor model names in the PSS/E database provided by HECO and 
their respective models used in GE PSLFTM 

Table 6-7. Dynamic Database - Governor Models 

Type of Unit PSS/E model 
provided 

GE PSLFTM model 
used 

Gas Turbine GAST gast 

Steam Turbine IEEEG1, TGOV3 ieeeg1, tgov3 

Combustion Turbine WESGOV gpwscc 

 

The following are the modifications made to the governor models dynamic database based 
on the input from HECO. 

o Unit maximum power values from Table 6-3 were utilized to modify the respective 
parameters of the governor models, 

o New droop settings provided in Table 6-4 were used to modify respective 
governor model parameters, 

o As HRRP is run in turbine following mode and therefore a very slow and limited 
response during system transients is expected, no governor control is considered 

Bus No. Bus Name kV Id MBASE GENS EXCS GOVS

1141 KAHE-1  14.4 1 96 GENROU EXDC2 IEEEG1

1142 KAHE-2  14.4 2 96 GENROU EXDC2 IEEEG1

1143 KAHE-3  14.4 3 101 GENROU ESST4B IEEEG1

1144 KAHE-4  14.4 4 101 GENROU ESST4B IEEEG1

1145 KAHE-5  16 5 158.8 GENROU IEEX2A IEEEG1

1146 KAHE-6  16 6 158.8 GENROU IEEX2A IEEEG1

1203 WAI-3   11 3 57.5 GENROU ESST4B IEEEG1

1204 WAI-4   11 4 57.5 GENROU IEEEX4 IEEEG1

1205 WAI-5   11.5 5 64 GENROU EXDC2 IEEEG1

1206 WAI-6   11.5 6 64 GENROU EXDC2 IEEEG1

1207 WAI-7   14.4 7 96 GENROU EXDC2 IEEEG1

1208 WAI-8   14.4 8 96 GENROU EXDC2 IEEEG1

1209 WAI-9   13.8 9 57 GENROU IEEEX3 GAST

1210 WAI-10  13.8 0 57 GENROU IEEEX3 GAST

1311 KALAE-1 13.8 1 119.2 GENROU IEEEX1 GAST

1312 KALAE-2 13.8 2 119.2 GENROU IEEEX1 GAST

1313 KALAE-3 13.8 3 61.1 GENROU IEEEX1 IEEEG1

1320 HRRP    13.8 1 75 GENROU EXST1 IEEEG1

1331 AES-1   16 1 239 GENROU EXAC1 TGOV3

1335 CICT-1  13.8 1 162 GENROU UAC7B WESGOV

4008 HON-8   11.5 8 62.5 GENROU IEEEX1 IEEEG1

4009 HON-9   11.5 9 64 GENROU IEEEX1 IEEEG1
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for HRRP unit.  A conservative approach is followed wherein the governor model 
for HRRP is switched off. 

o Governor ramp rates on HECO steam units were revised and added to reflect 
governor steam valve closing/opening times (3 sec from fully closed to fully open), 
HECO is presently performing more detailed assessment of these parameters for 
future studies. The values provided by HECO reflects opening and closing times 
without steam. 

o Minimum valve position parameters were set to 10% of rated MW for all steam 
turbine models.  Based on suggestions from HECO, the Pmin values of steam 
turbine models (ieeeg1 and tgov3) have been reset to a value of 0.1 times their 
turbine maximum rating.  The Pmin parameters of the gas turbine (GT) model 
‘gast’ are same as that from the original PSS/E model database. However, the 
current values of the gast models are unrealistically high values and may result in 
optimistic performance of the system in response to any transients. The Pmin 
values of gpwscc (another GT model) for CICT-1 and 2 units are presently set to 
zero, and 

o ieeeg1 model of Kalaeloa ST unit (Kalae-3) was represented using a combined 
cycle ST governor model (ccst3) available in GE PSLFTM. 

 

6.1.11.3.2. Excitation System Models 

Table 6-8 provides a summary of the AVR models used in PSLF when converted from PSS/E.  
AVR responses for all units were tested for a step change in voltage reference under non-
synchronized conditions.  The excitation system model parameters for the new CT unit (CICT-
1) have been added to the dynamic database obtained from manufacturer datasheets 
provided by HECO. 

Table 6-8.  Dynamic Database – Excitation System Models 

 PSS/E model 
provided 

GE PSLFTM model 
used 

1 ESST4B exst4b 

2 EXAC1 exac1 

3 EXDC2 exdc2a 

4 EXST1 exst1 

5 IEEEX1 exdc1 

6 IEEEX3 exst2 

7 IEEEX4 exdc4 

8 ÎEEX2A exac1 

9 UAC7B esac7b 

 
6.1.11.3.3. Load Characteristic 

The loads in the load flow cases are represented as constant real and reactive power loads.  
For dynamic runs, loads were converted such that 100% of the real power load was 
constant current and 100% of the reactive power load was constant impedance.  The 
dynamic load characteristic representation based on PSS/E data includes a quadratic 
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frequency dependent active power load model. As suggested by HECO, Oahu’s quadratic 
frequency dependent load model is changed to represent a linear dependence of real load 
power to frequency.   

 
6.1.11.3.4. Load Modeling  

The loads in the load flow cases are represented as constant real and reactive power loads.  
For dynamic runs, loads were converted such that 100% of the real power load was 
constant current and 100% of the reactive power load was constant impedance.  The 
dynamic load characteristic representation based on PSS/E data includes a quadratic 
frequency dependent load model. As suggested by HECO, Oahu’s quadratic frequency 
dependent load model is changed to represent a linear dependence of real load power to 
frequency. 

 
6.1.11.3.5. Under Frequency Load Shedding  
New under frequency load shedding scheme (UFLS) models were provided by HECO in PSS/E 
format, which were then converted into GE PSLFTM.  The same models were used in the new 
scheme but with different parameters.  The new UFLS was represented in PSS/E database by 
a under frequency load shedding relay model (lds3bl) with transfer trip acting at each load.  
In PSLF, this was represented as a definite-time under-frequency load shedding relay model 
(lsdt9), which does not include the transfer trip model.  The GE PSLFTM lsdt9 UFLS model 
correctly captures the performance of the UFLS scheme provided by HECO.   
 
6.1.11.4. New Solar and Wind Plants 

The renewable resources that are anticipated to be connected to the Oahu Grid and to be 
studied for year 2015 include new solar and wind resources. The four scenarios are built-off 
from the following list of wind and solar plants  

 

The four wind plants and respective GE PSLFTM substation locations: 

 20 MW on-island wind farm 

o Bus 70003, 0.69kV 

 30 MW on-island wind farm 

o Bus 70005, 0.69kV 

 50 MW on-island wind farm 

o Bus 60003, 0.69kV 

 200 MW off-island wind farm 

o Bus 111 “ARCHER WIND” 138.0kV 

 

The three big Central PV and respective GE PSLFTM substation locations: 

 100 MW PV – site 201 (lat: 21.4361, long: -158.057) 

o 165098 “PVLV32” 0.48kV 

 100 MW PV – site 202 (lat: 21.533, long: -158.051) 
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o 165095 “PVLV33” 0.48 

 100 MW PV – site 204 (lat: 21.3515, long: -158.047) 

o 79102 “PVLV34” 0.48 

 

There is another group of 18 Central PV plants, which is much smaller in size, with the 
biggest PV plant of 13 MW. In order to reduce the complexity in modeling each of these 
plants in GE PSLFTM, an aggregation scheme was developed, wherein these plants were 
grouped to a geographically “centralized” bus based on node connectivity of the database. 
This helped to reduce the model complexity from 18 to 11, while still preserving the 
transmission level power flow accuracy and spatial diversity of the power profiles. The 
aggregated Central PV plants are shown in Table 6-9.  

Table 6-9. Aggregation of Central PV plants in Scenario 3A 

 

HECO PROVIDED 

CENTRAL PV SITES 

(Areas)

HECO Site 

MW 

Rating

PSLF 

Aggregate 

Bus #

PSLF 

Aggregate 

Bus Name

PSLF 

Aggregate 

MW Rating

TOP RHS - Economic 

(AREA 1)

kaneohe 5.00 8056 KANEOHE 5.00

mokapu 5.00 8087 MOKAPU 5.00

CENTRAL - ECONOMIC 

(AREA 3)

upper kipapa 13.09 8107 UPPER KIPAPA 13.09

peninsula 5.22

waipahu 8.81

uwapo 7.62

waiawa 11.84

waipio 9.43

CENTRAL Technical 

AREA 2 AND 3

ford island 2.50 8024 FORD ISLAND 2.50

hoaeae 2.50 8230 HOAEAE 2.50

Kunia 100.00 90098 H-1 FWY FCT 100.00

Helemano 100.00 90095 CASTNER 100.00

BOTTOM RHS - 

ECONOMIC (AREA 4)

archer 100.00 4102 ARCH46B 100.00

BOTTOM LHS - 

ECONOMIC (AREA 5)

ceip 6.31

hanua 0.91

kamokila 3.62

ko-olina 0.52

makakilo 3.65

ocean pointe 4.00 8091 OCEAN POINTE 4.00

TOP LHS - ECONOMIC 

(AREA 6)

makaha 5.00

mikilua 5.00

90140 PENINSULA J1 14.03

7.78

90129 WAIA J6 28.89

90101 MAILE JCT 10.00

90108 CEIP JCT 7.22

90112 JCT A 21855
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The Distributed PV resources are built-off from a total of 71 plants. Again based on node 
connectivity, the number of sites modeled in GE PSLFTM were reduced by the aggregation 
method to 21. The aggregated Distributed PV sites are shown in the following table. 

Table 6-10. Aggregation of Distributed PV sites in Scenario 3A 

 

HECO PROVIDED 

DISTRIBUTED PV SITES 

(Areas)

HECO Site 

MW 

Rating

PSLF 

Aggregate 

Bus #

PSLF 

Aggregate 

Bus Name

PSLF 

Aggregate 

MW Rating

TOP RHS - Economic 

(AREA 1)

aikahi 2.00

kailua 2.00

kalama 2.00

puohala 4.00

TOP CENTRAL - 

ECONOMIC (AREA 2)

bws wahiawa wells 2 0.40

castner 21.50

helemano 0.55

wheeler 5.46

wahiawa 23.10

CENTRAL - ECONOMIC 

(AREA 3)

bws mililani mauka w4 0.07

mililani 6.08

upper kipapa 4.81

pearl city 2.55

peninsula 0.50

waipahu 7.65

uwapo 2.27

waipio 3.38

waiawa 3.06

waimano 3.22

waipiolani 5.41

CENTRAL Technical 

AREA 2 AND 3

ford island 17.14 8024 FORD ISLAND 23.73

hoaeae 20.54

kunia 3.74

usn kunia 3.58

ocean pointe 6.36

90098 H-1 FWY FCT 47.39

90130 WAIM J3 11.95

90140 PENINSULA J1 14.81

90129 WAIA J6

90085 KOOL KAIL ~1 13.85

12.06

90095 CASTNER JCT 70.62

90131 WAHIA MILI~1 15.17
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BOTTOM RHS - 

ECONOMIC (AREA 4)

woodlawn 1.11

east-west ctr 2.06

uh quarry 0.02

manoa 0.05

moilili 0.06

waikiki 2.07

ena 2.08

mcully 0.08

archer 2.06

kewalo 0.02

piikoi 2.19

makaloa 2.06

kahala 0.05

wiliwili 2.87

waialae 0.01

aina koa 2.08

wailupe 1.01

fort st 0.02

pauoa 0.08

school st 2.01

hala 2.25

iwilei 2.04

kaimuki 0.02

kuhio 0.06

kapiolani 0.10

kapahulu 2.05

kapalama 2.18

waiakamilo 2.20

BOTTOM RHS - 

Technical AREA 4

ahi 14.74

kuapa 8.88

kamiloki 5.45

queens 3.06

90065 UH Q 2 4.48

90159 MOILILI J1 5.93

4102 ARCH46B 8.75

90043 KILAUEA JCT 8.33

4131 IWI 46A 8.86

90055 2NDAVE JCT 3.08

90006 KALIHI A 6.06

90067 32.71

90069 KAMIL 2 11.79

KUAPA AhI

BOTTOM LHS - 

ECONOMIC (AREA 5)

barbers point tank farm 0.01

big 3 industries 0.06

ceip 5.85

himetalrecycling 0.02

hanua 0.10

malakole 0.01

standard oil 0.01

kamokila 5.43

ko-olina 0.47

makakilo 6.67

TOP LHS - ECONOMIC 

(AREA 6)

makaha 8.57

mikilua 14.34

usn lualualei sta e 1.73

usn lualualei sta a 0.35

JCT A 21855 17.41

90101 MAILE JCt 34.62

90106 BIG 3 JCT 8.39

90112



 58 

6.1.11.4.1. Network Data Modifications 

The addition of new plants for wind and solar generation to the Baseline model of year 2015 
was done through the addition of new interconnection equipment at the various points of 
connections.  This included adding new buses, circuits and transformers to the 2015 load 
flow model.  The following assumptions were taken for modeling of the wind and solar plants 
for load flow analysis.  Based on the scenario considered for each of the dynamic simulation, 
the wind and solar plants and related equipment are either switched on or off in the 
dynamic model. 

 

Central PV Plants 

 New buses have been added to the Baseline load flow model at a scheduled voltage 
of 1 p.u 

 These plants were modeled to be connected to 46 kV stations through a unit 
transformer 

o MVA rating of the transformer was assumed to be 1.2x the Central PV plant 
rating 

o 6% impedance on transformer MVA was assumed 

 The maximum generator real power output is the plant size at each location and 
reactive power capability is based on the number of converters used to meet the 
interconnection requirements.  The capability of a single converter used to represent 
the solar plant is provided in Table 6-11.  The solar plants have been configured 
based on the assumption to provide a +/- 0.9 power factor range at full power output. 

 

Table 6-11 Single converter rating for solar plant model 

Generator Rating 667 kVA 

Pmax 600 kW 

Pmin 0.0 kW 

Qmax 291 kVAr 

Qmin - 291 kVAr 

Terminal Voltage 480 V 

 

Distributed PV Sites 

o New buses have been added to the Baseline load flow model at a scheduled 
voltage of 1 p.u 

o These plants were modeled to be connected to 46 kV stations through a series of 
transformers: 
o 46 kV/15 kV station transformation with 10% impedance on transformer MVA 

rating 
o 15 kV/0.48 kV unit transformer of 6% impedance on the transformer MVA 

rating 
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o MVA rating of the transformer was assumed to be 1.2X the Distributed PV 
plant rating or 1.5X the peak load, whichever is greater 

o 6% impedance on transformer MVA was assumed 

o The maximum generator real power output is the plant size at each location and 
reactive power capability is based on the number of converters used to meet the 
interconnection requirements.  The capability of a single converter used to 
represent the solar plant is provided in Table 6-11.  The solar plants have been 
configured based on the assumption to provide a +/- 0.9 power factor range at 
full power output. 

 

100 MW On-island Oahu Wind Plant Modeling 

o The 100 MW wind plant on the island of Oahu consisted of three wind plants: 50 
MW, 20 MW and 30 MW.  Each Oahu Wind plant model consists of an aggregated 
single wind turbine generator (WTG) and unit transformer with MVA ratings equal 
to N times the individual device ratings, where N is the number of WTGs in the 
wind plant that has been considered for the study. 

1. 50 MW plant uses 34 turbines (1.5 MW GE); collector system voltage of 
34.5kV; and unit terminal voltage of 690V 

2. 20 MW plant uses 13 turbines (1.5 MW GE); collector system voltage of 
34.5kV and unit terminal voltage of 690V 

3. 30 MW plant uses 12 turbines (2.5 MW GE full converter model); collector 
system voltage of 23kV; and a unit terminal voltage of 690V. 

o The aggregate WTG is modeled as a conventional generator connected to a (PV) 
bus and represents a doubly-fed asynchronous generator (DFAG) for 1.5 MW GE 
machines or a full converter model for 2.5 MW GE machines.  The generator real 
power output (Pgen), maximum reactive power output (Qmax), and minimum 
reactive power output (Qmin) are modeled as N times the unit capabilities as 
shown in Table 6-12.   

o Table 6-12 also provides unit transformer ratings and impedance data.  The 
collector system voltages are at medium voltage levels of 34.5kV or 23kV and the 
substation transformers have been suitably rated for the number of WTGs, with 
an impedance of 10%. 

 

200 MW Off-island Wind Plant Modeling 

o The 200 MW off-island wind is modeled as one WTG of 200 MW located at the  
south shore landing sites of the Oahu Island. The south shore option considers a 
DC cable landing at Honolulu harbor with one 138kV circuit each to Iwilei, Archer 
and Kamoku substations respectively.  

o The 200MW WTG plant is assumed to consist of 80 GE wind turbines each of 2.5 
MW rated power rating. The parameters used in the load flow model are based on 
the individual WTG ratings of a 2.5 MW turbine as provided in Table 6-12. 
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o The generator model considered is full converter WTG in which the full converter 
machine is a conventional permanent magnet synchronous generator.  The 
generator is connected to the power grid through a full converter. 

 

Table 6-12 Individual WTG Power Flow Data 

 1.5 MW Wind Turbine 2.5 MW Wind Turbine 

Generator Rating 1.67 MVA 3 MVA 

Pmax 1.5 MW 2.5 MW 

Pmin 0.07 MW 0 MW 

Qmax 0.726 MVAr 1.20 MVAr 

Qmin - 0.726 MVAr - 1.20 MVAr 

Terminal Voltage 690 V 690 V 

Unit Transformer Rating 1.75 MVA 2.8 MVA 

Unit Transformer Z 5.75% 6.0% 

Unit Transformer X/R 7.5 7.5 

 

 

6.1.12. GE PSLFTM long-term dynamic model  
The simulation of long-term dynamics is carried out through combination of short-term 
dynamic models of the HECO grid implemented in GE PSLFTM and the Automatic Generation 
Control (AGC) model.  The AGC application in HECO’s EMS was reflected in a model developed 
by GE in earlier studies [3]-[5]. The AGC representation in GE PSLFTM was used to assess 
dynamic events on the system in timescales longer than transient stability events (less than 
one minute) and shorter than production cost modeling events (one hour).  The long-term 
dynamic simulations assess the impact of system events, primarily related to changes in 
wind power production that rely upon the action of the AGC to correct for imbalances 
between the load and generation. 
 
In transient events, the accuracy of short-term dynamics is determined primarily by the level 
of detailed representation of generators (transient or sub-transient), excitation systems and 
turbine/governor systems in the dynamic database provided.  In contrast, the AGC model 
mostly drives the representation of system long-term dynamics; the accuracy of the power 
plant models has lesser impact. 
 
Long-term dynamic simulations are two to three orders of magnitude longer than typical 
short-term stability simulations.  The long-term simulations were performed with detailed 
representation of generator rotor flux dynamics and controls, which are typical of short-term 
dynamics.  The models that were modified, or added, to capture long-term dynamics were 
AGC, load, and as-available generation variability.  One responsibility of the AGC is frequency 
regulation.  This involves managing the balance between supply and demand on the power 
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system and correcting the imbalance by increasing or decreasing power production from a 
generator.  The load and as-available generation are two other independent variables that 
affect the supply and demand on the short time-scale timescale of interest to the AGC. 
 
Other phenomena that can affect long-term dynamic behavior, such as long duration power 
plant time constants (e.g., boiler thermal time constants), slow load dynamics (e.g., 
thermostatic effects), and human operator interventions (e.g., manual switching of system 
components) were not included in this model. 
 
6.1.12.1. AGC Model 
AGC modeling for stability and long-term simulations is not standardized by the industry.  
The AGC model for the Oahu grid was developed in OWITS and validated against observed 
loss of load contingency events. The model is not intended to reproduce every detail of the 
actual AGC, but to capture behavior relevant for the objective of this study.  The following are 
the salient points that have been considered for the development of the AGC model: 
 

o Local Frequency Control (LFC), which is a legacy mode of operation external to the 
Energy Management System, has not been modeled in this study.   

o No EMS/AGC control for HPOWER, 
o Unit and Area settings, and economic dispatch representation based upon to 

information from HECO, and 

o AGC ramp rates are as described in Table 6-5.  

 

The block diagram of the AGC model is shown in Figure 6-4.  The model is divided into three 
sections: regulation function, economic dispatch control and pulsating logic.  A brief 
description of the settings and parameters of the model are presented in the next sections. 

 
Regulation function: 

o The bias is set to 15.0 MW/0.1 Hz.  The bias is independent from the load level.  
Filtering of ACE is applied based on provided information. 

o The AGC level of control is determined by comparing the value of filtered ACE 
against specified HECO’s AGC ACE bands, which are Normal, Permissive, 
Assist, Warning and Trip. Based on the ACE value, all the units are placed on 
different levels of control with the following ACE limits: 0-1MW (Deadband), 1- 
5MW (Normal), 5-10MW (Permissive), 10-30MW (Assist), 30-150MW (Warning) 
and >150 MW (Trip). There is a tolerance of 0.5MW for transition between the 
various modes. The priority given to the economic dispatch and the ACE 
regulation changes depending on the level of control. The block diagram 
above represents the normal mode of operation. 

 
Economic Dispatch Calculation: 

o The economic dispatch calculation (EDC) program calculates the “Unit Base 
Point” and the economic participation factor (EPF) for all units under economic 
dispatch control. 
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o The EDC is based on incremental heat rate curves provided by HECO in this 
study. The EDC is performed on Net power. The gross power base point of 
operation is estimated considering a fixed auxiliary load. 

o The EDC program is executed when one of the following conditions arises: 
 Total generation has shifted beyond the threshold power mismatch of 

20 MW, with respect to the last EDC execution as specified based on 
the AGC data 

 Time elapsed since the last execution of EDC exceeds the threshold 
EDC run interval of 20 sec as specified based on the AGC data 

 
Pulsating logic: 

o All units under AGC share the ACE signal allocated (regulating power request) 
based on the unit Regulation Participation Factor (RPF).  The relative 
magnitudes of the numbers determine their share of system ACE.  The relative 
magnitudes of RPFs are normalized by the AGC system and determine the 
regulating units’ share of system ACE. 

o Depending on the AGC operation model (deadband, normal, permissive, etc), 
the ACE regulation request, the economic dispatch request a power feedback 
signal, each unit is pulsed up or down. 
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Figure 6-4. AGC model block diagram in normal operation mode 
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6.2. Import of initial conditions from GE MAPSTM to GE PSLFTM 

The following methodology and assumptions were used to initialize the load flow model in 
GE PSLFTM using hourly dispatch of GE MAPSTM: 
 
Modeling of Kalaeloa Plant 
 

o In GE MAPSTM, Kalaeloa is modeled as three units. Unit 1 and 2 (each representing 1CT 
+ ½ ST) rated for 67-90 MW and a third unit as a quick start rated at 28 MW, which 
operates only when Unit 1 and Unit 2 are operating at max capacity. This grouping 
was based on the pricing curve of Kalaeloa so as to capture the production cost 
economics 

o However, in GE PSLFTM model, Kalaeloa is modeled as a combined cycle plant with 
two CTs and one ST, each represented by a generating unit.  The PSLF database 
specifically represents the AVR/generator/governor of each CT and the ST.  These 
units are set in/out of service depending upon the operation of the plant.  At low 
outputs, Kalaeloa is modeled as a single CT/ST and is based on the following 
operating modes as was mentioned by HECO.   

 
1. Single Train Mode: 65-90 MW (1CT+ 1ST) – Kalaeloa plant is modeled as 

two generating units, 1 CT and 1 ST such that a minimum load of 11 MW 
for the ST is satisfied for the 65 MW net output case 

2. No Operation Mode: 90-130 MW (empty dispatch zone)  
3. Dual Train Mode: 130-180 MW (2 CTs + 1 ST) – Kalaeloa plant is modeled as 

three generating units 
4. At maximum output: 208 MW – Kalaeloa plant is modeled with the two CTs 

at 84 MW each and ST at 40 MW to match the maximum limits of units as 
indicated in Table 6-3) 

 
NET MW to GROSS MW: 
 

o The NET MW hourly dispatch obtained from GE MAPSTM tool is converted to GROSS 
MW for initializing a GE PSLFTM simulation.  This is because GE MAPSTM uses NET MW 
and GE PSLFTM uses GROSS MW in simulations (Governor and AGC models in PSLF 
also use GROSS MW limits for the unit parameters) 

o The conversion is done through calculation of a generator auxiliary load, which is 
then added to the NET MW to obtain the GROSS MW for the unit to be dispatched. 

 
The generator auxiliary load calculation is based on the data/information provided in a 
spreadsheet by HECO. 

7.0 GE MAPSTM Production Cost Simulations for Scenarios 
In HSIS-Oahu, GE MAPSTM commits the thermal units based on a four ahead forecast for 
solar and wind to meet the net load (load – renewable forecast) while respecting 
contingency, operating and down reserve requirements, transmission limits and operational 
characteristics such as generator minimum run time, down time and must run (or fixed 



 64 

schedule operation) constraints. The output of the production cost simulation is the hourly 
dispatch of the thermal units, renewable energy delivered annual variable cost of operation, 
emissions from thermal units and other production cost metrics.  
 
The Baseline scenario was constructed based on inputs and assumptions from HECO and an 
additional five renewable penetration scenarios were studied in detail and further outlined in 
Section 5.0. The project team forecasted the installed generation capacity, hourly load 
profile, fuel prices, and operating strategies for the study year 2015.  The numbered 
scenarios are built on top of the Baseline Scenario by adding the specified renewable 
resources and modifying the operating reserve rules as described in Sections 5.4. 
 
In order to understand the potential costs and benefits of various potential build out 
scenarios, the higher solar PV and wind penetration scenarios are compared back to the 
baseline scenario. In addition, the higher penetration scenarios are compared and 
contrasted with one another to evaluate the advantages and disadvantages of changing the 
renewable resource mix. 
 
Scenarios 3A and 3B have a similar level of renewable energy penetration, but Scenario 3A 
has a geographically diverse solar build out, with 260 MWs of distributed PV and 100 MWs of 
central PV, made up of 18 small central plants spread out across the island. Scenario 3B 
keeps the same amount of PV as Scenario 3A, but shifts from the geographically diverse 
solar penetration of Scenario 3A towards a more concentrated solar build out with 2x100 
MW central PV plants that are located in close proximity. The geographic proximity is an 
important factor underlying the correlation of the solar resource availability and variability.  
 
Scenarios 4A and 4B both have much higher renewable energy penetration levels than 
Scenarios 3A or 3B and are intended to stress the system to the point that some of the 
available renewable energy cannot be accepted. Scenario 4A consists of 360MWs of 
distributed PV and 400 MWs of central PV consisting of 3x100 MW large central solar PV 
plants and the 100 MWs of smaller PV plants from Scenario 3A. Scenario 4B starts from the 
renewable build out in Scenario 3B and add 200 MWs of off-shore wind. Although the 
installed capacity of renewables in Scenario 4B is less than the installed capacity in Scenario 
4A, the higher capacity factor associated with the off-shore wind means the total available 
renewable energy is similar between these cases. 

7.1. Baseline Scenario 

This scenario consists of: 

 Thermal generators that are forecasted to be operating and grid connected in the 
year 2015 

 60MW of distributed solar PV, which is the forecast of what the Oahu grid will have by 
or before 2015 

 100MW of on-island wind (modeled as a 30MW and a 70MW farm) 
 
System operating rules and strategies (contingency reserves, operating reserves, down- 
reserves, min run/down time, etc.) are described in detail in Sections 6.1.  
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The annual energy production by plant type for the Baseline scenario in the year 2015 is 
shown in Figure 7-1 Baseline 2015 scenario: Annual energy production by plant below. 
Baseload generation (AES, Kalaeloa, Kahe 1-6 and Waiau 7-8) contribute to ~80% of the 
annual load energy. Honua and HPower combine to generate 8% of the annual energy. 
Cycling units produce ~ 5%, while solar PV and wind produce another ~ 5%. In the Baseline 
scenario, peaking units are required to produce a small amount of energy during periods of 
time when the load is very high and/or multiple units are on outage. 
  

 

Figure 7-1 Baseline 2015 scenario: Annual energy production by plant 

In addition, a chronological week of modeled operation is shown in Figure 7-2. This is the 
week with the highest peak load of 1,263 MWs on Thursday, October 22nd. The first chart 
shows the hourly dispatch of the generators on Oahu through the week. In the Baseline 
scenario, there is no renewable curtailment, but in subsequent scenarios, there will be hours 
where the system is not able to absorb the available renewable energy.  
 
The second chart shows the up reserve requirement and plant level contribution to the up 
reserve for the same week. The up reserve availability tends to move counter to the load as 
the generators ramp-up to follow the load and have less up range during hours of high load 
and excess up range during light load hours.  
 
The third chart shows both the down reserves requirement and available down reserves by 
hour. The down reserves availability moves counter to the up reserve and, generally, tracks 
the load. In the baseline scenario, the system typically carries down reserves well above the 
40 MW of requirement.  
 
The fourth chart shows the four hour ahead renewable energy forecast, actual renewable 
availability in real time and the delivered renewable energy. In the baseline scenario there is 
no curtailment so all available renewable energy is delivered. This series of charts will be 
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used to investigate the system operation for interesting weeks in the four subsequent 
scenarios as well. 

 

Figure 7-2. Baseline 2015 scenario: Week with the highest load 

 
The generation stack starts with the IPPs, then HECO baseload units, followed by cycling and 
then finally peaking units at the top of the stack. Cycling units are committed to meet the 
system demand plus the contingency and operating reserve requirement. Cycling and 
peaking units may also be required when some of the baseload units are on outage.  For 
example, peaking units are committed on Monday, Wednesday, Thursday and Friday of this 
week due to high load, but were not needed on Tuesday or over the weekend.  
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During the overnight period when load is low, many generators are turned down to 
minimum power, but kept online to be used during the following day. During the overnight 
period, the system up reserve constraint is not binding. However, during the afternoon 
period the operating generators tend to be running closer to full load. During these times, 
the up reserve constraint can be binding which forces additional capacity to be committed 
in order to maintain the up reserves in accordance with the operating rules. Especially in the 
baseline scenario, the up reserve requirement  is dominated by the contingency reserve 
requirement because the operating reserves component is small. In subsequent scenarios, 
the operating reserve requirement is increased as discussed in Section 5.4. 
 
During this week, the down reserves constraint is not limiting as the units are operating well 
above their minimum power levels. Since there is no curtailment in this scenario, the actual 
and delivered renewables are exactly the same. 

7.2. Scenario 3A – High Distributed PV Scenario  

This scenario considers the same thermal generation mix as the Baseline Scenario with the 
addition of 200 MW of distributed solar PV and 100 MW of central PV. The 100 MW central 
solar “plant” is actually a combination of 18 smaller plants scattered across the island, with 
the largest plant being 13 MW. This scenario thus considers the addition of geographically 
dispersed solar PV to the Oahu grid. The system carries a down reserve requirement of 
40MW, which is the same as the Baseline case, however the operating up reserves 
requirement was modified as described in Section 5.5. 
 
The annual energy production for the Baseline scenario for the study year 2015 by plant is 
shown in Figure 7-3 below. Baseload generation (AES, Kalaeloa, Kahe 1-6 and Waiau 7-8) 
contribute to ~77% of the annual load energy. Cycling units produce ~ 4%, while the 
renewables (solar PV and wind) produce another ~11%. As with the baseline scenario, 
peaking units are required to produce a small amount of energy during periods of time when 
the load is very high or multiple units are on outage.  
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Figure 7-3 Scenario 3A: Annual energy by plant type 

The wind and solar penetration increases from 4.9% of total energy in the Baseline Scenario 
to 11.2% in Scenario 3A. The additional renewable energy displaces generation primarily 
from the Kahe Base, cycling and Waiau Base units.  
 
A representative week of dispatch from scenario 3A is shown in Figure 7-4. This shows the 
week from Wednesday March 11th to Tuesday March 17th which is the week containing the 
largest one hour drop in delivered renewables. From 2 to 3 PM on Saturday afternoon the 
delivered renewable energy drops from 360 MWs to 235 MWs (a drop of 115 MW). Out of 
this, 89 MW of drop in solar PV over the same period. This is the worst hour-to-hour drop in 
renewable power; however, the 2 second rolling window shows a greater drop of up to 200 
MW over a 60-minute period that can stretch over two hours.  However, the unit 
commitment may be prepared to handle that. The worst intra-hourly drop must be 
sustained with the existing online thermal units. 
 
The dispatch chart shows how the system responded on an hour to hour basis. In this case, 
no new generators were brought online, but the operating plants (particularly AES and 
Kalaeloa) were brought up to higher loading levels to make up for the lost energy. 
Interestingly, the 2 PM available renewables were significantly higher than forecast and 
resulted in the thermal units being backed down to accommodate the renewables and by 3 
PM, the delivered renewables came back in line with the forecast level. If a drop of this 
magnitude had occurred from a point where the available renewables were closer to the 
forecast it is likely that quick-start generation would have been utilized in order to serve the 
load while maintaining adequate up reserves. 
 
As with the baseline scenario, during this week, the down reserves constraint is not limiting 
and because there is no curtailment in this scenario, the actual and delivered renewables 
are exactly the same in all hours. 
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Figure 7-4. Scenario 3A: Week with the Highest Drop in Renewables 

7.3. Scenario 3B – High Central PV Scenario 

Scenario 3B also builds from the Baseline Scenario, but adds 100 MW of distributed solar PV 
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100 MW PV plants very close to one another. Consistent with the Baseline and scenario 3A, 
the system carries a down reserves requirement of 40MW; however, the operating up 
reserves requirement was adjusted as described in Section 5.4 due to the characteristics of 
the renewable mix being studied in scenario 3B.   
 
The total installed solar PV capacity in this scenario is the same as in scenario 3A. This 
scenario has 160 MW of distributed PV and 200 MW of central PV while scenario 3A had 260 
MW of distributed PV and only 100 MW of central PV. In addition, the central PV in Scenario 
3B is not as geographically diverse as the central PV from Scenario 3A. Therefore, the 
differences between scenario 3A and 3B underscore the operational differences between 
central and distributed PV, namely the tradeoff between the increased capacity factor of 
central PV as opposed to distributed PV and increased variability of localized PV relative to 
dispersed PV.  

 

Figure 7-5 Location of Central PV plants in Scenario 3B 

Scenario 3B has slightly higher PV capacity factors than scenario 3A due to the shift towards 
centralized PV which is equipped with single axis tracking system. As a result of the higher 
Solar PV energy, the Kahe Base plant generates slightly less than in scenario 3A. Increased 
variability from central PV results in dispatch of more cycling and peaking units.  
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Figure 7-6 Scenario 3B: Annual Energy by plant type 

 
A representative week of dispatch from scenario 3B is shown in Figure 7-7. This shows the 
week from Wednesday September 2nd to Tuesday September 8th which is the week 
containing the largest one hour drop in delivered renewables. From 4 to 5 PM on Saturday 
afternoon the delivered renewable energy drops from 264 MWs to 100 MWs primarily due to 
the 125 MW drop in central PV over the same period. The dispatch chart shows how the 
system responded on an hour to hour basis. In this case, the renewable drop was mostly 
accounted for in the forecast so three cycling units, Honolulu 8, Waiau 5/6 were brought 
online in anticipation of the drop off from the central PV. 
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Figure 7-7 Scenario 3B: Week with the Highest Drop in Renewables 
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7.4. Scenario 4A – “Pinch Point” under high Solar PV 

Scenario 4A adds 300 MW of distributed Solar PV and 400 MW of central PV to the Baseline 
scenario. The total installed solar PV is increased to a level where the grid is not able to 
absorb all of the available renewable energy and hence the system starts to enter the “pinch 
point” of renewable energy curtailment. In Section 9, several curtailment mitigation 
strategies are explored to reduce the curtailment. 
 
The central PV in scenario 4A is a combination of 3x100MW PV plants and the 18 smaller PV 
plants from Scenario 3A. The geographical locations of the central PV plants are shown in 
Figure 7-8. These three large central PV plants are the biggest drivers of variability in 
renewable power on the system. The system carries a down reserve requirement of 140MW 
during the day and 90 MW at night and the operating up reserves requirement as described 
in Section 5.5. The increased down reserves requirement is not related to the high solar and 
wind penetration in Scenario 4A. Rather, it reflects the most up to date information from the 
recent HECO studies on loss of load events.  
 

 

Figure 7-8. Location of 100 MW Central PV in Scenario 4A 

 
Scenario 4A has significantly more renewable energy than either Scenario 3A or 3B with 
much more solar energy being delivered to the system. With the additional solar energy, AES 
Coal and Kahe Base are the most notable changes to the dispatch levels from Scenario 3. As 
with the Baseline scenario and Scenarios 3A/B, peaking units are required to produce a 
small amount of energy during periods of time when the load is very high, or when multiple 
units are on outage. In contrast to the previous scenarios, in scenario 4A the peaking units 
are also used more frequently at times when the renewable forecast exceeded the actual 
renewables. In absolute terms, the peaking units still only produce a small amount of Oahu’s 
energy, but the percentage change in peaker utilization relative to the previous scenarios is 
more significant than for the other unit classes. 
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Figure 7-9 Scenario 4A: Annual energy by plant type 

A representative week of dispatch for Scenario 4A is shown in Figure 7-10. This shows the 
week from Sunday, March 8th to Saturday, March 14th, 2015, which is the week with the 
highest renewable energy curtailment. During this week, there were 28 GWh of renewable 
energy delivered and 7 GWh of curtailment or about 25% renewable curtailment. In each 
day of this week, there is more renewable energy available than can be absorbed by the 
system while respecting the operating rules. 
 
Due to the high solar penetration, there are significant amounts of solar energy available 
during the daylight hours in this week. In fact, in each day of this week there is more 
renewable energy available than can be absorbed by the system while respecting the 
operating rules. As a result, the central PV plants are curtailed, which are first in line in the 
curtailment list. The curtailment order is as follows: 

 Central PV first 

 Followed by 70MW on-island wind farm 

 Followed by Honua gasification unit 

 Then 30 MW on-island wind farm 

 Distributed PV is left uncurtailbale 
 

During this week, the down-reserves constraint is frequently limiting which indicates that if 
this constraint was not explicitly modeled, the dispatch algorithm would have turned 
thermal generators down further and therefore the system would have been able to accept 
more renewables. A reduction in either the down-reserves requirement or the minimum 
operating points would reduce the curtailment caused by this constraint because both 
would allow the thermal generators to be turned down to lower levels. Section 9.5 presents 
the impact of deploying a portion of down-reserves requirement on wind and solar plants. 
Further, since there is significant curtailment in this scenario, there is a gap between the 
actual and delivered renewables, as shown in the last chart in Figure 7-10. 
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Figure 7-10 Scenario 4A: Week with the highest renewable energy curtailment 
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7.5. Scenario 4B – “Pinch Point” under High Solar and Wind 

Scenario 4B builds upon the Baseline Scenario and adds 100 MW of distributed PV, 200 MW 
of central PV and 200MW of off-island wind. The total installed renewable capacity is such 
that the annual renewable energy is similar to Scenario 4A. Comparisons between Scenarios 
4A/4B will help to assess the impact on the system operation if the grid sees a build out 
dominated by solar PV (4A) relative to a grid build out with relatively balanced incremental 
capacity from solar and wind (4B).  
 
 With the additional wind energy in Scenario 4B, the dispatch of AES Coal and Kahe Base 
units are impacted the mostrelative to Scenario 3. In contrast to Scenario 4A, there is 
significantly more wind (11.7% vs 3.7% ) and less solar (7.8% vs14.8%). On net the delevired 
wind and solar is similar to Scenario 4A. 

 

Figure 7-11 Scenario 4B: Annual energy by plant type 

 
A representative week of dispatch is shown in Figure 7-12. This shows the week from 
Tuesday, December 22nd to Monday, December 28th which is the week with the highest 
curtailment of renewable energy in Scenario 4B.  
 
Due to the high renewable penetration, there is significant amounts of wind and solar being 
delivered during both the daylight and night hours in this week. In fact, during each day of 
this week there is more wind and solar energy available than can be absorbed by the system 
while respecting the operating rules in Scenario 4B. However, due to the more balanced mix 
of wind and solar, the available wind and solar energy is spread over the 24-hour period in 
Scenario 4B, which helps the system to accept more energy. As in Scenario 4A, the down-
reserves constraint is frequently limiting in this week, which limits the ability of the system to 
accept renewable energy. In contrast to Scenario 4A there is substantial curtailment in the 
overnight hours in Scenario 4B. 
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Figure 7-12 Scenario 4B: Week with the highest renewable energy curtailment 
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7.6. Available Up and Down Reserves from Thermal Units 

The left-hand side of Figure 7-13 shows the duration curve of up-reserves that the system is 
carrying in different scenarios. The figure illustrates that Oahu grid in Scenario 3A and 3B is 
carrying more reserves than in the Baseline due to the additional renewable energy 
delivered to the system, which pushes the thermal units down. Similarly, another increase is 
realized in the available up-reserves in Scenarios 4A/4B as more solar and wind energy is 
absorbed.  
 
The operating reserves requirement also increases from Baseline to Scenarios 3A/3B and 
further increases to Scenarios 4A/4B. The requirement becomes the maximum in Scenario 
4A at 239 MW. However, the must run units (or units on fixed schedule) on the grid allows the 
system to carry excess reserves for almost all hours of the year. The right hand side of Figure 
7-13 shows the excess up-reserve, which is the actual hour by hour system up-reserve 
minus the up-reserve requirement. In some hours of the year, the system carries up to 
>170% of the requested operating plus contingency reserves. If all the baseload units are 
available, the system can provide a maximum of 483 MW of up range, which is more than 
enough to cover the maximum requirement of contingency and operating reserves (i.e. 424 
MW) in Scenario 4A. 
 

   

Figure 7-13. Available and Excess Up-reserves represented as duration curves in different 
scenarios 

Figure 7-14 shows the duration curve of down-range in different scenarios. The down-
reserves requirment is 40 MW in Baseline and Scenario 3A/3B for all hours of the year, and 
140 for day-time and 90 MW for night-time hours in Scenarios 4A/4B. The requirment was 
raised in Scenario 4A/4B according to the latest information from HECO internal studies. It is 
un-related to the higher solar and wind penetration in these scenarios. The figure shows that 
Baseline and Scenarios 3A/3B carry down-reserves in excess of the requirment for almost all 
hours of the year. For this reason, Baseline scenario and Scenarios 3A and 3B were not re-
simulated with the higher down-reserves requirement. Scenario 4A and 4B are pinched 
against the requirment for some hours of the year. These are the hours that are associated 
with curtailment of solar and wind energy in these scenarios.  
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Figure 7-14 Available Down-reserves represented as duration curves in different scenarios 

7.7. Non-synchronous Generation Online 

With increasing penetration of wind and solar generation, the short circuit ratio at the 
terminals of wind and solar plants can decrease. This can occur even at same thermal 
generation commitment levels, i.e. same short circuit levels. Decreased short circuit ratio can 
lead to controller instability issues in the power electronic controls of wind and solar plants. 
A proxy for decreasing short-circuit ratio is the percentage of non-synchronous generation 
that is connected to the grid in each hour of the year. This is defined as below:  
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An example is illustrated to showcase the decreasing short-circuit ratio with increasing 
percentage of non-sunchronous generation. Short-circuit ratio at a point on the grid is 
defined as the short circuit MVA seen at that point divided by the MVA rating of the 
generating source that is connected at the same point. In the example below, a 100 MW 
non-synchronous generation source is connected through a 0.25 pu impedance (on a 100 
MVA base) to a synchronous generation source. Short circuit MVA as seen by the non-
synchronous source is 400 MVA. If the capacity of the non-synchronous source is 100 MVA, 
then the short circuit ratio is 4. The % non-synchronous generation online is 50%.  

 

Now, if the nameplate rating of the non-synchronous generation is increased to 200 MW, the 
% non-synchronous generation online increases to 67% and the SCR decreases to 2. If the 
nameplate rating further increases to 400 MW, the SCR further decreases to 1. Hence 
increasing percentage non-synchronous generation is a proxy for decreasing short circuit 
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ratio at the terminals of wind and solar plants. As a reference, GE Wind turbines meet all the 
performance specifications for short circuit ratios above 2.7. Below this, additional studies 
are required for tuning of wind plants controls and in some extreme cases with very low SCR 
the controls may not be able to maintain stable operation.  

 

 

Figure 7-15. Illustration for using % Non-synchronous generation online as a proxy for short 
circuit ratio at the terminals of solar/wind plants 

 
Figure 7-16 shows the duration curve of the non-synchronous generation online for every 
hour of the year. All curves have a distinct bimodal shape, where the left portion is 
dominated by daytime hours when solar PV generation is online, and the right portion is 
dominated by wind generation alone during nighttime hours. In Scenario 4A, the number can 
go as high as 52% for some hours  
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Figure 7-16. Percentage of non-synchronous generation online in different scenarios 

 

Another important metric to track is the amount of load energy that is served by renewables 
for each hour of the year. The following equation quantifies the percentage penetration of 
renewable energy in every hour of the year.  

 

LoadofMW

SolarWindofOutputMW
nPenetratioSolarWind


%  

 
Scenarios 3A and 3B with 360 MW solar and 100 MW wind generation have maximum 
hourly energy penetrations near 40%;  i.e., 40% of load energy is served by wind+solar 
generation in some hours of the year.  Scenario 4A (760 MW solar & 100 MW wind) has a 
maximum hourly wind+solar penetration of 49%. Scenario 4B reaches 45% hourly 
penetration.  One significant observation is the distinct bimodal nature of the duration curve 
for Scenario 4A. This scenario is dominated by solar generation, so there is a distinct 
difference in the magnitude of wind+solar energy penetration for day and night. 
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Figure 7-17. Percentage penetration of wind and solar in different scenarios 

7.8. Annual Variable Cost of Operation  

The baseline 2015 production cost was $990 Million per year. This is primarily dominated by 
fuel costs but it also includes operating, maintenance and start-up costs of the units. Figure 
7-18 below shows the variable cost of operation in different scenarios and also shows the 
percentage reduction in each of the scenarios relative to Baseline. It does not include any 
fixed or variable costs associated with the solar and wind energy sources.  
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* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection cost  

Figure 7-18 Annual variable cost of operation in different scenarios 

 
With similar renewable energy penetration levels, Scenarios 3A and 3B show a variable 
production cost savings of 9% relative to Baseline scenario, or about $90 million dollars per 
year. Scenarios 4A and 4B also show reductions at 14-15% relative to Baseline, or about 
$140-$150 Million/year. The additional delivered solar and wind energy in Scenario 4B 
relative to Scenario 4A helps to reduce the annual costs slightly. It must be noted that this 
analysis presents only the annual savings in production costs under higher renewable 
penetration scenarios. It does not study the impact of capital cost expenditures to enable 
these benefits. The cost side of the cost-benefit analysis should be considered to assess the 
full impact of system operation under high solar and wind penetrations.  

7.9. Energy Delivered from Wind and Solar Plants 

Figure 7-19 shows the delivered and curtailed wind and solar energy in different scenarios. 
In the Baseline scenario as well as in Scenarios 3A and 3B there is no solar or wind energy 
curtailment. The Oahu system is able to absorb all of the available energy. In the higher 
renewable penetration scenarios, Scenarios 4A and 4B, some of the incremental wind and 
solar energy cannot be accepted and must be curtailed.   
 
Figure 7-20 shows the MWhr of curtailment in Scenarios 4A and 4B by hour of day and by 
month of the year. With the high solar penetration in Scenario 4A, the vast majority of 
curtailment occurs during the daytime. In contract, Scenario 4B has less curtailment overall 
and the curtailment tends to occur during the overnight hours when load is lower. Also, 
slightly higher curtailment is associated in months of January, March, and April in both 
scenarios.  
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Figure 7-19 Solar and wind energy delivered and curtailed in different scenarios 

 

   

Figure 7-20 Curtailment by hour of day and by month of year 

Renewable energy curtailment occurs when the difference between load and the sum of the 
minimum operating points of the thermal units (plus the down reserves requirement) is less 
than the available renewable energy. The summary of delivered and curtailed renewable 
energy from different resources is shown in Table 7-1. The delivered renewable energy 
(which includes wind and solar plants as wells as the Honua gasification plant) is the highest 
in Scenario 4B, which can serve ~20% of annual load energy on Oahu. The annual capacity 
factor for wind plants is 34%, and 22% and 18% for Central and Distributed PV plants 
respectively. 
 
Another way of quantifying the incremental system benefits with higher penetration of wind 
and solar energy is to assign production cost savings per MWhr of additional energy 
absorbed in a scenario relative to the Baseline. This should not be interpreted as a proxy for 
the PPA cost. The capital cost of system upgrades to help the system to absorb such levels of 
renewables need to be considered to assess the overall benefits. The higher $/MWHr in 
Scenario 3B (as compared to Scenario 3A) is due to the higher forecast error that results in 
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more quick-start operation. Scenario 4A and 4B show same $/MWHr values but lower than 
Scenarios 3A/3B. With more displacement of energy from the most economical units (AES 
and Kalaeloa) and greater reliance on quick-start units to meet the higher forecast error, the 
variable cost savings for every MWHr of delivered wind and solar energy decreases in 
Scenario 4A/4B.  

Table 7-1. Summary of delivered renewable energy from different resources in each scenario 

 
 

Table 7-2 Production Cost Savings Relative to Baseline ($/MWh of Delivered Renewable Energy) 

Delivered Renewables 3A 3B 4A 4B 

Production Cost Savings 
Relative to Baseline ($/MWh) 

$178  $169  $132  $132  

 

* The variable cost of savings of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection cost  
 

7.10. Emissions 

The emissions in the Baseline scenario are shown in Table 7-3. Emissions in other scenarios 
are shown as a percentage change from the Baseline scenario in Figure 7-21. The decrease 
in emissions is about by ~ 15-17% in the higher renewable penetration scenarios (4A/4B). 
The biggest driver of CO2 emissions is the AES coal plant, which accounts for roughly ~40% 
of emissions in the Baseline and also in higher solar and wind penetration scenarios (4A/4B).  
 

Table 7-3 Emissions in Baseline Scenario 

Scenario NOx (tons) SOx (tons) CO2 (ktons) 

Baseline 11,192 12,247 7,227 
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Figure 7-21. CO2, NOX, and SOX emissions in different scenarios 

7.11. Thermal Unit Operation  

At high renewable penetration scenarios, thermal units are forced to operate at or close to 
their minimum power levels for many hours in a year. Operation of the units at low power 
levels may be inefficient not only from heat rate perspective but also from the emissions 
perspective leading to deposit of carbon soot. Figure 7-22 shows weekly duration curve of 
two thermal units in Scenario 4A.. 
 

    

Figure 7-22. Scenario 4A: Weekly duration curves of Kahe 5 and Waiau 7 

Kahe 5 (one of the most economical HECO baseload unit) operates at 90% of its range or 
higher for at least one hour in every week. On the other hand, Waiau 7 (one of the lesser 
economical HECO baseload unit) never operates at 90% of its range for any hour in the year. 
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Such an analysis breaks the operation of the units by weeks and helps to assess if the unit is 
dispatched to higher power levels for at least a few hours in a week. A more detailed 
summary of all the HECO baseload unit operation at different power levels is shown in Table 
7-4. The less economical units, Waiau 7 and Waiau 8 hardly operate at higher power levels 
in the year.  

Table 7-4. Operation of HECO baseload units at different power levels 

 

Table 7-5 shows the number of hours the different thermal units are online. The baseload 
units are online for all hours except the time when they are on outage. Cycling units , such 
Waiau 5 and Waiau 6, are online for as much as 55% of the time in Baseline scenario. Their 
commitment is reduced in the higher renewable penetration scenarios (Scenarios 4A/4B). 
Waiau 5, for example, is still online for about 40% of the hours of the hours in Scenario 4A, 
which happens mostly in the hours when baeload units are on outage and the spinning 
reserves requirement becomes a constraint  
 
Table 7-6 shows the number of hours in a year spent near minimum power by the baseload 
units. In this table “near minimum” is assumed to be within 5 MWs of the minimum operating 
point after accounting for the down-reserve contribution. AES and Kaleloa are most 
economical baseload units and are therefore are dispatched at higher power levels to meet 
the load energy. However, when more solar and wind energy is absorbed, even these units 
are backed down to their minimum power levels. For example, AES is backed down to its 
minimum power for 21% of the time in Scenario 4A.   
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Table 7-5 Hours Online for Thermal Units 

Hours 
Online 

SCENARIO 

Unit Name Baseline 3A 3B 4A 4B 

AES Coal AES 8760 8760 8760 8760 8760 

Kalaeloa 
CC 

KALKAL123 8540 8540 8540 8540 8540 

Kahe 
Base 

KAHK1 8280 8280 8280 8280 8280 

KAHK2 8280 8280 8280 8280 8280 

KAHK3 6096 6096 6096 6096 6096 

KAHK4 7776 7776 7776 7776 7776 

KAHK5 5592 5592 5592 5592 5592 

KAHK6 8328 8328 8328 8328 8328 

Waiau 
Base 

WAIW7 8112 8112 8112 8112 8112 

WAIW8 7440 7440 7440 7440 7440 

Honolulu 
Cycling 

HONH8 2601 2062 2247 1432 1462 

HONH9 2630 1907 2145 1248 1202 

Waiau 
Cycling 

 

WAIW3 2041 1207 1371 859 714 

WAIW4 1271 741 902 535 435 

WAIW5 4785 4329 4516 3619 3446 

WAIW6 4108 3466 3646 2722 2642 

CT1 CIPCT1 548 286 467 872 1101 

Diesel AIRDSG8 651 337 507 941 1103 

Waiau CT WAIW10 19 11 24 57 72 

Waiau CT WAIW9 48 37 53 116 141 

 
 

Table 7-6 Hours spent near minimum power by thermal units 

Hours near 
Minimum 

Power 

SCENARIO 

Unit Name Baseline 3A 3B 4A 4B 

AES Coal AES      442 446 448 2089 1806 

Kalaeloa CC KALAELOA 291 292 291 1514 2305 

Kahe Base 

KAHK1    4108 5934 6091 7308 7675 

KAHK2    3648 5539 5874 7075 7467 

KAHK3    1108 1649 1764 3733 3821 

KAHK4    1414 2134 2323 4927 5148 

KAHK5    585 846 906 2668 2690 

KAHK6    2625 4593 4911 4898 6031 

Waiau Base 
WAIW7    2648 3591 3856 7686 7913 

WAIW8    789 976 1052 3981 4622 
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Table 7-7 Percentage of time spent near minimum power by thermal units 

Percent of 
Hours near 
Minimum 

Power 

SCENARIO 

Unit 
Name 

Baseline 3A 3B 4A 4B 

AES Coal AES      5% 5% 5% 24% 21% 

Kalaeloa CC KALAELOA  3% 3% 3% 18% 27% 

Kahe Base 

KAHK1    50% 72% 74% 88% 93% 

KAHK2    44% 67% 71% 85% 90% 

KAHK3    18% 27% 29% 61% 63% 

KAHK4    18% 27% 30% 63% 66% 

KAHK5    10% 15% 16% 48% 48% 

KAHK6    32% 55% 59% 59% 72% 

Waiau Base 
WAIW7    33% 44% 48% 95% 98% 

WAIW8    11% 13% 14% 54% 62% 

 
Table 7-8 shows the number of starts of the thermal units in a year. The baseload units have 
the same number of starts in all scenarios because these units are on fixed schedule for all 
hours, except when on outage. The number of starts of cyclers also remains the same from 
Baseline to Scenario 4A/4B. This is probably due to the increase in operating reserves 
requirement in Scenarios 4A/4B, which cannot be met if a few baseload units are on outage. 

Table 7-8. Number of starts of thermal units 

Number of 
Starts 

SCENARIO 

Baseline 3A 3B 4A 4B 

AES Coal 1 1 1 1 1 

Kalaeloa CC 5 5 5 5 5 

KAHK1    2 2 2 2 2 

KAHK2    2 2 2 2 2 

KAHK3    2 2 2 2 2 

KAHK4    3 3 3 3 3 

KAHK5    2 2 2 2 2 

KAHK6    2 2 2 2 2 

WAIW7    3 3 3 3 3 

WAIW8    3 3 3 3 3 

WAIW3    226 228 234 212 133 

WAIW4    162 155 167 137 91 

WAIW5    327 372 350 416 355 

WAIW6    334 364 356 396 317 

HONH8    251 273 263 289 233 

HONH9    264 278 279 296 224 
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7.12. Quick-start Operation  

The most significant observation in Table 7-9 and  
Table 7-10is that the quick start units start more frequently in Scenarios 4A and 4B. The 
primary driver for this change is the increased uncertainty in the real time delivered wind 
and solar energy at higher penetration levels. As a result, the system is more frequently 
“caught short” and needs to utilize quick start generation to cover forecast error. 

Table 7-9 Annual Starts for Quick Start Units 

Number of 
Starts 

SCENARIO 

Baseline 3A 3B 4A 4B 

AIRDSG8  159 173 256 490 468 

CIPCT1   160 159 253 482 478 

WAIW10   15 8 19 36 39 

WAIW9    26 26 40 84 83 

Grand Total 360 366 568 1092 1068 

 

Table 7-10 Annual Energy for Quick Start Units 

Energy 
(GWh) 

SCENARIO 

Baseline 3A 3B 4A 4B 

AIRDSG8  5 2 4 7 8 

CIPCT1   23 9 15 29 41 

WAIW10   0 0 0 1 2 

WAIW9    1 1 1 3 3 

Grand Total 28 12 21 40 55 

 

7.13. Value of a Good Forecast 

All the scenarios analysis in production cost have considered 4-hour ahead forecast for solar 
and wind energy. This is the state of the art forecast that was provided by AWS Truepower 
for this study. The accuracy of the forecast plays a big role in the amount of solar and wind 
energy the system can absorb and also on the variable cost of operation. A book-end case 
on the value of a good forecast is presented in this section, by using a perfect forecast of 
wind and solar for the four hour ahead period.  
 
The tables below indicate the value of perfect renewable forecast in Scenarios 4B/4A. 
Obviously, this represents an extreme example, but serves to indicate the incremental value 
of a perfect forecast. 

Table 7-11 Production Cost for Scenarios 4A/B with and without a Perfect Forecast 

 
4A 4A_PerfectForecast 4B 4B_PerfectForecast 

Total Variable 
Cost (MM$) 

$848  $835 $837  $817  

 

* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection cost  
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Table 7-12 Delivered Wind and Solar for Scenarios 4A/B with and without a Perfect Forecast 

 
4A 4A_PerfectForecast 4B 4B_PerfectForecast 

Delivered Wind 
and Solar (GWh) 

1,491 1,496 1,577  1,583  

Curtailment (%) 8.6% 8.3% 4.4% 4.1% 

 
A better forecast reduces both under and over commitment of thermal generation and 
allows the system to utilize the thermal resources more efficiently. Most notably, the energy 
produced by the peakers is reduced because they are not needed on short notice to cover 
forecast error. The production cost savings are $13MM for Scenario 4A and $20 MM for 
Scenario 4B.  The incremental value of the perfect forecast is larger in Scenario 4B than in 
Scenario 4A because of the bigger forecast error in Scenario 4B. Wind is more unpredictable 
than solar (which has a daily ramp-up and ramp-down cycle), which is one of the reasons for 
a higher forecast error. 
 
Forecast uncertainty will be addressed in more detail in the sub-hourly analysis in Section 8, 
where we will ascertain if the system has enough reserves to cover the variability of solar 
and wind and to sustain the forecast error in the sub-hourly time frames, when additional 
thermal units cannot be committed.  

7.14. Conclusions 

The hourly analysis of the scenarios highlighted how the Oahu grid will operate under 
different levels of solar and wind energy without changing the current operating practices. 
The grid can absorb all the available solar and wind energy in Scenario 3A and 3B, which is 
11.5% of annual load energy. The solar and wind penetration levels in Scenarios 4A and 4B 
takes the system to the “pinch point” where all the available wind and solar energy cannot 
be absorbed. Out of the available 1632 GWHr of solar and wind energy, 141 GWHr (or 8.6%) 
is curtailed in Scenario 4A. In Scenario 4B, the curtailment is 73 GWHr (4.3%) out of 1650 
GWHr of available energy.  
 
The major reasons that create a bottleneck for the system to absorb more renewable energy 
are:  

 Turn down capability of the thermal units: Renewable energy curtailment occurs 
when the difference between load and the sum of the minimum operating points of 
the thermal units (plus the down reserves requirement) is less than the available 
renewable energy. Improvements on thermal units that can allow them to be turned 
down lower can help the grid to absorb more renewable energy.  

 Operating reserves requirement on the thermal unit: In some hours, when a few 
baseload units are on outage, additional cycling units are committed to meet the 
operating reserves this requirement. If other resources (storage or demand response) 
can provide a a portion of operating-reserves requirement, commitment of cyclers 
can be reduced and more renewable energy can be absorbed.  

 Down-reserves requirement on thermal units: Down-reserves requirement on 
thermal units limits the ability of the grid to absorb all the available wind and solar 
energy. Curtailment occurs when the available down-range on the system equals the 
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down-reserves requirement. If solar and wind plants can provide a portion of down-
reserves requirement, thermal units can be dispatched to lower power points and 
hence curtailment of available wind and solar energy can be reduced.  

 Fixed operating schedule for the baseload units: The Oahu grid has 10 baseload 
units  that are required to be online for all hours of the year. As a result, there are 
many hours when the grid has excess thermal units online, which limits the ability to 
absorb renewables. Relaxing this requirement and optimizing the commitment can 
help to deliver more solar and wind energy to the grid.  

 

8.0  Sub-hourly Analysis 
Earlier sections have focused on the hour-to-hour operation of the Oahu grid.  This section of 
the report highlights the results and observations from all of the simulations performed in 
the sub-hourly timeframes. This includes dynamic simulations (transient stability and long-
term dynamics) as well as the sub-hourly assessment of the key performance metrics in the 
Interhour tool. 

8.1. Overview of the Critical Events 

The project team and stakeholders identified six dynamic events of interest for assessment 
in the sub-hourly tools.  These events are: 

1. Sustained wind and solar power drops in 5min and 10min 
o These events could challenge ramp rate capability of thermal units 

2. Sustained wind and solar power drops in 30min and 60min 
o These events could consume up range and result in fast-starting events 

3. Sustained wind and solar power rises when thermal units are near minimal power 
o These events could challenge down reserve of the system 

4. Volatile wind and solar power changes 
o These events could challenge the system ramp rate and maneuver thermal 

units 
5. Load rejection contingency event 

o These events could push units below stable operating power when already 
backed down 

6. Generation/HVDC cable trip contingency event 
o These events could cause large under-frequency events 

8.2. Sustained Solar and Wind Power Drops in 5-minute and 10-minute 

8.2.1. Overview 
Wind and solar power can drop quickly within an hour (in time scales of 5-10 mins), which 
can challenge the available up-range on the system.  Under such a condition, the dispatched 
thermal generators will have to be ramped up to meet the mismatch in generation. The time 
is insufficient to commit fast-starting units to reduce the deficit in up-range.  The quick drop 
in wind/solar power can challenge the ramping potential of the system.  If the maximum 
available MW/min rate of the committed thermal units becomes less than the MW/min drop 
from wind/solar, then system frequency drops and in extreme cases load shedding could 
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occur.  As a planning exercise, it is therefore essential to screen the system to identify worst-
case conditions, and design strategies or operating rules that will help the system to sustain 
such events.   

The GE Interhour Variability Analysis tool was used to screen the Oahu grid operation in 
order to understand the severity and frequency of increased variability in the system due to 
wind and solar power drops.  The tool screens the hourly production results from GE MAPSTM 
at a sub-hourly time step of 5min and 10min.  We will refer to the 5-minute (and 10-minute) 
screening as Short-term analysis.  The objective of the analysis is to identify the hours where 
sudden drop in solar and wind power can challenge the ramp rate of the system and 
completely consume the available (ramp rate constrained) up-range.   

The wind and solar data was made available at a time resolution of 2 seconds, while the 
load was linearly interpolated within the hour (in 5-minute time steps).  Aspects of the 
severity of the increased system variability are confirmed with finer resolution simulations, 
for selected most severe hours in the year, with GE PSLFTM tool. 

8.2.2. Screening Methodology 
The short-term analysis in this section considers the possibility that the unit ramp rates may 
not enable the full up range to be realized over an interval. The calculation of the up-range 
for 5-minute and 10-minute intervals follows the equation below:  

Up-rangetime-interval = Minimum of (up-reserve, time-interval x ramp rate)  (3) 

Where, time-interval can be 5-minute or 10-minute 
              Up-reserve is the available headroom on a thermal unit in that hour  

Up-range adequacy for both 5-minute and 10-minute interval is then calculated based on 
equation (2) below, in order to assess how much up-range is available for each MW of net 
load rise in the same time interval. The hours with the smallest value of Up-range Adequacy 
are the most constrained in chasing the variability net load variability. 

Up-range Adequacytime-interval = Up-rangetime-interval / (wind drop + solar drop + load rise) (4) 

The analysis in this section is based on the following assumptions:  

 Unit commitment at start of hour is obtained from GE MAPSTM.  

 Over the 5-minute (or 10-minute) period, all wind/solar/load changes are 
accommodated by the units committed in that hour (no triggering of fast-start units) 

 Additional units committed in the following hour are not credited to address load rise 
over the 5-10 minute period in the present hour. In other words, the analysis shows a 
worst case scenario. 

8.2.3. Results of 5-minute screening 

This section shows the results of the short-term analysis for 5-minute interval. The interhour 
analysis was conducted on all five scenarios (Baseline, Scenarios 3A/3B, and Scenarios 
4A/4B). For most of the analysis, we will focus on the highest renewable solar and wind 
scenarios (i.e. Scenarios 4A/4B) and benchmark it against the Baseline scenario. Results of 
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other scenarios (e.g. Scenarios 3A/3B) are made available in the appendix, if they are not 
shown in the succeeding sections of the report. 

The most constrained (top 10) hours for Baseline and Scenario 4A are shown in Table 8-1 
and Table 8-2. All hours have Up-range Adequacy greater than 1, which means for 
every MW of wind drop + solar drop + load rise, the system has more than a MW of available 
up-range to counteract it. The worst hour is hour 5176 in Scenario 4A with 1.4 MW of up-
range to counteract every MW of net load rise. We will examine this hour in detail in GE 
PSLFTM long-term dynamic simulation. 

Table 8-1: Baseline: Top 10 hours with lowest up-range adequacy in 5-minutes 

 

Table 8-2: Scenario 4A: Top 10 hours with lowest up-range adequacy in 5-minutes 

 

Now we will examine if the system has sufficient up-reserves (spinning), after counteracting 
the solar and wind drop in 5-minute period. The system must carry 185MW of spinning 
reserves at all times in order to respect the contingency reserves requirement. The 
contingency event must be responded quickly by the local governor control on the thermal 
units, and so the AGC ramp rates do not play a role. We determine the un-constrained up-
range (i.e. up-reserves that are not ramp rate limited) to examine whether the system carries 
the required contingency reserves after counteracting the wind and solar drop. This is shown 
in Figure 8-1. The x-axis represents the available up-range (unconstrained) on the system 
after counteracting the wind and solar drop. The y-axis represents the most challenging 5-
minute events in each hour of the year. The figure shows that there are 39 hours in the 
Baseline scenario where the system is in violation of the contingency reserves requirement 
after counteracting the drop in wind and solar power over the 5-minute period. However, the 
violations are less than 20MW.  

Similarly, there are 22 hours and 3 hours in Scenario 4A and 4B respectively, where the 
system does not have the required spinning reserves to satisfy the contingency reserves 
requirement. Table 8-3 shows the summary of total number of hours that violated the 
contingency reserves and the event with the biggest violation in each of the scenarios. As we 
go to higher penetration scenarios, the probability of observing a deeper ramp-down event 
increases but at the same time the operating reserves requirement increases and hence the 
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5176 TUE 4-Aug 16 55.5 341.4 -157.3 1124.0 0.0 12 12 227.5 -157.3 70.2 1.4 0.0 0.42

2922 SAT 2-May 18 21.4 300.3 -135.2 1002.0 0.5 10 13 217.5 -135.7 81.8 1.6 0.0 0.44

4784 SUN 19-Jul 8 18.9 73.1 -83.7 797.0 5.6 11 12 145.9 -89.3 56.6 1.6 0.0 0.48

5603 SAT 22-Aug 11 35.8 382.8 -123.1 1034.0 0.0 11 11 213.7 -123.1 90.6 1.7 0.0 0.45

2849 WED 29-Apr 17 39.5 168.2 -115.0 1102.0 0.0 15 14 215.5 -115.0 100.5 1.9 0.0 0.39

2874 THU 30-Apr 18 24.5 282.8 -128.5 1112.0 1.3 14 15 243.4 -129.8 113.6 1.9 0.0 0.39

2290 MON 6-Apr 10 73.6 297.4 -100.6 1025.0 1.8 10 10 192.5 -102.4 90.1 1.9 0.0 0.46

5193 WED 5-Aug 9 24.6 322.8 -123.1 1062.0 4.0 12 13 242.5 -127.1 115.4 1.9 0.0 0.41

4906 FRI 24-Jul 10 21.1 408.3 -121.2 1138.0 3.3 12 12 242.5 -124.5 118.0 1.9 0.0 0.41

4716 THU 16-Jul 12 22.6 423.2 -119.7 1162.0 1.6 13 13 239.5 -121.2 118.3 2.0 0.0 0.41
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system is equipped to carry enough up-reserves to handle the solar and wind variability as 
well as to respect the contingency reserves requirement. This is the reason why the numbers 
in the Table 8-3 do not show much variation from Baseline to Scenarios 4A/4B. 

 

This analysis confirms that the operating reserves requirement initially defined in Section 5.4 
for each scenario are effective to maintain (or even slightly improve) the system 
performance for these type of events with increased solar and wind penetration.  This is an 
important conclusion given that the reserve estimation functions in Section 5.4 did not 
explicitly account for the impact of forecast errors in the commitment. 

 

Figure 8-1: Hours that show violation of contingency up-reserves after counteracting the worst 
5-minute net load rise 
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Table 8-3: Summary of violations of contingency up-reserves after counteracting the worst 5-
minute net load rise 

 
 

8.2.3.1. Long-term dynamic simulation of a Challenging Hour – Scenario 4A 
Hour 5176 shows the lowest Up-range adequacy of 1.4 in Scenario 4A. When this number 
gets close to unity, the system ramping capability of the system will be challenged and 
significant frequency excursions are expected. This hour is closest to that value and is 
therefore selected for further investigation in finer time domain dynamic simulation in GE 
PSLFTM. The output of the solar and wind resources is shown in Table 8-2. This drop in 
renewable output is close to 99 percentile ramp down event in Scenario 4A. 
 

 

Figure 8-2. Scenario 4A: Time profile of the renewable resources for two hours (5176-5177) 
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The units online in the hour and their associated ramp rates are shown in Figure 8-3. The 
total available unconstrained up-reserves are 433 MW; while the constrained up-range is 
228MW (Table 8-2), which is above the renewable drop of 157 MW (and hence the reason for 
up-range adequacy greater than 1). The MW/min capability from all the units is 45.5 
MW/min, which is greater than ramp down of solar and wind power (157 MW over 5 min or 
31.2 MW/min).  

 

Figure 8-3. Scenario 4A: Dispatch for the hour 5176 (Tuesady, Aug 4, 4pm) from GE MAPSTM and 
the ramp rates of the committed units. 

 
8.2.3.2. PSLF Long Term Dynamic Simulation of the Hour 
Figure 8-4 shows the frequency response of the dynamic simulation for Hour 5176.  The 
figure illustrates that the system is able to manage the worst-case event with a minimum  
frequency excursion to ~59.8 Hz around 1000 seconds. Since this is an islanded system, ACE 
is directly proportional to frequency deviation. The third sub-plot describes the various 
modes of the Automatic Generation Control (0: Dead band, 1: Normal, 2: Permissive, 3: Assist, 
4: Warning, 5: Trip). During system events that cause large frequency deviations, the 
Automatic Generation Control could switch the system control to a different operating mode 
in order to react more aggressively to the frequency deviation. For the simulated event 
shown above, the mode of operation reached the "Assist" mode (3). In "Assist" mode, the 
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economic dispatch is ignored and all the controlled units are ramped up to quickly correct 
the frequency error. With the AGC ramp rates used in this study, the AGC spends most of the 
time in "Assist" mode during the 5-minute ramp down event.   
 
The simulations results also show a volatile power fluctuations from the solar and wind 
resources. This aspect is treated in more detail in Section 8.5. This section is focused on the 
important renewable power drop around 1000 seconds of simulation. 

 

 

 

Figure 8-4. Scenario 4A: System frequency response, ACE, and AGC output for the hour 5176 

 

157 MW of drop in 
renewable power 

AGC in assist mode during 
the ramp-down event 
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Kahe and Waiau units contribute significantly to the AGC regulation and also provide 
frequency droop response. These are the most economical units available for regulation in 
the hour. The response from these units during the 5-minute disturbance is highlighted in 
Figure 8-5. The AGC is ramping up all units around 1000 sec because the AGC is in assist 
mode and the ACE is positive.  Some of the units show a ramp-up rate of 3-4 MW/min. This is 
the combined AGC plus governor response.  
 

 

Figure 8-5. Thermal unit output of online Kahe  and Waiau units in the hour 5176 

 
8.2.3.3. Long-term dynamic simulation of a challenging hour – Scenario 3B 
Hour 5198 is another challenging hour in Scenario 3B where the system encounters a 
sudden drop of 121MW in renewable output in 5 minutes. The time profile of different 
renewable resources is shown in Figure 8-6.  Again the major driver is seen to be the Central 
PV plants. 
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Figure 8-6. Scenario 4A: Time profile of different renewable resources for two hours (5198-5199) 

The units online in the hour and their associated ramp rates are shown in Figure 8-6. The 
total available unconstrained up-reserves are 336 MW; while the constrained up-range is 
237MW (Table 8-2), which is 2x the wind and solar drop of 121 MW (giving an up-range 
adequacy of 2).  
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Figure 8-7. Dispatch for the hour 5198 (Wednesday, Aug 5, 2pm) from GE MAPSTM. Also shown 
are the ramp rates of the committed units. 

 
Figure 8-8 shows the frequency response of the dynamic simulation for Hour 5198-5199.  
The figure illustrates that the system is able to manage these wind and solar changes with 
the minimum frequency excursion to ~59.9 Hz (associated with the 121MW drop of wind and 
solar power). The AGC spends much less time in the "Assist" mode for this simulated event.  
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Figure 8-8. System frequency response, ACE, and AGC output for the hour 5198-5199 

 
Kahe and Waiau units again are seen to contribute significantly to the frequency regulation. 
The response from these units during the 5-minute disturbance is highlighted in Figure 8-9 
with some of the units ramping-up at 3-4 MW/min.  
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Figure 8-9. Thermal unit output of online Kahe and Waiau units in the hour 5198-5199 

 
8.2.3.4. Conclusions 
The main conclusions for the assessment of sub-hourly impacts of sustained drops in wind 
and solar power over 5-minute time interval are as follows: 

 Ramp rates of the HECO thermal units are a good indicator of the system’s ability to 
respond to wind and solar power changes in shorter time scales of 5 minutes. Governor 
response is also relevant for the most severe events. 

 Up-range adequacy is an effective metric to screen for challenging events where the 
system is constrained in providing up-reserves  

 Interhour screening analysis shows that the up-range adequacy of the system never 
goes below 1 and stays above 2 for majority of hours in the year 

 Interhour screening also confirms that the system has enough up-reserves to sustain the 
largest contingency after counteracting a 5-minute drop in solar and wind output. Only a 
handful of hours are seen to violate the contingency reserves requirement by 10 MW or 
less in Scenarios 4A/4B 

 The most challenging hours in Scenario 4A and Scenario 3B were analyzed through long-
term dynamic simulations in GE PSLFTM. The maximum frequency excursions were within 
+/- 0.2 Hz.  

 Some of the units are seen to ramp-up at about 3-4 MW/min during these 5 minute 
periods to counteract the loss of generation.  

  

8.2.4. Results of 10-minute screening 
The most constrained (top 10) hours for Baseline and Scenario 4A are shown in Table 8-4 
and Table 8-5. All hours in the Baseline scenario are seen to have an Up-range Adequacy of 
around 5 or greater. All the hours in Scenario 4A are seen to have this metric at 2.5 or 
greater.  These results suggest that the system is equipped with enough head-room to 
counteract two or more successive 10 minute events. The most constrained hour in Scenario 
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4A (Hour 5176 ) shows a drop of 155 MW over 10 minutes. The long-term dynamic simulation 
for this hour was shown in the preceding section with the minimum frequency excursion 
limited to 0.2 Hz. It can be inferred that system is well equipped to respond to the 10-minute 
solar/wind power drops.  

Table 8-4: Baseline: Top 10 hours with lowest up-range adequacy in 10-minutes 

 

Table 8-5: Scenario 4A: Top 10 hours with lowest up-range adequacy in 10-minutes 

 

Next, we will examine if the system can maintain the contingency reserves requirement in all 
hours of the year after counteracting the solar and wind drop in 10-minute period. The 
results are shown in Figure 8-10. There are 52 hours in the Baseline scenario where the 
system is in violation of the contingency reserves requirment. However, the MWs of violation 
is limited to less than 25MW.  

Similarly, there are 30 hours in Scenario 4A and 12 hours in Scenario 4B respectively, where 
the system is in violation of the contingency reserves requirement. Table 8-6 shows the 
summary of violation hours and also gives the event with the biggest violation in different 
scenarios.  

4711 THU 16-Jul 7 7.0 0.0 -20.1 889.0 16.0 11 13 174.4 -36.1 138.3 4.8 0.0 0.09

7664 MON 16-Nov 8 4.0 0.3 -19.2 980.0 12.7 14 15 157.3 -31.9 125.4 4.9 0.0 0.12

4910 FRI 24-Jul 14 47.5 42.3 -30.4 1206.0 0.0 15 15 158.5 -30.4 128.1 5.2 0.0 0.11

8249 THU 10-Dec 17 53.6 13.7 -27.2 1115.0 19.0 14 17 252.8 -46.2 206.6 5.5 0.0 0.11

7281 SAT 31-Oct 9 23.1 9.7 -23.8 955.0 7.8 13 13 175.3 -31.6 143.7 5.5 0.0 0.13

4859 WED 22-Jul 11 81.3 22.4 -29.7 1192.0 2.3 15 16 186.4 -32.1 154.4 5.8 0.0 0.11

5008 TUE 28-Jul 16 60.0 34.4 -24.6 1203.0 0.0 15 15 143.9 -24.6 119.3 5.8 0.0 0.11

7721 WED 18-Nov 17 33.1 15.1 -11.1 1093.0 16.0 15 16 158.3 -27.1 131.2 5.8 0.0 0.12

7889 WED 25-Nov 17 54.3 13.8 -21.8 1093.0 16.0 14 16 224.9 -37.8 187.1 6.0 0.0 0.12

1890 FRI 20-Mar 18 25.8 9.1 -30.3 970.0 8.0 13 14 234.3 -38.3 196.1 6.1 0.0 0.13
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5176 TUE 4-Aug 16 55.5 341.4 -154.7 1124.0 0.0 12 12 392.3 -154.7 237.6 2.5 0.0 0.42

5512 TUE 18-Aug 16 19.2 445.0 -171.2 1177.0 0.0 12 14 438.9 -171.2 267.7 2.6 0.0 0.41

3304 MON 18-May 16 3.8 380.6 -151.0 1122.0 0.0 13 15 400.6 -151.0 249.6 2.7 0.0 0.42

4985 MON 27-Jul 17 49.3 305.2 -133.0 1142.0 0.0 12 13 353.1 -133.0 220.1 2.7 0.0 0.41

2922 SAT 2-May 18 21.4 300.3 -136.4 1002.0 1.0 10 13 369.2 -137.4 231.7 2.7 0.0 0.44

618 MON 26-Jan 18 66.7 178.1 -117.3 1088.0 13.7 14 16 360.6 -131.0 229.6 2.8 0.0 0.41

1884 FRI 20-Mar 12 6.3 365.8 -117.3 1001.0 0.0 10 10 326.7 -117.3 209.4 2.8 0.0 0.46

5297 SUN 9-Aug 17 18.2 350.5 -145.2 1062.0 0.0 12 12 410.8 -145.2 265.6 2.8 0.0 0.43

2176 WED 1-Apr 16 23.1 362.7 -116.8 1036.0 0.0 13 13 331.2 -116.8 214.4 2.8 0.0 0.45

2290 MON 6-Apr 10 73.6 297.4 -115.1 1025.0 3.5 10 10 339.5 -118.6 220.8 2.9 0.0 0.46
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Figure 8-10: Violations of contingency up-reserves after covering 10-minute net load rise 

Table 8-6: Summary of violations of contingency up-reserves after covering 10-minute net load 
rise 

 
 
8.2.4.1. Conclusions 
The main conclusions for the assessment of sub-hourly impacts of sustained drops in wind 
and solar power over 10-minute time interval are: 

 Interhour screening analysis shows that the Up-range adequacy of the system never 
goes below 2.5 even in the highest solar and wind penetration scenario (Scenario 4A). 

 Interhour screening also confirms that most hours of the year have enough up-reserves 
to handle the renewable variability over the 10-minute time periods and respect the 
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contingency reserves requirement, Only a handful of hours violate the contingency 
reserves requirement, but by not not more than 34 MW in any scenario 

 Long-term dynamic simulations of the most constrained hour (Hour 5176) in Scenario 4A 
was shown in Section 8.2.3.2 and the system was able to respond to the drop in 
renewable power with a modest frequency excursion of 0.2 Hz.  

8.3. Sustained Solar and Wind Power Drops in 30-minute and 60-minute 

8.3.1. Overview  

This section presents interhour screening results for longer time scales of 30 minutes and 60 
minutes. Similar to the shorter time scales (of 5 minutes and 10 minutes) the objective is to 
assess whether a large drop in wind/solar power consumes the system up-reserves before 
other units (quick-starts) can be brought online.  

8.3.2. Results of 30 minutes and 60 minutes screening 

Up-range adequacy is used to quantify the most challenging 30-minute and 60-minute 
intervals for every hour of the year.  The interhour tool is again initialized from the hourly 
production cost results.  The available up-range of a unit in 30/60 minutes is calculated 
using equation (3) described earlier. 

Table 8-7 and Table 8-8 show the top 10 hours in Baseline and Scenario 4A that have the 
lowest Up-Range Adequacy in 30-minute intervals. Results illustrate that for every MW of net 
load rise (wind drop + solar drop + load rise) the system has a head room of 1.9 MW or more 
to counteract it, which means that the system can effectively sustain two consecutive 30-
minute events. 

Table 8-7: Baseline: Top 10 hours with lowest up-range adequacy in 30-minutes 

 

Table 8-8: Scenario 4A: Top 10 hours with lowest up-range adequacy in 30-minutes 

 

Table 8-9 and Table 8-10 show the results for the 60-minute screening. The Up-range 
Adequacy metric is more than 1.4 for all hours of the year.  

8249 THU 10-Dec 17 53.6 13.7 -46.0 1115.0 57.0 14 17 272.9 -103.0 169.9 2.6 20.2 0.11

8033 TUE 1-Dec 17 7.5 18.6 -12.3 1082.0 53.0 14 16 203.0 -65.3 137.7 3.1 20.2 0.12

1278 MON 23-Feb 6 0.5 0.0 -1.5 778.0 55.0 9 11 179.9 -56.5 123.4 3.2 20.2 0.07

2022 THU 26-Mar 6 39.8 0.0 -16.8 789.0 69.0 11 14 273.4 -85.8 187.6 3.2 20.2 0.10

1890 FRI 20-Mar 18 25.8 9.1 -55.2 970.0 24.0 13 14 254.4 -79.2 175.2 3.2 20.2 0.13

1302 TUE 24-Feb 6 1.6 0.0 -2.3 777.0 53.5 9 11 182.0 -55.8 126.2 3.3 20.2 0.10

653 WED 28-Jan 5 47.2 0.0 -15.8 694.0 54.0 9 10 229.4 -69.8 159.6 3.3 20.2 0.11

1326 WED 25-Feb 6 1.7 0.0 -1.0 783.0 51.0 10 11 176.4 -52.0 124.3 3.4 20.2 0.10

630 TUE 27-Jan 6 52.7 0.0 -14.8 827.0 65.0 10 12 274.4 -79.8 194.6 3.4 20.2 0.09

7985 SUN 29-Nov 17 7.0 14.8 -11.5 983.0 61.5 12 15 252.5 -73.0 179.6 3.5 12.2 0.12
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6474 SUN 27-Sep 18 0.4 200.7 -149.2 1043.0 42.0 12 15 371.8 -191.2 180.6 1.9 12.2 0.41

1962 MON 23-Mar 18 6.1 260.0 -177.4 1109.0 29.0 16 18 407.0 -206.4 200.5 2.0 20.2 0.41

7050 WED 21-Oct 18 52.4 183.6 -167.9 1188.0 26.0 14 16 385.1 -193.9 191.2 2.0 20.2 0.39

6498 MON 28-Sep 18 8.6 274.8 -167.1 1124.0 42.5 15 18 436.4 -209.6 226.7 2.1 8.0 0.41

2634 MON 20-Apr 18 49.9 304.7 -174.7 1037.0 27.0 12 15 423.0 -201.7 221.3 2.1 20.2 0.43

2658 TUE 21-Apr 18 7.8 280.4 -180.2 1039.0 24.0 13 15 434.5 -204.2 230.3 2.1 20.2 0.42

306 TUE 13-Jan 18 1.3 159.3 -141.9 1053.0 36.5 14 16 379.9 -178.4 201.5 2.1 20.2 0.40

1338 WED 25-Feb 18 0.9 198.6 -145.3 1063.0 27.5 14 15 368.8 -172.8 196.0 2.1 20.2 0.41

1194 THU 19-Feb 18 1.7 199.9 -130.6 984.0 33.5 13 15 372.6 -164.1 208.5 2.3 8.0 0.42

1890 FRI 20-Mar 18 25.8 185.6 -142.2 970.0 24.0 12 14 377.5 -166.2 211.3 2.3 20.2 0.43
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Table 8-9: Baseline: Top 10 hours with lowest up-range adequacy in 60-minutes 

 

Table 8-10: Scenario 4A: Top 10 hours with lowest up-range adequacy in 60-minutes 

 
 

Table 8-7 to Table 8-10 show a conservative picture in the sense that the operating reserves 
are counted towards net load increase, while in reality the operating reserves should only be 
counted towards the drop in solar and wind power. Increase in load should be met by 
necessary commitment of thermal units. The results shown in Table 8-11 to Table 8-14 show 
the top ten up-range constrained hours without considering the load increase. The Up-range 
adequacy in these tables is seen to be much higher than the one in Table 8-11to Table 8-14. 

Table 8-11: Baseline: Top 10 hours with lowest up-range adequacy in 30-minutes (load rise not 
considered) 

 

Table 8-12: Scenario 4A: Top 10 hours with lowest up-range adequacy in 30-minutes (load rise 
not considered) 

 

1278 MON 23-Feb 6 0.5 0.0 0.0 778.0 110.0 9 11 179.9 -110.0 69.9 1.6 61.0 0.07

8033 TUE 1-Dec 17 7.5 18.6 -16.6 1082.0 106.0 14 16 206.3 -122.6 83.7 1.7 61.0 0.12

1302 TUE 24-Feb 6 1.6 0.0 0.0 777.0 107.0 9 11 182.0 -107.0 75.0 1.7 61.0 0.10

1326 WED 25-Feb 6 1.7 0.0 -1.1 783.0 102.0 10 11 176.4 -103.1 73.3 1.7 61.0 0.10

7662 MON 16-Nov 6 5.5 0.0 0.0 808.0 120.0 10 13 217.3 -120.0 97.3 1.8 61.0 0.09

1206 FRI 20-Feb 6 0.0 0.0 0.0 748.0 105.0 9 11 191.1 -105.0 86.1 1.8 20.2 0.00

7985 SUN 29-Nov 17 7.0 14.8 -14.2 983.0 123.0 12 15 252.5 -137.2 115.4 1.8 53.0 0.12

2022 THU 26-Mar 6 39.8 0.0 -10.1 789.0 138.0 11 14 273.4 -148.1 125.3 1.8 61.0 0.10

630 TUE 27-Jan 6 52.7 0.0 -17.1 827.0 130.0 10 12 274.4 -147.1 127.3 1.9 61.0 0.09

486 WED 21-Jan 6 61.1 0.0 0.0 773.0 134.0 10 11 250.4 -134.0 116.4 1.9 61.0 0.10
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6498 MON 28-Sep 18 8.6 274.8 -232.3 1124.0 85.0 15 18 436.4 -317.3 119.0 1.4 20.2 0.41

1290 MON 23-Feb 18 0.3 232.0 -196.7 1057.0 65.0 13 16 364.2 -261.7 102.5 1.4 61.0 0.39

6858 TUE 13-Oct 18 16.2 210.1 -219.9 1133.0 56.0 13 16 393.9 -275.9 117.9 1.4 61.0 0.39

6474 SUN 27-Sep 18 0.4 200.7 -170.8 1043.0 84.0 12 15 371.8 -254.8 117.0 1.5 53.0 0.41

6810 SUN 11-Oct 18 1.8 212.0 -211.8 1016.0 55.0 11 14 391.5 -266.8 124.7 1.5 53.0 0.41

1314 TUE 24-Feb 18 0.2 243.2 -181.3 1066.0 58.0 13 16 366.3 -239.3 127.1 1.5 61.0 0.39

6330 MON 21-Sep 18 44.7 278.5 -226.5 1166.0 80.0 14 17 471.9 -306.5 165.5 1.5 61.0 0.40

6546 WED 30-Sep 18 13.2 242.1 -213.0 1155.0 61.0 16 18 423.9 -274.0 149.8 1.5 20.2 0.40

7697 TUE 17-Nov 17 4.3 310.9 -185.0 1099.0 97.0 14 17 437.0 -282.0 155.0 1.5 61.0 0.41

6642 SUN 4-Oct 18 38.4 213.7 -207.1 1029.0 70.0 13 15 433.4 -277.1 156.3 1.6 12.2 0.42
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1890 FRI 20-Mar 18 25.8 9.1 -55.2 970.0 0.0 13 14 254.4 -55.2 199.2 4.6 20.2 0.13

2736 FRI 24-Apr 24 25.3 0.0 -62.7 727.0 0.0 11 10 291.3 -62.7 228.6 4.6 20.2 0.10

2847 WED 29-Apr 15 66.7 30.1 -52.9 1118.0 0.0 14 14 271.7 -52.9 218.8 5.1 20.2 0.11

1908 SAT 21-Mar 12 56.0 39.1 -47.7 919.0 0.0 11 11 258.7 -47.7 211.0 5.4 12.2 0.14

8249 THU 10-Dec 17 53.6 13.7 -46.0 1115.0 0.0 14 17 272.9 -46.0 226.9 5.9 20.2 0.11

7720 WED 18-Nov 16 33.3 25.7 -36.4 1112.0 0.0 15 15 218.6 -36.4 182.1 6.0 20.2 0.12

1876 FRI 20-Mar 4 39.5 0.0 -51.9 625.0 0.0 10 10 324.6 -51.9 272.7 6.3 20.2 0.11

7691 TUE 17-Nov 11 57.5 14.8 -34.2 1119.0 0.0 15 16 218.6 -34.2 184.4 6.4 20.2 0.12

8268 FRI 11-Dec 12 75.7 30.3 -44.9 965.0 0.0 11 11 300.2 -44.9 255.3 6.7 20.2 0.13

8251 THU 10-Dec 19 68.3 0.0 -46.2 1226.0 0.0 17 17 310.5 -46.2 264.3 6.7 20.2 0.07
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1962 MON 23-Mar 18 6.1 260.0 -177.4 1109.0 0.0 16 18 410.3 -177.4 232.9 2.3 20.2 0.41

7050 WED 21-Oct 18 52.4 183.6 -167.9 1188.0 0.0 14 16 388.4 -167.9 220.5 2.3 20.2 0.39

2658 TUE 21-Apr 18 7.8 280.4 -180.2 1039.0 0.0 13 15 434.5 -180.2 254.3 2.4 20.2 0.42

8058 WED 2-Dec 18 0.0 128.1 -105.1 1164.0 0.0 14 15 254.9 -105.1 149.7 2.4 20.2 0.38

4937 SAT 25-Jul 17 22.6 293.6 -184.1 1074.0 0.0 12 13 456.7 -184.1 272.6 2.5 12.2 0.41

6474 SUN 27-Sep 18 0.4 200.7 -149.2 1043.0 0.0 12 15 371.8 -149.2 222.6 2.5 12.2 0.41

2634 MON 20-Apr 18 49.9 304.7 -174.7 1037.0 0.0 12 15 436.6 -174.7 261.8 2.5 20.2 0.43

6159 MON 14-Sep 15 8.7 478.1 -200.5 1195.0 0.0 12 14 505.5 -200.5 305.0 2.5 20.2 0.41

2176 WED 1-Apr 16 23.1 362.7 -157.7 1036.0 0.0 13 13 403.7 -157.7 246.0 2.6 20.2 0.45

1338 WED 25-Feb 18 0.9 198.6 -145.3 1063.0 0.0 14 15 372.1 -145.3 226.8 2.6 20.2 0.41
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Table 8-13: Baseline: Top 10 hours with lowest up-range adequacy in 60-minutes (load rise not 
considered) 

 

Table 8-14: Scenario 4A: Top 10 hours with lowest up-range adequacy in 60-minutes (load rise 
not considered) 

 

Table 8-15 and Table 8-16 shows the summary of hours that violate the contingency 
reserves requirement after counteracting the worst 30 minute and 60-minute event within 
an hour. Again, we assume change in load over 30-60 minutes can be covered by unit 
commitment and the operators will take necessary steps to do that. Therefore, we do not 
include the component of load increase. There are very few hours that violate the 
contingency reserves requirement. The maximum violation is less than 45 MW in the 30-
minute analysis and 63 MW in the 60-minute analysis for Scenario 4A. Interestingly the MWs 
of violation and the number of hours that violate the contingency reserves is relatively higher 
in Scenario 4B. One of the reasons for this is that the higher curtailment in Scenario 4A (as 
compared to Scenario 4B) decrease the net variability. As a result, the probability of 
consuming the operating reserves and dipping down into the contingency reserves is lower 
in Scenario 4A. Figure 8-11 shows a detailed analysis of all hours of the year in Scenarios 4A 
and 4B and Baseline.  

Table 8-15: 30-minute events that violate contingency reserves 

 

8268 FRI 11-Dec 12 75.7 30.3 -66.4 965.0 0.0 11 11 300.2 -66.4 233.8 4.5 61.0 0.13

2847 WED 29-Apr 15 66.7 30.1 -50.8 1118.0 0.0 14 14 271.7 -50.8 220.9 5.3 61.0 0.11

8251 THU 10-Dec 19 68.3 0.0 -56.9 1226.0 0.0 17 17 310.5 -56.9 253.6 5.5 61.0 0.07

5032 WED 29-Jul 16 54.4 31.5 -40.7 1203.0 0.0 15 15 244.0 -40.7 203.3 6.0 61.0 0.11

7691 TUE 17-Nov 11 57.5 14.8 -35.6 1119.0 0.0 15 16 218.6 -35.6 183.0 6.1 61.0 0.12

750 SUN 1-Feb 6 78.4 0.0 -52.6 671.0 0.0 9 9 338.6 -52.6 286.0 6.4 53.0 0.10

7432 FRI 6-Nov 16 58.9 26.0 -43.7 1114.0 0.0 15 15 306.4 -43.7 262.7 7.0 20.2 0.11

5008 TUE 28-Jul 16 60.0 34.4 -35.1 1203.0 0.0 15 15 252.5 -35.1 217.4 7.2 61.0 0.11

2487 TUE 14-Apr 15 49.0 28.1 -38.6 1014.0 0.0 13 13 282.1 -38.6 243.5 7.3 61.0 0.12

5296 SUN 9-Aug 16 47.5 29.3 -35.6 1055.0 0.0 12 13 267.1 -35.6 231.5 7.5 53.0 0.12
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5944 SAT 5-Sep 16 26.8 434.1 -239.4 1030.0 0.0 10 12 405.6 -239.4 166.2 1.7 53.0 0.47

3090 SAT 9-May 18 44.4 322.8 -235.1 940.0 0.0 11 13 420.2 -235.1 185.1 1.8 53.0 0.46

6858 TUE 13-Oct 18 16.2 210.1 -219.9 1133.0 0.0 13 16 393.9 -219.9 173.9 1.8 61.0 0.39

6810 SUN 11-Oct 18 1.8 212.0 -211.8 1016.0 0.0 11 14 391.5 -211.8 179.7 1.8 53.0 0.41

1290 MON 23-Feb 18 0.3 232.0 -196.7 1057.0 0.0 13 16 364.2 -196.7 167.5 1.9 61.0 0.39

6498 MON 28-Sep 18 8.6 274.8 -232.3 1124.0 0.0 15 18 436.4 -232.3 204.0 1.9 20.2 0.41

354 THU 15-Jan 18 21.0 211.2 -191.9 987.0 0.0 12 12 372.5 -191.9 180.6 1.9 61.0 0.43

3211 THU 14-May 19 1.0 136.1 -137.1 1128.0 0.0 15 16 272.5 -137.1 135.3 2.0 61.0 0.41

6546 WED 30-Sep 18 13.2 242.1 -213.0 1155.0 0.0 16 18 423.9 -213.0 210.8 2.0 20.2 0.40

8058 WED 2-Dec 18 0.0 128.1 -128.0 1164.0 0.0 14 15 254.9 -128.0 126.9 2.0 61.0 0.38
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Table 8-16: 60-minute events that violate contingency reserves 

 

 

Figure 8-11: Summary of violations in contingency up-reserves after covering 60-minute change 
in solar and wind power 

 
8.3.3. Conclusions 
The main conclusions from the assessment of sub-hourly impacts of sustained drops in wind 
and solar power over 30 and 60-minute time intervals are: 

 Interhour screening analysis shows that the Up-range adequacy of the system never 
goes below 1.9 for 30-minute events and it never goes below 1.4 for 60-minute events. 
The up-range adequacy improves if we do not include the load increase component 
(which ideally should be covered by normal process of committing units to follow load). 
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 Interhour screening also confirms that the system has enough up-reserves to meet the 
contingency reserves requirement after counteracting a 30-minute and a 60-minute 
drop in solar and wind output. Only a handful of hours are seen to violate the 
contingency reserves requirement  

 Curtailment of renewables reduces the net variability. With higher curtailment in 
Scenario 4A, the probability of drop in solar and wind power causing partial consumption 
of contingency reserves is lower as compared to Scenario 4B.  

 

8.4. Sustained increase in wind and solar power  

8.4.1. Overview 

As penetrations of solar and wind power increases, the baseload thermal units operate at 
minimum power point (respecting down-reserve requirement) for many more hours of the 
year.  Under such conditions, if the solar and wind power suddenly increases, these units 
would be forced to decrease their production further, thus consuming the system down-
reserve that is intended for load rejection events. Large increase in wind/solar power must 
be addressed through automatic-curtailment. Otherwise, such operating conditions with low 
levels of down-reserves pose significant risk to system stability under load rejection events.  
Wind and Solar plants can also carry a portion of down-reserves requirement so that the 
thermal plants do not have to carry all of the load rejection down reserves.  

8.4.2. Screening Methodology 
The Interhour tool was used to screen all hours of the year to identify challenging events 
when the system down-reserves was low and large sub-hourly increases in solar and wind 
power were observed. The analysis is performed for 5-minute, 10-minute and 30-minute 
time periods. The largest sub-hourly (5-minute, 10-minute or 30-minute) decrease in net load 
(wind and solar power rise + load drop) is subtracted from the down-range (initialized from 
GE MAPSTM output for the hour) to calculate the available down-range at the end of that time 
interval. Hours that show low down range at the end of these sub-hourly events are 
shortlisted and identified as a). hours when the system observed a certain violation of the 
contingency down-reserve requirement, and b). hours when the contingency down reserves 
on the system was completely consumed, and the thermal generation would be required to 
operate continuosly  below the technical minimum. 
 
Figure 8-12 shows the results of Scenario 4A as an example. Down-reserve requirement is 
140 MW for day-time and 90 MW for night-time. The x-axis is the available down-range after 
covering the net load drop (wind rise + solar rise + load drop). The y-axis is the number of 
hours corresponding to each bucket of down-range on the x axis. A violation event is defined 
to be the condition when the down-range at the end of the sub-hourly event is less than the 
reserves requirement. Further, if the violation event completely consumes the down-range, 
we flag the event as full consumption of down reserves. Ideally, the solar and wind plants 
should be on automatic-curtailment to nullify the rise in power output once the down-range 
starts to get close to the requirement. Figure 8-12 shows that there are more hours during 
the day-time when the system sees violation and sometimes full consumption of down-
reserves. The main reason is that during day-time, the solar penetration is high with an 
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installed peak Solar PV capacity of 760 MW in Scenario 4A, which exposes the system to 
quick increase in solar output.   

  

Figure 8-12: Scenario 4A: Down-reserves after sustaining a 5-minute net load drop 

The results of down-range analysis for different time scales and for different scenarios is 
summarized in Table 8-17. Scenario 4A and 4B have two values in each column, for day-time 
and night-time. Scenario 4A exhibits the highest severity in violation & also the maximum 
hours of violation. Negative values in the last column indicate that the down reserves have 
been more than fully consumed. 

Table 8-17: Summary of down-range analysis for different time scales 
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A closer look is taken at the challenging hours in order to further investigate the curtailment 
actions that maybe needed under worst case conditions. Figure 8-13 shows a challenging 
5/10-minute event – hour 2097 (Sunday March 29, 9am) in Scenario 4A. Central PV increases 
by 154 MW in 5 minutes. Down-range at the start of the hour was 126MW, which was 
completely consumed in less than 10 minutes from the start of the hour. The solar and wind 
power continues to increase throughout the hour, which if not curtailed would result in 
power reduction by thermal units by 82 MW below their minimum power levels. This could 
lead to an unstable operation and possible trip of units.  

As can be seen in Figure 8-13, most of the increase in renewable power is attributed to 
Central and Distributed PV plants. Out of the 154 MW of increase in power over the first 5 
minutes, almost all of it is coming from the Central PV plants. Central PV plants should 
therefore be curtailed at an equally fast speed to avoid full consumption of the down-range. 
In this case, the curtailment must be initiated such that Central PV plants can reduce their 
power by ~ 150 MW in 5 minutes or according to a curtailment ramp rate of 30MW/min. To 
achieve this, it might be required to curtail more than one plant simultaneously. If the 
curtailed plant is picking up power, then the action is more effective.  There is also the 
possibility that the plants whose output is increasing are not considered for curtailment 
depending on the specified curtailment order or also on the distributed nature of generation. 

 

Figure 8-13: Scenario 4A: Challenging 5/10 minute event on Sunday March 29, 9am 

Another challenging hour from Scenario 4A is shown in Figure 8-14, wherein the renewable 
power increases by 240 MW in 30 minutes (starting from 10 minutes to slightly over 40 
minutes in the hour). Central PV increases by about 150MW over this time period and the 
rest of the increase is coming from Distributed PV. Down-range is fully consumed and the 
thermal units have to move down by 100 MW (below their minimum power). Distributed PV 
plants are not controllable by the system operator and hence any uncontrollable increase in 
Distributed PV must be counteracted by curtailment at the controllable plants (i.e. Central PV 
and Wind plants). In this hour, Central PV and/or Wind would need to be curtailed by 
~240MW over 30 min. 
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Figure 8-14: Scenario 4A: Challenging 30 minute event on Tuesday April 7, 12pm (Hour 2316) 

8.4.2.1. Conclusions 
The main conclusions from the assessment of sub-hourly increases in solar and wind power 
are as follows: 

 Interhour screening analysis shows that the there are many hours in Scenarios 4A and 
4B that violate the down reserves requirement on the system. The requirement for down-
reserves was increased in these scenarios (relative to Baseline and Scenarios 3A/3B) as 
per the suggested values from HECO, unrelated to the higher penetration of wind and 
solar energy.  

 The down-reserves are needed for the system to sustain loss of load events. Hence, they 
need to be maintained on the system by automatic curtailment of solar and wind plants 

 Under the worst case conditions, the curtailment orders should operate as fast as  30 
MW/min (or 150 MW in 5 minutes) to preserve the down reserves on the system. Sudden 
increase of renewable power in shorter time scales of 5-10 minutes requires a faster 
curtailment response. 

 The increase in power from Distributed PV cannot be controlled by the utility. Hence, any 
increase in Distributed PV power that threatens to consume the down-reserves must be 
counteracted by additional curtailment at Central PV and Wind plants 

8.5. High Volatility Solar and Wind Power Changes 

In this section, the screening is performed to identify events with significant wind and solar 
power volatility in each scenario. Once identified, these events are analyzed using simulation 
tools to assess the impact of the volatile solar PV and wind power changes on system 
performance; and understand the amount and allocation of additional maneuvering of 
thermal units needed to counteract wind and solar power variations.   

8.5.1. Screening Methodology 
The solar PV and wind data was analyzed to identify highly volatile periods in each scenario.  
The severity of the renewable power variability was estimated based on the RMS calculation 
of the variations with respect to a moving average.  The method is explained below. 

First, the total wind/solar power output is calculated at every time step of interest. Then, the 
5-minute moving-average power is obtained using the following equation: 
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That is, for each time stamp, the 5-minute average value equals the mean value of all the 2-
sec data points that are in the sliding window centered at this time and with 2.5 minutes to 
both sides.   

Next, the time series of wind/solar power deviation is computed for each data point: 
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Lastly, for every hour of the study year, the RMS value of solar and wind variability is 
calculated as: 
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The larger the RMS value, the more variable wind and solar is in that hour over the time 
interval examined.  The length of the moving average window determines the bandwidth of 
the renewable variability. In this study renewable variations with respect to 1-minute, 5-
minute and 20-minute averages were considered. It was agreed by the stakeholders that 
this captured an important operating timeframe for the thermal units: longer than the 
immediate governor response and shorter than the timeframe to commit another unit.  The 
nomenclature used in the remainder of the report calls RMSX to refer to the hourly RMS with 
respect to a X-minute (1, 5 and 20 minute) moving average.  Same method and 
nomenclature was used to analyze results. 

After the RMS value for each hour is calculated, all the hours were sorted and the hours with 
highest RMS values were considered for GE PSLFTM long-term simulations.  

8.5.2. Screening Results 
Table 8-18 depicts the RMS calculation results for different scenarios. We are also showing 
the MW/min capability of thermal units available in that hour (from GE MAPSTM output). The 
criteria to select the top five hours is: 

 Highest values of RMS variations 

 Smallest values of aggregate MW/min capability of thermal units 

This type of screening will capture the hours that have the lowest available MW/min to 
chase the variability of solar and wind. In Scenario 4A, hour 5248 is a challenging hour, with 
the highest 5-minute and 20-minute RMS variability. Long-term dynamic simulations were 
performed on this hour.  
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Table 8-18: Top five hours with the highest volatility in different scenarios 

 
 

8.5.3. Simulation of Challenging Hour  
Figure 8-15 shows time profile of different solar and wind resources for the Hour 5248 (left-
hand side). This hour shows the highest variability with respect to RMS-5. Most of the 
variations are being caused by the central PV plants, which are seen to move up and down 
by as much as 100MW in less than 10 minutes. On the right hand side, solar and wind profile 
for Hour 8247 is shown. This hour exhibits the highest RMS variability with respect to 1-
minute moving average window. The overall variations are less severe in this hour (Hour 
8247).  
 

 

Figure 8-15. Scenario 4A: Hours with the highest variability in renewable power 

 
Figure 8-16 compares the high variability hours in Scenario 4A and 4B with respect to 
different RMS indicators. The variability of the two hours is similar. Hour 5248 (Friday, Aug 7, 
4pm) has the highest values of RMS-5.   
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Figure 8-16. High variability hours (Scenario 4A vs Scenario 4B) 

 
The GE MAPSTM dispatch for this hour is shown in the figure below. System load is 1224 MW 
and solar plus wind output is 528 MW. The available ramp rate potential of the thermal units 
is 25.5 MW/min (in the up and down direction). We modeled the minimum of the up and 
down ramp rates of the thermal units in GE PSLFTM, which is a conservative assumption. As 
an example, the up and down ramp rate of Kahe 1 is 5 MW/min and 3 MW/min respectively. 
We chose the minimum of the two and modeled it at 3 MW/min. 



 117 

 

Figure 8-17. Scenario 4A: Dispatch for the hour 5248 (Friday, Aug 7, 4pm) from GE MAPSTM 

 
Figure 8-18 shows the frequency response of the dynamic simulation for Hours 5248-5249.  
The figure illustrates that the system is able to manage significant power changes in the 
wind and solar power output with a frequency excursions to +/-0.2 Hz.  For the simulated 
event, AGC spends significant time in the "Assist" mode (3). It enters the “Emergency” mode 
(4) for a few seconds, when the net imposed ramp rate of renewables becomes greater than 
AGC ramp rates.  
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Figure 8-18. Scenario 4A: Frequency response, ACE, and AGC output for the hour 5248-5249 

 
It was discussed by the study team that the high and fast variability of solar PV in this hour 
may cause the AGC to exacerbate the maneuvering of the thermal plants without effectively 
reducing the frequency excursions. It was therefore decided to run a sensitivity by disabling 
the AGC and analyzing the frequency response. The comparison is shown in Figure 8-19. The 
frequency drifts in the right-side plot, which is the result of disabling the AGC action. The 
frequency deviations in the 5 to 10-minute time-frame is considerably better in the case with 
AGC.  That is, the AGC does improve considerably the frequency performance in the time in 
the 5-10 minute time interval and improves the effectiveness of the system to counteract 
solar variability. 
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Figure 8-19. Frequency response for Hour 5248 without AGC action 

 
The response from a few Kahe and Waiau units is shown in Figure 8-20. The maneuvering of 
Kahe 5 and Waiu 7 in both runs is quite similar. That is, the AGC is not exacerbating the 
maneuvering of the thermal plants. As intended, the AGC action facilitates getting similar 
maneuvering from the units with a reduced frequency excursion.  Kahe 3 shows a different 
performance because it has a frequency deadband on the droop response. 
 

With AGC Action 

 

 

 

Without AGC Action 

 

 

 

Figure 8-20. Thermal unit response with and without AGC action 

 

8.5.4. Conclusions 
Using RMS as an indicator for measuring the solar and wind variability is an effective way of 
capturing the challenging hours. These hours show high MW/min variability in both positive 
and negative directions. One such challenging hour in Scenario 4A was simulated in 
GEPSLFTM  
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 Most of the variability in this hour was driven by the movement of the three central 
PV plants at ramp rates of 20 MW/min 

 The available thermal units in this hour were able to effectively respond to the 
variability and maintain grid frequency within 0.2 Hz of nominal. 

 AGC is effective in counteracting the net variability. By disabling the AGC, frequency 
excursions increased in the 5-10 minute time intervals 

 Kahe and Waiu units are exposed to considerable maneuvering due to AGC and 
governor action.  HECO should confirm that the sustained power output variations of 
these units in the simulations are within the capabilities of the steam turbines and 
boilers. 

 With increased maneuvering of thermal units under such challenging conditions, 
there is an increased chance of wear and tear of thermal units 

8.6. Loss of Load Contingency Event 

Thermal units are expected to operate at minimum load for several hours in the year under 
high solar/wind scenarios as discussed earlier. A loss of load event under such a condition 
can push the thermal units transiently to below their minimum (nominal) power limits, 
increasing the risk of a generator trip. A loss of load is typically attributed to loss of one or 
more feeders. The Oahu grid is susceptible to loss of load events of 140MW during day time 
hours (8am-9pm) and 90MW during night time hours (9pm-8am). This is higher than the 40 
MW load rejection reserves in Baseline and Scenarios 3A/3B. The increased requirement is 
based on the latest information from internal studies conducted by HECO. Further, Baseline 
and Scenarios 3A/3B carry enough down-range to meet this increased down-reserves 
requirement for almost all hours of the year. The simulation results presented in this section 
analyze system frequency performance and thermal unit response during loss of load 
events. 

8.6.1. Screening Methodology 
GE Interhour screening tool is used to screen the study year in order to identify challenging 
hours when a loss of load event can put the system operation at risk. The characteristics of 
such hours are as follows: 

 Available down-range from the online thermal units is low 

 Non-synchronous generation is high, which means lesser thermal units can respond 
to loss of load event 

8.6.2. Screening Results 
Table 8-19 shows the screening results with top 5 hours that exhibit the highest risk if a loss 
of load event occurs. Hour 3441 in Scenario 4A is one such constrained hour when the 
system is the most vulnerable if a load rejection event occurs, This hour has a lot of non-
synchronous generation online, and the down-reserves are low (slightly lower than the 
requirement of 140 MW, which is due to the fact that a lot of units are on outage). We will 
examine this hour in more details in GE PSLFTM transient stability simulations. Other 
challenging hours in other scenarios exhibit similar characteristics. The challenging hours in 
Scenario 3A/3B have lower down reserves because the down-reserve requirement in these 
scenarios is only 40 MW. Scenarios 4A/4B were modeled with the requirement of 140 MW 
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during day time and 90 MW during night time. A large loss of load event can put a bigger risk 
on system operation and for that reason we will investigate Scenario 4A in more detail. 

Table 8-19: Screening results of load rejection event 

 
 

8.6.3. Transient Stability Analysis of Load Rejection Event 
Figure 8-24 shows the dispatch for the challenging Hour 3179 in Scenario 4A. The system 
load is 848 MW and the available down-reserves from the thermal units is 128 MW. There is 
about 56 MW of curtailment of Central PV. A load rejection of 140 MW is simulated for this 
hour.  
 
Under loss of 140MW of load, the system frequency transiently increase to 61.2 Hz (Figure 
8-22). Figure 8-23 shows the electrical and mechanical power output from the online 
thermal units in these hours. The mechanical power output dips transiently to a lower value 
and then settles down at electrical load requirement. The transient minimum mechanical 
output from the online units in Scenario 4A is shown in Table 8-20. Also note that the 
minimum rating of the units is shown. All the numbers are in gross MW output. The units are 
turned down below the rated minimum values by up to 16% in Scenario 4A.  
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Figure 8-21. Dispatch for challenging hours in Scenario 4A and Baseline from GE MAPSTM  

 

 

Figure 8-22. Frequency response under the load rejection event in Baseline (90MW) and Scenario 
4A (140MW) 

61.2 
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Figure 8-23. Electrical and Mechanical power from thermal units under the load rejection event 

Table 8-20. Transient minimum mechanical power of thermal units under loss of load event  

 
 

8.6.4. Conclusions 
The loss of load contingency event can challenge the system frequency response and 
thermal unit operation if adequate down-reserves are not carried by the system 

 Interhour screening identifies challenging hours where the system is susceptible to 
high risk if a load rejection occurs. 

 In the most challenging hour in Scenario 4A, the system frequency shows an 
excursion of 1.3 Hz and the thermal units are forced to transiently go below their 
rated minimum power. It is recommended that HECO power supply team examines 
the mechanical power excursions the units will be exposed to and confirm that these 
are reliable operating conditions 

 Under such conditions, it can be beneficial to take support from the online renewable 
plants by enabling over-frequency droop response  

8.7. Generation/HVDC Trip Event 

Trip of a big generation unit/system on the Oahu grid can expose the system to severe 
under-frequency excursion. Contingency reserves are intended to respond to this event. The 
screening tool is designed to identify such hours when the system can be at a considerable 
risk under (N-1) biggest contingency.  

140 MW of 
load rejection 
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The largest unit in the HECO system is the AES coal plant, with a net power of about 185 MW 
(or about 15% of peak load). Trip of AES is the largest contingency on the Oahu system 
today. With the addition of 200MW Off-island wind (Scenario 4B), this contingency can 
theoretically increase to 190MW (after discounting 5% of transmission losses at 200MW of 
export). However, the highest power export from the off-island wind is seen to be around 
184 MW in Scenario 4B, which makes the trip of AES as the single largest contingency event 
on the Oahu system in all scenarios. The frequency excursions caused by such contingency 
events can be large enough to disturb the loads on the system and trigger under frequency 
load shedding relays. Further, Distributed PV that is compliant to IEEE 1547, mandated to trip 
at 59.3 Hz, can also trip under such frequency excursions making the contingency event 
worse. However, current HECO policy of requiring distribution-connected PV plants to sustain 
frequency excursions up to 57 Hz will help to support the system stability under loss of AES 
contingency. 

8.7.1. Screening Methodology 
GE interhour tool is used to screen the study year to identify such challenging hours. The 
logic of the tool to pick the hours is as follows: 

 AES/off-island wind production is at or near full output  

 Available up-range on the system is low 

 Distributed PV output is high, and 

 Percentage of non-synchronous generation is high.  

 
8.7.2. Screening Analysis 
Table 8-21 shows the screening results with top 5 hours that exhibit the highest risk under 
trip of AES in different scenarios. Hour 3179 in Scenario 4A is one such constrained hour 
when the system is the most vulnerable if AES trips with a lot of non-synchronous generation 
online, low up-reserves and high output from Distributed PV. We will examine this hour in 
more detail in GE PSLFTM transient stability simulations. Challenging hours in other scenarios 
exhibit similar characteristics. Interestingly, Scenario 4A has 100 MW more nameplate 
Distributed PV than Scenario 3A, but the challenging hours in the two scenarios show similar 
level of Distributed PV capacity. This is because the screening is done to identify hours with 
low up-reserves (amongst other things described above). As a result, the challenging hours 
cannot have extremely high levels of Distributed PV output, which is the reason why the 
challenging hours in Scenarios 4A and 3A show similar levels of Distributed PV output. 

Table 8-22 shows the screening results for the case of HVDC trip event in Scenario 4B. The 
hours have the same characteristics as the challenging hours in Scenario 4B if AES were to 
trip (Table 8-21). We will focus on AES trip event in Scenario 4A (Hour 3179), which is very 
challenging because of high penetration of Distributed PV and also very high percentage of 
non-synchronous generation.  
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Table 8-21: Screening results for AES trip 

 

 

 

Table 8-22: Screening results of HVDC trip 
 

 

 

8.7.3. GE PSLFTM Transient Stability Simulation of Challenging Event 
Figure 8-24 shows the dispatch for the challenging Hour 3179 in Scenario 4A. The system 
load is 1176MW and the available up-reserves from the thermal units is 418MW. There is no 
curtailment of renewables in this hour. This is compared against a challenging hour in 
Baseline scenario, wherein the total electrical load is similar (1175MW) while the up-reserves 
are much less (only 214MW). 
 
With the trip of AES, the system frequency drops to 58.8 Hz in Scenario 4A while it drops to 
58.65 Hz in Baseline (Figure 8-25). The figure also shows the electrical and mechanical power 
output from the online thermal units in these hours. With the present load shedding scheme, 
the Oahu grid will shed about 47 MW of load in Scenario 4A and 90 MW in Baseline. The 
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reason for better performance of Scenario 4A is due to the fact that more up-reserves are 
available on the system so thermal governor response is more effective.  
 
 
 

                     

Figure 8-24. Dispatch for challenging hours in Scenario 4A and Baseline from GE MAPSTM 

 

 
 

Scenario 4A: Hour 3179 
(Wednesday, May 13, 11am) 

Baseline: Hour 6061 
(Thursday, Sep 10, 1pm) 

 

58.8 

58.65 
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Figure 8-25.  System frequency, thermal unit response, and load shedding after trip of AES in 
Scenario 4A and Baseline 

 
In the above simulations, the system frequency crosses the trip point of IEEE 1547 compliant 
Distributed PV (which is 59.3 Hz) in the first few seconds. Under circumstances of trip of 
Distributed PV, the frequency nadir will drop to 58.2 Hz in Scenario 4A and 58.4 Hz in 
Baseline, as shown in Figure 8-26. The system sheds ~190 MW in Scenario 4A and 160 MW in 
Baseline, triggering many blocks of UFLS. This shows that the trip of Distributed PV on 
frequency is extremely detrimental to the stability of the island grid not only under higher 
renewables penetration scenario but also under current system operations. Therefore, it is 
important that the Distributed PV does not trip on frequency excursions.  
 

 

58.4 

58.2 

Trip of Dist. PV  
@ 59.3 Hz 
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Figure 8-26. System frequency, thermal unit response, and load shedding after loss of AES and 
followed by trip of Distributed PV in Scenario 4A and Baseline 

 

8.7.4. Conclusions 
The trip of AES is a severe contingency for the Oahu system today and with high penetration 
of renewables in the future. 

 Interhour screening identifies challenging hours where the system is susceptible to 
high risk if AES or the HVDC cable is tripped. One such hour in Scenario 4A (Hour 
3179) was studied in more detail in the GE PSLFTM transient stability model. The 
performance of this hour was compared against a similar challenging hour in 
Baseline scenario (Hour 6061) 

 Under loss of AES, system frequency drops to 58.8 Hz and causes 47 MW of load 
shedding in Scenario 4A 

o In the most challenging hour in Baseline scenario, trip of AES results in a 
frequency nadir of 58.65 Hz and under frequency load shedding of 90 MW 

 If Distributed PV trips on frequency excursions, the challenging hour in Scenario 4A 
will result in a frequency nadir of 58.2 Hz and under frequency load shedding of 190 
MW for the analyzed system conditions. 

o The challenging hour in Baseline scenario will see a frequency excursion to 
58.4 Hz and load shedding of 160 MW 

Trip of Dist. PV 

UFLS Trigger 
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o Such deep frequency excursions can lead to trip of other generators. This re-
enforces HECO’s current policy of not allowing the Distributed PV to trip at 59.3 
Hz. 

 Assuming distributed PV can ride through the under-frequency events, the 
performance of scenarios with more solar and wind energy tends to be better 
because the increased operational reserve is also available to mitigate the 
generation contingency. Future study work should include further analysis of ride 
through needs for the PV (including high/low frequency ride-through, high 
voltage/low voltage ride-through) 

 Under loss of generation contingency conditions, it can be beneficial to take support 
from the online wind plants, which can provide a short-term boost through synthetic 
inertia and help in arresting the frequency nadir and associated load shedding. 

9.0 Mitigations Strategies 

9.1. Overview 

The previous sections of the report analyzed the scenarios in the hourly and sub-hourly 
time-frames. The results show that the grid can fully absorb up to 930 GWhr of solar PV and 
wind energy (in Scenarios 3A and 3B). The sub-hourly response of the system is sufficient to 
respond effectively to solar and wind variability in these scenarios. 
 
The Oahu grid starts hitting operational constraints and cannot absorb all of the available 
solar and wind energy in Scenarios 4A and 4B while operating with sufficient reserves and 
stability margins. This section explores different mitigation strategies in these two scenarios, 
with the following objectives: 

 Reduce curtailment of available solar PV and wind energy 

 Reduce variable cost of operating the system 

 Ensure that the system carries adequate operating reserves 

 Effectively counteract variability in renewables and improve frequency regulation  

 Improve transient stability of the system under contingency conditions  
 

Mitigation strategies to achieve the above objectives are listed below. These are discussed in 
detail in the succeeding sections. The impact of some of these mitigations are explained 
through the hourly production cost analysis; while for others we have investigated the 
impacts on a smaller time scale using GE PSLFTM. 
 

 Modifications to thermal units and operating practices 
o Improved turn down capability/Lower minimum power of thermal units 
o Relaxed fixed schedule operation of Baseload units 

 Support from renewable plants 
o Down reserves from renewable (wind & central PV) plants 
o Over-frequency control and self-curtailment of renewable plants  
o Providing ramp rate limited response from Central PV plants 
o Synthetic inertia from wind plants 

 Using other technologies 
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o Support from BESS/Demand Response towards operating and contingency 
reserves 

9.2. Improved Turn-down Capability of HECO units 

One of the primary constraints in absorbing more renewable energy is the minimum load of 
the committed thermal units. Curtailment occurs when the the baseload thermal generation 
is backed down to the lowest dispatch level, while respecting the down-reserve requirement. 
Therefore, one of the strategies to accept more solar and wind energy is to lower the 
minimum power points of the baseload thermal fleet. The minimum power limit, Pmin, is the 
minimum output level that a generator can maintain in a stable and reliable manner.  
Operating below this level introduces significant risks, such as combustion instability, that 
could trip the generator offline. 
 
Eight HECO units (K1-6, W7-8) and four IPPs (AES, Kalaeloa, HPOWER, and HONUA) were 
modeled on fixed schedule operation in all scenarios. They are online for all hours of the 
year, unless on outage, and as a result the ability of the system to absorb solar and wind 
energy is limited to the point when these units are fully backed down to their minimum 
power levels.  
 
HECO did an internal study on the capability of their thermal units to achieve a lower turn-
down. The findings from the study are shown in Table 9-1. The heat rate at these new power 
points is extrapolated from the original heat rate parameters. The minimum power level of 
Kahe 6 was not reduced due to potential operating limitations from its emission control 
systems. The IPPs (AES, Kalaeloa, HONUA, and HPOWER) are also modeled at their original 
minimum power level. 

Table 9-1. Minimum turn-down capability of the thermal units per HECO study 
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Comparing the two columns, the total reduction in the minimum power levels is 112MW, 
which ultimately helps in relieving curtailment of solar and wind energy. Lower minimum 
operating limits also increases the reserve capacity of each unit and thereby potentially 
helps to defer the commitment of quick start generation during violations of operating 
reserves.  
 
The down-reserves requirement on the system remains the same as before: 140MW during 
day-time and 90MW during night-time. The minimum power levels of the units after 
accounting the down-reserves requirement are shown in Table 9-2. 

Table 9-2. Minimum power levels with the down reserves 

 
 

9.2.1. Benefits of reducing minimum power of baseload units 
By reducing the minimum power points of the seven HECO baseload units, the Oahu grid 
was able to accept 1.2% additional solar PV energy, measured as a percentage of annual 
load energy (Figure 9-1). This additional 98 GWh of solar PV energy displaces thermal energy 
from the Kahe and Waiau baseload units. The energy from most economic units (AES and 
Kalaeloa) increases.  
 
The additional solar and wind energy that is delivered to the system is attributed to the 
ability of the thermal units to be tuned down lower. Although, the down-reserves 
requirement (140MW day-time and 90MW night-time) remains the same, the net effect is 
that the minimum thermal dispatch level for the system decreases by 112 MW. The down-
range duration curve for the system is shown in Figure 9-3. Solar and wind energy is 
curtailed when the down-range of the system hits down-reserves requirement, as shown by 
the dotted lines. 
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Figure 9-1. Scenario 4A: Annual energy production from different resources with reduced min 
power levels on some HECO thermal units 

 
 

 
 

 

Figure 9-2. Scenario 4B: Annual energy production from different resources with reduced min 
power levels on some HECO thermal units 

Scenario 4A + Lower Pmin Scenario 4A 

Scenario 4B Scenario 4B + Lower Pmin 
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Figure 9-3. Available down-reserves on the system in Scenario 4A and 4B 

Figure 9-4 shows the decrease in annual variable cost of operation for the two scenarios. In 
Scenario 4A, the decrease in variable cost of operation amount to 34M$, which is 4% of the 
total annual variable cost of operation in this scenario. In Scenario 4B, the decrease is 30M$, 
which is also ~4%  of the total annual variable cost of operation in this scenario. 
 

        
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

Figure 9-4. Decrease in variable cost of operation in Scenario 4A and 4B with reduced min power 
levels on some HECO thermal units 

9.2.2. Conclusion 
By reducing the minimum power levels or improving the turn-down capability of the thermal 
units: 

 Oahu grid is able to accept more solar and wind energy. In Scenario 4A, all of the 
additional 98 GWhr of energy that is delivered to the grid comes from solar PV; while 
in Scenario 4B, the additional 64 GWhr of energy is primarily from wind. 

 The additional renewable energy delivered displaces thermal energy from the Kahe 
and Waiau baseload units. The energy from most economic units (AES and Kalaeloa) 
is increased.  

 Variable cost of operation is reduced by 34 M$ in Scenario 4A and 30 M$ in Scenario 
4B 
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 The available range on the system increases with a net reduction of 112 MW of 
minimum dispatch level from the seven baseload units. The grid has more down-
range in almost all hours of the year as compared to original Scenarios 4A and 4B.  

9.3. Relaxed Fixed Operating Schedule  

As discussed earlier, there are eight HECO units (K1-6, W7-8) and four IPPs (AES, Kalaeloa, 
HPOWER, and HONUA) modeled as must run units in all scenarios. Under high renewable 
penetration scenarios, the system may not need all of these units to be online to meet the 
net load; or in other words keeping all of these units online will reduce the capacity of the 
grid to absorb more renewables. This mitigation strategy analyzes the possibility of de-
committing certain baseload units, on an as-needed basis, in order to absorb more 
renewables and reduce production cost. 
 
The ultimate objective is to be able to absorb more solar and wind energy into the grid. The 
minimum power levels of the committed units is a major factor that greatly influences the 
level of curtailment on the system. Another important factor to consider is the maximum 
head-room (or up-reserve contribution) from the committed thermal units. The GE MAPSTM 

production cost software commits thermal units to meet the net load on the system while 
respecting the operating reserves requirement. Hence, units that have lower minimum 
dispatch levels and can provide higher up-reserve capacity are best suited to relieve solar 
and wind energy curtailment on the system. This may or may not be the least cost 
commitment approach because a unit that satisfies the above criteria maybe running on an 
expensive fuel. Hence, there is a need for co-optimization on the system, such that cheaper 
units are committed to meet the load energy, while units with lower minimum power and 
higher reserves capacity are committed to meet the operating reserves requirement.  
 
Figure 9-5 shows the maximum available up-reserve capacity and the minimum power 
levels of the HECO baseload units. A line with a slope of 1 is drawn. The units that are above 
the line have relatively lower minimum power levels and have higher up-reserves capacity. 
Ideally, the selection process should be such that we first commit units that are above the 
line, then select units that are closer to the line, and give low priority to the units that are 
close to the x-axis. However, following exceptions need to be considered for the Oahu grid: 

 Kalaeloa is operated as a co-gen and therefore it must be committed in single train 
for all hours of the year. In other words, Kal1 is assumed to be online for all hours. 

 Waiau 7 and 8 must be online at all times of the year to provide voltage support in 
the Honolulu area 

These three units are modeled as to be online for all hours of the year. 
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Figure 9-5.  Up-reserves and minimum power levels of the HECO baseload (must run) fleet 

 
The operating reserves requirement for Scenario 4A and 4B are shown in Figure 9-6. Day-
time spinning reserves are shown for Scenario 4A and night-time for Scenario 4B. This is 
because most of the curtailment in Scenario 4A occurs during day-time hours and it is 
mostly during night-time hours for Scenario 4B. The unit selection strategy (which is also 
shown in the figure) should be such that the system meets the operating reserves 
requirement at the smallest commitment of thermal units, according to the strategy 
described above.  
  
The commitment of units starts with Kal1, Waiau 8 and Waiau 7 as these are the must run 
units. Then based on Figure 9-5, selections are made such that units with lower minimum 
power and higher reserves capacity are selected. In Scenario 4A, the selection process starts 
with AES, followed by K5 and K6, and then Kahe 3, Kahe 4, and Kahe 2. The grid only needs 
these nine units (Kal1, Waiau 7-8, AES, Kahe 2-6) to meet the total reserves requirement: 
185MW of contingency reserves and a maximum of 239MW of operating reserves. Kahe 1, 
Kal1, Waiau 5 (and other cyclers) are not required if all the other units are available.  
 
For Scenario 4B, only six baseload units (Kal 1, Waiau 7-8, AES, Kahe 5, and Kahe 3) are 
required to meet the maximum reserves (of 290MW) on the system. The other units Kahe 6, 
Kahe 4, Kahe 2, and Kahe 1 are also arranged in a ranking order based on Figure 9-5, so in 
case Kahe 5 or Kahe 3 are not available, the system picks the next in line unit that meets the 
criteria of providing higher reserve capacity at lower minimum power level. 
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Figure 9-6. Spinning reserves requirement and commitment strategy for thermal units 

 
With this modified system commitment, the Oahu grid can absorb 14 GWHr of additional 
solar and wind energy in Scenario 4A (Figure 9-7). This additional energy displaces thermal 
energy primarily from the Kahe units.  
 
 
 

 
 

Scenario 4A Scenario 4A + Relaxed MR Rules 
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Figure 9-7. Scenario 4A: Annual energy production from different resources with relaxed fixed 
operating schedule 

In the study year 2015, there are hours of the year when one or more baseload units are on 
outage. Units such as Kahe 5 and Kahe 3 are modeled to be on maintenance outage for 
more than three months in 2015. Under these conditions, the system starts commiting next-
in-line units from the commitment table in Figure 9-6. For example if Kahe 5 and Kahe 3 are 
simultaneously on outage, the system will commit Kahe 1, Kal 2, and maybe a cycling unit 
(Waiau 5). Since Kal 2 offers very little up-reserves capacity (only 11MW), we modified the 
commitment strategy to allow commitment of Waiau 5 (a cycler) ahead of Kal 2. If we do so, 
then the system can absorb additional 22 GWHR of solar and wind energy with respect to 
the previous commitment rules; or 36 GWHR of net additional energy over the original 
Scenario 4A. The results are shown in Figure 9-8. 
 

 
 

 
 

 

Figure 9-8. Scenario 4A: Annual energy production from different resources with relaxed fixed 
operating schedule and committing Waiau 5 ahead of Kal 2 

Scenario 4A 
Scenario 4A + Relaxed MR Rules 

(W5 ahead of Kal2) 
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For Scenario 4B, with the commitment strategy explained in Figure 9-6 and with the 
modification of Waiau 5 commitment ahead of Kal 1, the Oahu grid can absorb additional 20 
GWHr. The results are shown in Figure 9-9. Most of the thermal energy is displaced from 
Kahe units and the Kalaeloa plant. Energy from AES also increases. 
 
 
 

 
 

 

Figure 9-9. Scenario 4B: Annual energy production from different resources with relaxed fixed 
operating schedule and committing Waiau 5 ahead of Kal 2 

In this mitigation strategy, since most of the units are removed from the must run (or fixed 
schedule operation) status, it is important to quantify how many times the units are turned 
on/off in the year. The minimum down-time for the oil fired steam units (Kahe and Waiau) 
was modeled to be 2 hours with a minimum run time of 1 hour in  GE MAPSTM. This is typical 
for such units on the mainland. The minimum run and down time assumptions for Kalaeloa 
plant and cycling units are already included in the database. Table 9-3 shows the actual 
number of starts per day and total starts in a year for the different units. Most of the units 
are not turned on/off more than once in a day. Only Kahe 1, Kahe 4, Kal 2, and Kahe 6 are 
started twice on some days. Kal 2 experiences the largest number of starts in a year. 
Although, about 52 starts are attributed to its weekend maintenance schedule. 

 

 

 

Scenario 4B Scenario 4AB + Relaxed MR 
Rules (W5 ahead of Kal2) 
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Table 9-3. Number of starts of thermal units with relaxed fixed operating schedule 

 
 

The change in the variable cost of operation is shown in Figure 9-10 Scenario 4A shows a 
decrease of 5M$, while Scenario 4B shows a decrease of 8M$. There are two main reasons 
for only a moderate improvement in variable cost of operation: 

1. During hours when the solar and wind forecast is over-estimated, the system commits 
expensive peaking units. In the original Scenario 4A/4B, there is additional head-room 
on the system to absorb forecast error, which is reduced by removing units from must 
run (or fixed schedule operation) status. 

2. Additional starts of the units also contrinute to higher variable cost of operation. As an 
example, the start-up cost of Kahe 4 is $1,567 for a hot start. 

         

* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost  

Figure 9-10.  Decrease in variable cost of operation in Scenario 4A and 4B with relaxed must run 
rules 

9.3.1. Conclusions 
This strategy looks at relaxing the must run status on the HECO the baseload units (with the 
exception of Waiau 7-8 and Kalaeloa 2).  
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 The modified commitment selects units have that higher up-reserves capacity and 
lower minimum power level   

 The Oahu grid is able to accept 36 GWHr of additional solar and wind energy in 
Scenario 4A and 20 GWHr of additional energy in Scenario 4B. 

 The additional solar and wind energy delivered displaces thermal energy primarily 
from the Kahe and Kalaeloa units. The energy from the most economic units (AES and 
Kalaeloa) increases.  

 The savings in variable cost of operation are ~5 M$ in Scenario 4A and ~8 M$ in 
Scenario 4B.  

 Under the operating strategies described here, there can be hours when less thermal 
units are online than the fixed operation commitment rules, which means lesser 
inertial and reactive power support online. 

9.4. Support from BESS or Demand Response for Spinning Reserves 

At high penetrations of solar and wind energy, such as in Scenarios 4A and 4B, the Oahu grid 
must carry high levels of operating reserves. If all of the baseload uints are available, then 
the system operator does not need to commit additional units to respect the operating 
reserves requirement. However, in many hours one or more baseload units can be on 
outage. Under these situations, the operator will commit cyclers to respect the operating 
reserves requirement.  
 
This analysis looks at technologies such as BESS or Demand Response (DR) to provide a 
portion of the operating reserves requirement, so as to reduce the spinning reserves 
demand on the thermal units.  The study team assumed that 50 MW of BESS or Demand 
Response is available so the spinning reserves requirement on the thermal units can be 
reduced by 50 MW. The spinning reserves from thermal units are never allowed to fall below 
the contingency reserve requirement of185 MW. The duration curve of the spinning reserves 
requirement before and after employing 50 MW of BESS or DR is shown in Figure 9-11. If the 
BESS or Demand Response could be used towards the contingency reserves of 185 MW, 
then the spinning reserves requirement would follow the dotted red line.  
 
The criteria for choosing a 50 MW rating for BESS or Demand Response was based on the 
fact that the HECO baseload units provide between 40-60 MW of up-reserves capacity, as 
shown in Figure 9-5. Hence, during periods when a baseload unit is on outage, 40-60 MW of 
spinning reserves may need to be provided from a cycling unit. In this strategy, we can count 
50 MW of spinning reserves from BESS/DR and avoid commitment of cyclers.  
 



 141 

 

Figure 9-11. Scenario 4A: Duration curve of spinning reserves requirement on the thermal units 
with and without 50MW of DR/BESS 

 
There are other ways of reducing the demand of spinning reserves from thermal units 
(although keeping the overall operating reserves requirement the same). One such way is 
shown in Figure 9-12. The non-spin contribution to the operating reserves can be increased 
by starting a bigger unit or by reducing the operator reaction time. As a book-end value, if 
the operator reaction time is decreased to zero, the spinning reserves requirement on 
thermal units can be decreased by a maximum of 22 MW. Other ways of increasing the 
contribution of non-spinning reserves can be to start CT1 and W9 at the same time. 

 

Figure 9-12. Scenario 4A: Reduction in spinning reserves requirement by faster deployment of 
quick-start units 

With this strategy of getting 50 MW of spinning reserves from BESS or Demand Response, 
the Oahu grid can absorb 26 GWHr of additional renewable energy in Scenario 4A. However, 
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in Scenario 4B only 8 GWHr of additional renewable energy can be absorbed. The results are 
shown in Figure 9-13 and Figure 9-14.  
 
 
 

 
 

 

Figure 9-13. Scenario 4A: Annual energy production from different resources with the use of 
50MW of BESS/DR to support the spinning reserves requirement 

 
 
 
 

 

Scenario 4A Scenario 4A + Reduced Spinning 
Reserves from Thermal Units 

Scenario 4B Scenario 4B + Reduced Spinning 
Reserves from Thermal Units 
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Figure 9-14. Scenario 4B: Annual energy production from different resources with the use of 
50MW of BESS/DR to support the spinning reserves requirement 

 
Figure 9-15 illustrates why this mitigation strategy is not very effective in Scenario 4B. In the 
figure on the left, all hours (represented by a dot) have a lot more than 350MW of spinning 
reserves. Hence, lowering the reserves requirement to 300 MW (figure on the right) does not 
significantly improve the curtailment 
 
 
 

        

Figure 9-15. Available spinning reserves from thermal units in Scenario 4B for different hours of 
the year 

The variable cost of operation is reduced by ~15M$ (2% reduction) in Scenario 4A and by 
~13M$ (2% reduction) in Scenario 4B. This is shown in Figure 9-16.  
 
Figure 9-17 shows the percentage of time the system carries excess thermal spinning 
reserves (over and above the requirement). When the values on the x-axis are positive, the 
thermal spinning reserves alone are sufficient to meet the reserves requirement. Only when 
the values on the x-axis are negative, the system depends upon the 50 MW BESS or DR to 
fulfill the spinning reserves requirement. The figure shows that the Oahu grid in Scenario 4A 
requires some assistance (between 0-50MW) from the BESS or DR for only 28% of the time in 
a year; and only for 1% of the time full rating of the BESS/DR is required. For Scenario 4B, the 
BESS or DR is required for 27% of the time but always lower than the rated capacity of 50 
MW. 

Scenario 4B + Reduced Spinning 
Reserves from Thermal Units Scenario 4B 
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* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

Figure 9-16. Decrease in variable cost of operation with 50 MW of BESS/DR to support the 
operating reserves requirment 

   

   

Figure 9-17. Percentage of time when BESS/DR is needed as a reserve 

 

9.4.1. Conclusions 
High operating reserves requirement in higher solar and wind penetration scenarios can 
become a constraint for the grid to absorb all of the available solar and wind energy. The 
grid may have to commit additional cycling units (when baseload units are not available) to 
respect the operating reserves requirement. The strategy outlined in this section assumes 
that 50 MW of spinning reserves are available from BESS/DR, which helps to reduce the 
spinning reserves need on the thermal units.  

 26 GWHR of additional renewable energy could be absorbed in Scenario 4A; while 
only 8 GWHr of additional renewable energy was delivered in Scenario 4B 

 The variable cost of operation decreases by about 2 % in both the scenarios 

 Scenario 4B carries a lot of excess thermal spinning reserves during hours of 
curtailment (which happen to be mostly during night-time when the load is low). 
Hence, reducing thermal spinning reserves in this scenario does not have a lot of 
impact on curtailment 
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 The 50 MW of reserves from BESS/DR are not needed for all hours of the year. The 
reserves are needed for a maximum 28% of the time (in some amount between 0-50 
MW) in Scenario 4A; and for 27% of the time in Scenario 4B 

 There are other ways of reducing the spinning reserves demand on the thermal units, 
such as by faster deployment of quick-start units or by simultaneous start of many 
quick start units 

9.5. Down-Reserves from Renewable Plants 

In Section 9.2, we saw that reducing the minimum power levels on the HECO baseload units 
helped in delivering additional renewable energy and reduced variable cost of operation. 
This strategy looks at reducing the down-reserves requirement on the thermal units, which 
has a similar effect of reducing the minimum power level of the committed thermal units.  
 
Down–reserves are needed on the grid to support a load rejection event. The governor 
control on the thermal units senses the over-frequency and instructs the prime mover to 
reduce the mechanical power output. If the renewable plants (Central PV and Wind) are 
equipped with a similar over-frequency droop governor and if they are producing enough 
power, then these plants can reduce their power output and hence support the thermal 
units during the transient period. The HECO thermal units are modeled with a 5% droop 
governor. In this section, we assume that exact same droop can be made available on the 
solar and wind plants (with a small deadband of 36 mHz). It is possible to use an aggressive 
governor droop on the wind and solar plants to avail more down-reserves and such 
simulation results are shown later in 9.7.5.1. With such an arrangement, the solar and wind 
plants can reduce their output under a load rejection event or in other words provide down-
reserves according to equation (8) 
 

Down–reserves on renewables =  
CapacityThermalCapacitynewable

Capacitynewable

Re

Re
                           (8) 

 
The down reserve requirement in Scenarios 4A and 4B is 140MW day-time and 90MW night-
time. The duration curve for this requirement is shown in Figure 9-18 in the black line. The 
blue curve shows the down-reserves requirement that thermal plants have to provide if solar 
and wind plants are equipped with a droop governor. The remaining portion of down-
reserves requirement is provided by the solar and wind plants, according to equation (8). An 
additional assumption is that the solar and wind plants can contribute to down-reserves 
only when their output is above 20% of their rated capacity. 
 
Figure 9-19 shows a week of operation in Scenario 4A. The top curve shows the original 
thermal down reserve requirement (black line) vs the new thermal down reserves 
requirement (blue line). The lower plot shows the Central PV and Wind output in that week 
(green color) and the portion of down-reserves that these plants are assumed to carry (blue 
line). The down reserves requirement was reduced based on equation (8). In some hours the 
blue line (in the lower plot) touches the x-axis. These are hours when the solar and wind 
output becomes lower than 20% of their capacity and hence the system could not expect to 
ask for any down-reserves support from these plants. 
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Figure 9-18. Duration curve of down reserves requirement on thermal units with and without 
down reserves support from renewable plants 

 

 

 

Figure 9-19. Scenario 4A: Down Reserves requirement on thermal and renewable plants in a 
typical week 

 
With this strategy, the Oahu grid in Scenario 4A is able to absorb 52 GWHr of additional solar 
and wind energy (shown in Figure 9-20. In Scenario 4B the system delivers 32 GWHr of 
additional solar and wind energy (shown in Figure 9-20). This additional energy displaces 
thermal energy primarily from the Kahe units.  As shown in Figure 9-22, the annual variable 
cost of operation decreases by ~12M$ in Scenario 4A and ~11M$ in Scenario 4B.  
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Figure 9-20.  Scenario 4A: Annual energy production from different resources with down reserves 
from renewables  

 
 
 

 

Scenario 4A Scenario 4A + Down Reserves from 
Renewables 

Scenario 4B 
Scenario 4B + Down Reserves from 

Renewables  
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Figure 9-21.  Scenario 4B: Annual energy production from different resources with down reserves 
from renewables  

 

        
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

Figure 9-22. Decrease in variable cost of operation with down reserves contribution from 
renewable plants 

The MWs of down –reserves carried by wind and central PV plants in Scenarios 4A and 4B 
are shown in Figure 9-23. The maximum down-reserves on these plants is less than 76 MW. 
Most of the time the reserves carried by these plants is less than 50 MW.   
 

   

Figure 9-23. Down reserves carried by Central PV and Wind plants in Scenarios 4A and 4B 
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9.5.1. Conclusions 
 Allowing the renewable plants (central PV and wind) to carry a portion of the down-

reserves is an effective strategy to reduce curtailment and realize fuel savings. 

 Scenario 4A saw additional 52GWhr of delivered solar and wind energy and variable 
cost savings of 12M$; while Scenario 4B saw additional 32GWhr of delivered solar 
and wind energy and fuel savings of 11M$ 

 In this section, we assumed that the solar and wind plants can provide down-
reserves and support load rejection events when their output is greater than 20% of 
the capacity. The 20% number amounts to 100 MW output at an installed capacity of 
500 MW (for central PV and wind plants) in Scenario 4A. The results indicate that the 
maximum demand of down-reserves from renewables never exceeds 76 MW (which 
is lower than the 20% output requirement). Most of the time the requirement is less 
than 50 MW. 

9.6. Combination of Mitigations 

The preceding sections investigated four different mitigations on Scenarios 4A and 4B, and 
documented their impacts one at a time. Table 9-4 shows the summary of results from the 
different mitigation strategies in the production cost analysis.  
 

 Reducing the minimum power of thermal units (we will refer to it as Mitigation 1) is 
the most effective strategy for reducing curtailment of solar and wind energy and for 
realizing additional fuel savings, in both Scenarios 4A and 4B. We only looked at the 
potential benefits of the strategy. It is beyond the scope of the study to investigate 
and quantify the cost side of the equation, which will truly help to assess the 
effectiveness of the strategy. 

 Relaxing the fixed operation commitment rules (we will refer to it as Mitigation 2) is 
effective in reducing curtailment but not as effective in reducing the variable cost of 
operation, in both Scenarios 4A and 4B. 

 Using BESS or Demand Response for spinning reserves (we will refer to it as Mitigation 
3) is an effective strategy for Scenario 4A but in Scenario 4B it only helps to reduce 
the variable cost of operation (and does not have a significant impact on curtailment). 

 Contribution from Central PV and Wind plants towards down-reserves (we will refer to 
it as Mitigation 4) is effective in reducing curtailment and moderately effective in 
realizing additional fuel savings, in both Scenarios 4A and 4B.  Such a feature can be 
implemented by enabling an over-frequency governor control on the solar and wind 
plants.  

 
Based on these observations, the study team decided to analyze the following combination 
of mitigations for Scenario 4A: 

 Combination A: Mitigation 1 + Mitigation 3 + Mitigation 4 
 Combination B: Mitigation 1 + Mitigation 2 + Mitigation 3 

 
In Scenario 4B, the following combinations were analyzed: 

 Combination A: Mitigation 1 + Mitigation 4 
 Combination B: Mitigation 1 + Mitigation 2 
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Table 9-4. Summary of results from different mitigation strategies 

 
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

 

9.6.1. Scenario 4A: Combination of Mitigations 
The additional renewable energy delivered using the two combinations (Combination A and 
B) is shown in Figure 9-24 and Figure 9-25. The reduction in curtailment is similar and almost 
all of the available solar and wind energy can be accepted. 
 
 
 

 
 

Scenario 4A + Mitigations 1,3,4 Scenario 4A 



 151 

 

Figure 9-24. Scenario 4A: Additional renewable energy delivered with Mitigations 1,3,4 

 
 
 

 
 

 

Figure 9-25. Scenario 4A: Additional renewable energy delivered with Mitigations 1,2,3 

 
Figure 9-26 compares the impact of different mitigations across Scenario 4A. The 
combination of Mitgations 1,3,4 is the most effective in Scenario 4A. It helps the system to 
absorb nearly all of solar and wind energy and has the most impact on variable operating 
cost. The additional renewable energy delivered and variable cost savings show half the 
picture on the cost/benefit analysis. The capital cost of implementing the technologies needs 
to be assessed to fully understand which combination of mitigations is the most effective.  
Table 9-5 shows the reduction in variable cost of operation (in $) for each additional MWHr of 
wind and solar delivered, relative to the baseline, for Scenario 4A and the various mitigations 
that were considered.  
 

Scenario 4A Scenario 4A + Mitigations 1,2,3 
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* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

Figure 9-26. Scenario 4A: Additional solar and wind energy delivered and decrease in variable 
cost of operation under the combination of mitigations 

 

Table 9-5 $/MWHr for additional Wind and Solar Delivered (Relative to Baseline) 

 
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

 

9.6.2. Scenario 4B: Combination of Mitigations 
The additional solar and wind energy delivered using the two combinations is shown in 
Figure 9-27 and Figure 9-28. The reduction in curtailment is similar in both the cases and 
almost all of the available solar and wind energy can be accepted. 
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Figure 9-27. Scenario 4B: Additional renewable energy delivered with Mitigations 1,4 

 
 
 

 
 

 

Figure 9-28. Scenario 4B: Additional renewable energy delivered with Mitigations 1,2 

Scenario 4B + Mitigations 1,4  Scenario 4B 

Scenario 4B Scenario 4B + Mitigations 1,2  
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Figure 9-29 compares the impact of different mitigations across Scenario 4B. The 
combination of Mitigations 1,4 is the most effective in Scenario 4B. Again, the capital cost of 
implementing the technologies need to be known in order to assess the full cost/benefits 
analysis of the mitigations. Table 9-6 shows the reduction in variable cost of operation (in $) 
for each additional MWHr of wind and solar delivered, relative to the baseline, for Scenario 
4B and the various mitigations that were considered.  
 
 

 
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

Figure 9-29. Scenario 4B: Additional solar and wind energy delivered and decrease in variable 
cost of operation under the combination of mitigations 

 

Table 9-6 $/MWHr for additional Wind and Solar Delivered (Relative to Baseline) 

 
* The variable cost of operation of operation do not include the PPA cost of wind/solar energy, nor does it include the 
equipment/interconnection/mitigation cost. 

 

9.7. Sub-hourly Analysis 

This section will look at the performance of the system in the sub-hourly time frames. Most 
of the analysis has been performed on Scenario 4A with Mitigations 1,2,3, and Scenario 4B 
with Mitigations 1,2. The study team chose these scenario, out of the two combination 
scenarios discussed in the preceding sections, because Mitigation 2 (which is relaxing the 
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fixed operation commitment rules) will pose the maximum challenge to the system. Lesser 
number of baseload units will be online, which will lead to: 

 Lower thermal inertia to effectively counteract over-frequency and under-frequency 
events 

 Lesser governor response to counteract frequency excursions 

 Lower system down reserves because of lower number of units online 

 Lesser number of AGC following units to support frequency regulation 
 
This section will investigate each of the different sub-hourly events and present the analysis, 
simulation results, and observations that will highlight the challenges of operating the Oahu 
grid under such conditions. Additional mitigation strategies are proposed to improve the 
dynamic and transient performance of the system. 
 

The same methods and tools as described in Section 8.0 are applied in this section. Results 
from the original Scenario 4A/4B will be used to serve as a benchmark.  

 

9.7.1. Sustained Solar and Wind Power Drops in 5-minute and 10-minute 
Table 9-8 shows the top 10 hours (with respect to up-range adequacy within 5-minute 
intervals) in Scenario 4A with the mitigations 1,2,3. For comparison the top 10 hours in 
Scenario 4A are also shown in Table 9-7.  

Hour 5176 is the worst hour in Scenario 4A. The long-term dynamic simulation of this hour 
was presented in Section 8.2.3.2. The frequency response showed modest frequency 
excursion of less than 0.2 Hz. Thermal units were able to respond satisfactorily to the drop in 
solar power. Scenario 4A under the mitigations 1,2,3 seems to be equipped with higher up-
range adequacy to handle the solar and wind drop in 5-minute intervals.  

Table 9-7: Scenario 4A: Top 10 hours with lowest up-range adequacy in 5-minute intervals 
 

 

Table 9-8: Scenario 4A with Mitigations 1,2,3: Top 10 hours with lowest up-range adequacy in 5-
minute intervals 
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Similarly, screening results of Scenario 4B and Scenario 4B with the mitigations 1,2 are 
shown in Table 9-9and Table 9-10. Up-range adequacy for the worst hours seems to be 
comparable between the two scenarios and higher than Scenario 4A. 

Table 9-9: Scenario 4B: Top 10 hours with lowest up-range adequacy in 5-minute intervals 

 

Table 9-10: Scenario 4B with Mitigations 1,2: Top 10 hours with lowest up-range adequacy in 5-
minute intervals 

 
 

Now we will examine if the system has enough up-reserves (spinning), after counteracting 
the net load rise in a 5-minute period, to maintain the contingency reserves requirement of 
185 MW. The results are shown in Figure 9-30. The x-axis represents the available up-range 
after counteracting the wind and solar drop. The y-axis represents the number of 5-minute 
challenging events in each hour of the year. As can be seen, there is only 1 hour in Scenario 
4A with mitigations 1,2,3 when a 5-minute event will partially violate the contingency 
reserves, while in the original Scenario 4A, the number of violation hours is 22. For 
comparison, there are 39 hours in Baseline scenario when a 5-minute event would violate 
the contingency reserves. The analysis indicates that the Oahu grid in Scenario 4A (with the 
mitigations 1,2,3) has adequate operating reserves to cover 5-minute variability without 
consuming contingency reserves.  
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Figure 9-30: Scenario 4A: Available spinning up-reserves after sustaining 5-minute solar and 
wind power drop 

Similarly, the screening results for 10-minute events are shown below. Table 9-11 shows 
Scenario 4A results while Table 9-12 shows Scenario 4A with mitigation 1,2,3. As can be 
observed, greater than 2 MW of up-range is available in each hour for each MW of net load 
rise (wind drop + solar drop + load rise) over a 10-minute period. This shows that the system 
has adequate operating reserves to sustain the worst 10-minute event in each hour of the 
year. 

Table 9-11: Scenario 4A: Top 10 hours with lowest up-range adequacy in 10-minute intervals 
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Table 9-12: Scenario 4A with Mitigations 1,2,3: Top 10 hours with lowest up-range adequacy in 
10-minute intervals 

 
 
Similar observations can be obtained from the screening results of Scenario 4B. Table 9-13 
shows top 10 hours with lowest up-range adequacy in 10-minute intervals in Scenario 4B; 
and Table 9-14 shows the top hours in Scenario 4B with the mitigations 1,2. More than 2 MW 
of up-range is available for each MW of net load rise over a 10-minute period. 
 

Table 9-13: Scenario 4B: Top 10 hours with lowest up-range adequacy in 10-minute intervals 

 

Table 9-14: Scenario 4B with Mitigations 1,2: Top 10 hours with lowest up-range adequacy in 10-
minute intervals 

 

 

Figure 9-31 shows the available spinning reserves on the system after sustaining the largest 
10-minute net load rise in each hour of the year. The maximum violation and the number of 
hours that violate the contingency reserves are better in Scenario 4A with mitigations 1,2,3) 
as compared to Scenario 4A without mitigations.  
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Figure 9-31: Scenario 4A: Available spinning up-reserves after sustaining 10-minute renewable 
power drop 

9.7.1.1. Conclusions 

 Up-range adequacy in Scenario 4A/4B under the chosen combinations of mitigation 
is better than the original Scenario 4A/4B and Baseline in both 5-minute and 10-
minute intervals 

 Most of the hours have up-range adequacy close to 2 

 Almost all hours have enough operating reserves to counteract the solar and wind 
power variability without violating the contingency reserves requirement. The 
maximum violation in contingency reserves is less than 20 MW.  

 

9.7.2. Sustained Solar and Wind Power Drops in 30-minute and 60-minute 
This section presents interhour screening results in longer time periods of 30 minutes and 60 
minutes for every hour of the year. It is assumed that the load changes over 30-60 minutes 
can be predicted and that unit commitment will adapt accordingly.  However, tt is assumed 
that wind and solar variations in this time frame cannot be predicted. The additional up-
range in the system due to the interhour commitment of units is also neglected.  Hence we 
keep the commitment fixed during the hour and do not assume any load increase in the 
analysis. The objective of the screening is to check if the system has enough up-range are 
available to counteract renewable variability.  

The top 10 hours with 30-minute/60-minute events for Scenario 4A and Scenario 4A with 
mitigations 1,2,3 are shown in the tables below. Table 9-15 and Table 9-16 show that around 
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2 MW of up-range is available (in each hour) for every MW of solar/wind drop over a 30-
minute period. Table 9-17 and Table 9-18 show greater than 1 MW of up-range is available 
(in each hour) for every MW of solar/wind drop over a 60-minute period. This shows that the 
system is adequately equipped to handle solar and wind power drops in longer time 
intervals within an hour.  

Table 9-15: Scenario 4A: Top 10 hours with lowest up-range adequacy in 30-minute intervals 

 

Table 9-16: Scenario 4A with Mitigations 1,2,3: Top 10 hours with lowest up-range adequacy in 
30-minute intervals  

 

 

Table 9-17: Scenario 4A: Top 10 hours with lowest up-range adequacy in 60-minute intervals 

 

Table 9-18: Scenario 4A with Mitigations 1,2,3: Top 10 hours with lowest up-range adequacy in 
60-minute intervals 

 

 

1962 MON 23-Mar 18 6.1 260.0 -177.4 1109.0 0.0 16 18 410.3 -177.4 232.9 2.3 20.2 0.41

7050 WED 21-Oct 18 52.4 183.6 -167.9 1188.0 0.0 14 16 388.4 -167.9 220.5 2.3 20.2 0.39

2658 TUE 21-Apr 18 7.8 280.4 -180.2 1039.0 0.0 13 15 434.5 -180.2 254.3 2.4 20.2 0.42

8058 WED 2-Dec 18 0.0 128.1 -105.1 1164.0 0.0 14 15 254.9 -105.1 149.7 2.4 20.2 0.38

4937 SAT 25-Jul 17 22.6 293.6 -184.1 1074.0 0.0 12 13 456.7 -184.1 272.6 2.5 12.2 0.41

6474 SUN 27-Sep 18 0.4 200.7 -149.2 1043.0 0.0 12 15 371.8 -149.2 222.6 2.5 12.2 0.41

2634 MON 20-Apr 18 49.9 304.7 -174.7 1037.0 0.0 12 15 436.6 -174.7 261.8 2.5 20.2 0.43

6159 MON 14-Sep 15 8.7 478.1 -200.5 1195.0 0.0 12 14 505.5 -200.5 305.0 2.5 20.2 0.41

2176 WED 1-Apr 16 23.1 362.7 -157.7 1036.0 0.0 13 13 403.7 -157.7 246.0 2.6 20.2 0.45

1338 WED 25-Feb 18 0.9 198.6 -145.3 1063.0 0.0 14 15 372.1 -145.3 226.8 2.6 20.2 0.41
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RenewDrop

-
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6159 MON 14-Sep 15 8.7 478.1 -200.5 1195.0 0.0 12 14 437.5 -200.5 187.0 2.2 20.2 0.44

5944 SAT 5-Sep 16 26.8 470.1 -215.4 1030.0 0.0 10 12 476.1 -215.4 209.6 2.2 12.2 0.47

2250 SAT 4-Apr 18 42.0 294.1 -208.4 968.0 0.0 12 13 465.6 -208.4 187.1 2.2 12.2 0.45

5198 WED 5-Aug 14 36.5 457.9 -206.3 1167.0 0.0 12 12 472.9 -206.3 216.6 2.3 20.2 0.44

4937 SAT 25-Jul 17 22.6 293.6 -184.1 1074.0 0.0 13 14 422.9 -184.1 188.8 2.3 12.2 0.43

6872 WED 14-Oct 8 28.1 119.3 -140.2 999.0 0.0 12 12 327.6 -140.2 105.8 2.3 20.2 0.43

6474 SUN 27-Sep 18 0.4 200.7 -149.2 1043.0 0.0 13 14 357.3 -149.2 116.1 2.4 12.2 0.42

2634 MON 20-Apr 18 49.9 304.7 -174.7 1037.0 0.0 13 14 424.3 -174.7 172.6 2.4 20.2 0.45

7674 MON 16-Nov 18 33.0 161.6 -118.7 1196.0 0.0 15 17 289.9 -118.7 111.2 2.4 20.2 0.41

8058 WED 2-Dec 18 0.0 128.1 -105.1 1164.0 0.0 13 15 257.0 -105.1 101.8 2.4 20.2 0.38

Available

Quick

Start
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Penetration
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5944 SAT 5-Sep 16 26.8 434.1 -239.4 1030.0 0.0 10 12 405.6 -239.4 166.2 1.7 53.0 0.47

3090 SAT 9-May 18 44.4 322.8 -235.1 940.0 0.0 11 13 420.2 -235.1 185.1 1.8 53.0 0.46

6858 TUE 13-Oct 18 16.2 210.1 -219.9 1133.0 0.0 13 16 393.9 -219.9 173.9 1.8 61.0 0.39

6810 SUN 11-Oct 18 1.8 212.0 -211.8 1016.0 0.0 11 14 391.5 -211.8 179.7 1.8 53.0 0.41

1290 MON 23-Feb 18 0.3 232.0 -196.7 1057.0 0.0 13 16 364.2 -196.7 167.5 1.9 61.0 0.39

6498 MON 28-Sep 18 8.6 274.8 -232.3 1124.0 0.0 15 18 436.4 -232.3 204.0 1.9 20.2 0.41

354 THU 15-Jan 18 21.0 211.2 -191.9 987.0 0.0 12 12 372.5 -191.9 180.6 1.9 61.0 0.43

3211 THU 14-May 19 1.0 136.1 -137.1 1128.0 0.0 15 16 272.5 -137.1 135.3 2.0 61.0 0.41

6546 WED 30-Sep 18 13.2 242.1 -213.0 1155.0 0.0 16 18 423.9 -213.0 210.8 2.0 20.2 0.40

8058 WED 2-Dec 18 0.0 128.1 -128.0 1164.0 0.0 14 15 254.9 -128.0 126.9 2.0 61.0 0.38

Hour Date Time
Delivered
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Delivered

Solor
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Drop

Load

(Start of 
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%Non-synch
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(Next 

Hour)

UpRange
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RenewDrop

-

LoadIncrease
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5944 SAT 5-Sep 16 26.8 470.1 -275.4 1030.0 0.0 10 12 476.1 -275.4 148.6 1.7 53.0 0.47

3090 SAT 9-May 18 44.4 330.0 -242.3 940.0 0.0 10 13 424.3 -242.3 117.0 1.8 53.0 0.49

6858 TUE 13-Oct 18 16.2 210.1 -219.9 1133.0 0.0 12 15 390.5 -219.9 64.5 1.8 61.0 0.40

6810 SUN 11-Oct 18 1.8 212.0 -211.8 1016.0 0.0 12 13 377.0 -211.8 60.2 1.8 53.0 0.43

6498 MON 28-Sep 18 8.6 274.8 -232.3 1124.0 0.0 14 17 439.8 -232.3 72.4 1.9 20.2 0.42

2634 MON 20-Apr 18 49.9 304.7 -215.3 1037.0 0.0 13 14 424.3 -215.3 104.9 2.0 61.0 0.45

6546 WED 30-Sep 18 13.2 242.1 -213.0 1155.0 0.0 15 17 427.3 -213.0 103.2 2.0 20.2 0.41

5370 WED 12-Aug 18 20.9 348.8 -224.1 1148.0 0.0 13 14 452.5 -224.1 178.4 2.0 61.0 0.42

7002 MON 19-Oct 18 12.1 178.0 -182.7 1163.0 0.0 13 15 370.9 -182.7 97.2 2.0 61.0 0.40

8058 WED 2-Dec 18 0.0 128.1 -128.0 1164.0 0.0 13 15 260.3 -128.0 82.3 2.0 61.0 0.38
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Now we will examine if the system has enough up-reserves (spinning), after counteracting 
the solar and wind drop in 30-minute/60-minute period, to meet the contingency reserve 
requirement. We use un-constrained up-range (not ramp rate limited) to examine whether 
the system has the required level of contingency reserves. Table 9-19 and Table 9-20 
summarize the number of hours that violate the contingency reserves and severity of the 
maximum violation in the 30-minute intervals. There are only a few hours that violate the 
contingency reserves and the maximum violation is by 30 MW. The analysis assumes no 
quick-starts operation. However, If W9 is started by the operator at the start of the event, the 
system can avail 53 MW in 30 min, which can replenish the contingency reserves in the 
hours of violations.  

Table 9-19: Scenario 4A: Hours that violate the contingency reserves in 30-minute screening 

 

Table 9-20: Scenario 4B: Hours that violate the contingency reserves in 30-minute screening 

 

Table 9-21 and Table 9-22 show the summary of hours that violate the contingency reserves 
in the 60-minute time periods. Again, the analysis assumes no quick-starts operation. 
However, if W9 and CT1 are started, the system can avail 166 MW in 60 min, which can 
replenish the  contingency reserves in the hours of violations. 

Table 9-21: Scenario 4A: Hours that violate the contingency reserves in 60-minute screening 
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Table 9-22: Scenario 4B: Hours that violate the contingency reserves in 60-minute screening 

 

 
9.7.2.1. Conclusions 

 30-minute and 60-minute screening shows that the up-range adequacy in Scenario 
4A/4B with the chosen combination of mitigations is better than the original Scenario 
4A/4B and Baseline. Most of the hours have up-range adequacy of 1.5 or higher.   

 Most of the hours have enough operating reserves to counteract solar and wind 
power drop in 30-minute/60-minute without violating the contingency reserves 
requirement. Scenario 4B has more hours that violate the contingency reserves than 
Scenario 4A. The reason being that the net variability after discounting the 
curtailment is lower in Scenario 4A.  

 The analysis assumes no contribution from the quick-start units. However, in 30-
minutes the system can easily avail 53MW from Waiau 9; and in 60-minutes the grid 
can avail 166MW from Waiau 9 and CT1. This is more than enough to compensate for 
the violation in the contingency reserves 

 

9.7.3. Sustained Increase in Solar and Wind Power 
Wind and solar power can rise when thermal units are near their minimum dispatch power 
levels. If unaddressed through curtailment, this could lead to reduction in power output by 
thermal units, thereby consuming down reserves. The down-reserve requirements in 
Scenarios 4A and 4B stands at 140 MW for day-time and 90 MW for night-time. Figure 9-32 
shows the day-time down reserve adequacy when a 5-minute increase in solar and wind 
power can violate or fully consume the down reserves. In Scenario 4A, there are 1921 hours 
when a 5-minute event will violate down reserves and there is one event that will fully 
consume the down reserves. Similarly in Scenario 4A with mitigations 1,2,3, the hours of 
violation are 868 and there is one hour that  fully consumes the down-reserves. 
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Figure 9-32: Scenario 4A: Day-time down-reserves adequacy with 5-minute screening 

 
For reference, the 5-minute down reserve adequacy for night-time hours is shown in Figure 
9-33. Only a handful of events violate the night-time down reserves in Scenario 4A. The 
worst event would require a curtailment of 45 MW in 5 minute. And there are no hours that 
violate the down-reserves in Scenatio 4A with Mitigations 1,2,3. In Scenario 4B, when the 
system has a lot wind in the night, the maximum number of violation hours is 764. In 
Scenario 4B with mitigations 1,2 the violations hours drop to 48. 
 

 

Figure 9-33: Scenario 4A: Night-time down-range adequacy with 5-minute screening 

Down Range – Net Load Drop (MW) (Day) Down Range – Net Load Drop (MW) (Day) 
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Figure 9-34. Scenario 4B: Night-time down-range adequacy with 5-minute screening 

 

As mentioned before, the renewables must be automatically curtailed to preserve the down 
reserves on the system. From Figure 9-32 it can be inferred that in Scenario 4A, the worst 5-
minute event will consume all the down reserves and make the units further go down by 27 
MW. Hence, to preserve the 140 MW of down reserves, the solar and wind plants must be 
curtailed at the speed of 33 MW/min (or 167MW in 5 minutes). The same number for 
Scenario 4A with mitigations 1,2,3 is 31MW/min (or 157MW in 5 minutes). 
 
The net rise in solar and wind output is the sum of the increase from Distributed PV, Central 
PV, and Wind plants. Out of these three, the Distributed PV sites are not under the control of 
the utility and are therefore un-curtailable. Therefore, any increase in power associated with 
Distributed PV must be nullified by curtailment at the Central PV and Wind plants, provided 
they have enough output.  
 
One of the challenging hours is shown Figure 9-35, where the solar PV output increases by 
115 MW in 5 min and almost half of the increase (~52 MW) is coming from the Distributed PV 
plants. The down reserves at the start of this event are 127 MW and are reduced to 62 MW 
at the end of this period.  

 

Figure 9-35. Scenario 4A with Mitigations 1,2,3: Challenging hour (Hour 4118) that shows a 
sudden increase in Central PV and Distrubuted PV output 
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Figure 9-36 shows the same hour but with curtailment applied to Central PV plants in order 
to compensate the rise of Distributed PV power and to preserve the down reserves to their 
original value of 127 MW. With this curtailment logic, the system can hold the down-reserves 
at the pre-set value during the hour, as shown in Figure 9-36. Maximum curtailment at the 
central PV plant is 115MW. The total curtailed Central PV energy is 51 MWHr out of a total of 
281 MWHr of available energy in this hour.   

  

Figure 9-36. Scenario 4A with Mitigations 1,2,3: Challenging hour (Hour 4118) with curtailment at 
Central PV plants to preserve the down reserves 

 
Figure 9-37 shows the number of hours in the year when there was not enough Wind and 
Central PV output to nullify the increase in the Distributed PV output in 5 min. It was assumed 
that worst increase in Distributed PV output over the 5-minute period occurs at the same 
time when the Central PV and Wind output see the worst drop in power. If there is enough 
Central PV and Wind output to nullify the Distributed PV increase over this 5-minute period, 
then we can ascertain that the system will ride through the other 5-minute periods in the 
hour. Figure 9-37 shows that there are 648 hours in Scenario 4A with Mitigations 1,2,3 and 
there are 428 hours in Scenario 4B with Mitigations 1,2 when there is not enough Central PV 
and Wind output to nullify the increase in Distributed PV output and preserve the down 
reserves on the system. But most of the hours are in violation by 5 MW of less. There are a 
handful of hours when the violation increases to 30-40 MW, but the chances of occurrence 
of these extreme events followed by a loss of load event (i.e. N-1-1 contingency) should be 
small.  
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Figure 9-37: Day-time down reserve adequacy in 5-minuteds after curtailing Central PV and Wind 
plants 

Table 9-23 shows the summary of events with different sub-hourly time periods. The second 
column shows the number of hours of violation of down-reserves when there is not enough 
Wind and Central PV output to nullify the increase in Distributed PV output. The last column 
shows the magnitude of the largest violation in each of the sub-hourly time frames.  

Table 9-23: Summary of events that violate the down-reserves after curtailment of Central PV 
and Wind plants 

        
 

9.7.3.1. Conclusions 
Sudden increase in solar and wind power in sub-hourly time frames has to be compensated 
by reduction in power at the thermal plants. However, if the thermal plants get close to their 
minimum power levels, curtailment signals must be initiated to preserve the down reserves 
on the system  

 Distributed PV is un-controllable. Hence, any increase in power must be nullified by 
the Central PV and Wind plants 

 In Scenario 4A with mitigations 1,2,3, the maximum curtailment response at the 
Central PV and Wind plants needs to be at the speed of 34 MW/min for 5 minutes 

o There can be upto 700 hours in a year when there is not enough Central PV 
and Wind output to nullify the increase in Distributed PV output (in sub-hourly 
time frames), but most of the hours are in violation by 5 MW of less. 

Scenario 4A with Mitigations 1,2,3 Scenario 4B with Mitigations 1,2 
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9.7.4. High Volatility of Solar and Wind Power  
Using the methodology described in the earlier sections, the high volatility solar and wind 
power movements are characterized through RMS index. The results for Scenario 4A and 
Scenario 4A with mitigations 1,2,3 are show in Table 9-24. The RMS index is similar between 
the two scenarios. The thermal ramp rate availability is a little lower because of the de-
commitment of some baseload units as per inclusion of relaxed fixed operating schedule 
rules. The top hour in both the scenario is the same.  
 

Table 9-24: Top five hours with high renewable variability 

 
 
The results from the long term dynamic simulation of the hour 5248 were shown earlier in 
Section 8.5.3. The frequency excursions were seen to be within +/- 0.2 Hz. However, the 
thermal units were forced to ramp up and down very close to their ramping limits. It was 
also noted the volatility of the hour is primarily driven by the Central PV plants. One 
mitigation is therefore to limit the ramp rate of the Central PV plants, which will help to 
reduce the duty on the thermal units.  
 
Figure 9-38 shows Solar PV profiles with the highest production in different months for a 100 
MW PV plant. A clear day in February is also shown on the right hand side. The natural 
morning and evening ramps on this clear day happen to ~0.8 %/min (or 70% output change 
in 90 minutes). A ramp rate stricter than this would result in a lot of PV curtailment. Typical 
ramp rates that HECO is asking in RFP are shown in Figure 9-39. For a 100 MW plant, the 
ramp rate limits are between 5-10 MW/min or 5 %/min. 
 

 

Figure 9-38. Natural morning and evening ramps of clear day solar profiles 
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Figure 9-39. Ramp rate limits on renewable energy plants from HECO’s RFP 

 
The ramp rate limited profile of the 3x100 MW PV plants in Scenario 4A in the hour 5248 (the 
highest variability hour) is shown in the figure below. Two sensitivities are shown with ramp 
rate limit of 5 %/min and 0.8 %/min. The up and down excursions of the Central PV plants 
are reduced from +/- 100 MW in the original profile to less than +/- 50 MW when a ramp rate 
limit of 0.8 %/min is used.  
 

 

Figure 9-40.  Scenario 4A: Central PV profile for the challenging hour 5248 with and without 
up/down ramp rate limits on Central PV plants 
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The system frequency and AGC action for this hour under the two sensitivities of ramp rate 
limits on Central PV plants is shown in Figure 9-41. The system frequency and AGC action 
under no ramp rate limits was shown in Section 8.5.3. The frequency excursions were within  
0.2 Hz. With a 5 %/min ramp rate limit, the maximum system frequency excursion becomes 
less than 0.1 Hz; and with a 0.8 %/min ramp rate limit, the frequency stays within 0.075 Hz. 
 
The output of a few online units (Kahe-5, Kahe-3, and Waiau-7) is shown in Figure 9-42 
under the two ramp rate sensitivities on the Central PV plants. The maneuvering (or the 
MW/min response) of the units decreases as the ramp rate limit on Central PV plants 
becomes stricter.  
 

Under a ramp limit of 5 %min 

 

 

 

Under a ramp limit of 0.8 %/min 

 

 

 

Figure 9-41. Frequency, ACE, and AGC response for the hour 5248 under ramp rate limited 
Central PV plants 

 
Under a ramp limit of 5 %/min 

 

 

Under a ramp limit of 0.8 %/min 
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Figure 9-42. Scenario 4A: Response from thermal units with and without ramp rate limits on 
Central PV plants. 

 
9.7.4.1. BESS Sizing for Ramp Rate limits 
The up ramp rate limits on the Central PV plants can be respected by simply curtailing the 
plants. However, the down ramp rate limits can only be supported by having a BESS.  
 
The following text describes the estimated size (power and energy rating) of a battery energy 
storage system (BESS) to meet a prescribed ramp rate limit at each Central PV plant in 
Scenario 4A.  In the first case, it is assumed that each PV plant locally manages it ramp rate 
limit.  In the second case, it is assumed that a system-wide BESS is deployed to manage the 
total aggregate PV plant ramp rate limit.  It is anticipated that a smaller BESS (power and 
energy rating) would be needed to manage the system-wide ramp rate limit because the 
geographic diversity would cause relatively lower levels of variability as compared to the per 
unit variability at each PV plant.   Two-second solar power data for the full year of 2015 was 
used to estimate the power and energy rating of the energy storage system, with some 
assumptions on battery performance parameters. This exercise was performed for each 
solar plant considered in the study and for various ramp rate requirements.  
 
The estimation of the BESS power rating is done in the following way: 
 
Step 1: Calculate the needed BESS power for every 2-sec time step for the whole year 
 

P_need(t) = P_raw(t) – P_filtered(t) 
 
where positive P_need means power to be absorbed by the BESS while negative 
P_need means power to be supplied 
 

Step 2: Find the 0.1% and 99.9% percentiles of the ascending sorted P_need data and pick 
the one with higher absolute value for determining the power rating of the BESS 
 

P_rating = max(|0.1% percentile of P_need|, |99.9% percentile of P_need|) 
 
In step 2 above, the 0.1% percentile of P_need means that there is 1/1000 chance that a 
solar ramp down event will require higher discharging level than BESS rating.  Similarly, the 
99.9% percentile of P_need means that there is 1/1000 of chance that a solar ramp uparying 
event will require higher charging level than BESS rating.  Picking the higher value of these 
two means the designed BESS is capable of handling at least 998 out of 1000 events with 
fully compensated power. 



 171 

 
Although it would be ideal if the BESS were able to meet the largest power requirement (i.e., 
to cover every P_need value), there is a compromise between the cost of the system and the 
benefit it brings.  In addition, the statistical nature of the solar variability makes it impossible 
to precisely know what most severe P_need will be. 
 
In order to estimate the energy rating of BESS, a number of assumptions related to BESS 
performance are made.  In reality, these assumptions vary depending on the actual battery 
characteristics, actual BESS usage, etc.  However, it is believed that this list of assumptions 
should provide an illustrative example for sizing a storage system. 
 

o Assume that the BESS provides both ramp-up and ramp-down limiting functions.  To 
best recover the available solar energy, the solar plant ramp-up limiting control is 
assumed over-ridden by BESS, 

o Assume that BESS has 90% one-way efficiency in power conversion (measured on 
high voltage side of transformer), 

o Assume that BESS operates at 50% state of charge (SoC); ready for operating in either 
direction, 

o Assume that BESS operates between 10% and 90% SoC, and 
o Assume the BESS has a 10min re-charging (discharging) cycle time.  To address those 

continuous rising or dropping events longer than 10min, a 20% margin is included for 
the BESS rating. 

 
The estimation of the BESS energy rating is done in the following way: 
 
Step 1: Take P_need(t) calculated from the power rating estimation and compute the 
integrated energy data 
 

E_intg(t) = E_intg(t-t) + P_need(t) * t 
 

where t equals to 2 sec 
 
Step 2: From the E_intg data series, compute for every time step the energy needed in a 
charging cycle as 
 

E_need(t) = E_intg(t) – E_intg(t-T_cycle) 
 
where T_cycle equals to 10min – the assumed re-charging/discharging cycle 
 

Step 3: From the sorted E_need(t) in ascending order, we can again find out the 0.1% and 
99.9% percentiles and set them as the required charging and discharging energy level for 
the BESS 
 

E_discharge = - 0.1% percentile of E_need(t) 
E_charge = 99.9% percentile of E_need(t) 
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Step 4: Finally, the estimated BESS energy rating is calculated using the assumptions 
mentioned previously: 

 
E_rating = max(E_discharge, E_charge) / 50% / 90% / (90%-10%) / (1-20%) 

 
Using the described method, one can estimate the power and energy rating of the BESS.  
The results are shown in Table 9-25. Three tables correspond to the three different ramp rate 
limits on the Central PV plants. Three sensitivities on the ability of BESS to cover the % of 
events are shown in each table. The second last column gives the estimated MW and MWHr 
of the BESS designed to support the prescribed ramp rate limits for 99.9% of the time.  

Table 9-25: Power and energy rating estimation for the BESS 

 
 

Results show that a centralized BESS requires less total power and energy rating than a 
separate BESS for each PV plant. For maintain a 5% pu/min ramp rate limit at the Central PV 
plants, a centralized BESS of 31 MW and 7.5 MWHR is required. On the other hand, the sum 
total of individual BESS at each PV plant is 81.5 MW and 23.9 MWHr.  
 
Figure 9-43 shows the impact on the spinning portion of the operating reserves when the 
Central PV plants are ramp rate limited. With a 5% pu/min ramp rate limit, there is no visible 
difference. Only with a very aggressive ramp rate limit of 0.8% pu/min, a 68 MW BESS can 
reduced the maximum spinning reserves requirement by ~ 40 MW (a reduction of 17%). A 
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BESS dedicated for frequency regulation can have a bigger impact on reducing the spinning 
reserves (assuming 1 MW of BESS can reduce 1 MW of thermal spinning reserves). 
 

 

Figure 9-43. Scenario 4A: Reduction in spinning portion of the operating reserves with ramp rate 
limited Central PV plants 

 
9.7.4.2. Conclusions 
Central PV plants are the single largest driver of variability on the system, especially in 
Scenario 4A. Limiting the up/down ramp rates of these plants can help to reduce the duty 
cycle on thermal units. 

 With a 5% pu/min ramp rate on Central PV plants, the frequency excursion is reduced 
from a maximum of 0.2 Hz to 0.1 Hz in the most challenging hour in Scenario 4A 

o A stricter ramp rate limit (0.8% pu/min) will help to reduce the frequency 
excursion to less than 0.075 Hz.  

 To provide a 5% pu/min ramp rate functionality, a BESS of approximately 24-30 MW 
is needed at each of the 100 MW plants. The energy rating for the BESS is between 
16-18 minutes.  

o However, if a Central BESS is used, a 31 MW BESS would give the same 
frequency performance  

 Ramp rate limited Central PV plants can also help to reduce the operating reserves on 
the system. Under a 5% pu/min ramp rate limit, the operating reserves do not 
change. With a very aggressive ramp rate limit of 0.8% pu/min, the maximum 
spinning reserves are reduced by ~ 40 MW (a reduction of 17%).  

 

 

9.7.5. Loss of Load Contingency Event 
Using the methodology described in the earlier sections, the top five challenging hours in 
Scenario 4A and Scenario 4A with Mitigations 1,2,3 are shown Table 9-26. Hour 1932 
(Sunday March 22, 12am) is the most challenging hour where only six HECO baseload units 
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are available that are equipped with governor control. The down-reserves on the system are 
40MW below the requirement. This is because Kahe-5 and Waiau-7 are on outage and the 
system did not commit Kahe-4. The dispatch for the hour is shown in Figure 9-44. 
 

Table 9-26: Top five hours with high risk operation under load rejection 

 
 
The GE PSLFTM transient stability simulation for this hour under 140MW of load rejection is 
shown in Figure 9-45. The system frequency rises to 61.35 Hz during this event. The electrical 
(Pe) and mechanical (Pm) of the thermal units are also shown. The minimum mechanical 
power output of different online units online shown in Table 9-27. Thermal units go below 
their actual minimum power levels, by as much as 30%.  
 

 

Figure 9-44. Scenario 4A with Mitigations 1,2,3: Most challenging hour under load rejection 
conditions 
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Figure 9-45. Scenario 4A with Mitigations 1,2,3: Frequency and thermal unit response 

Table 9-27.  Minimum mechanical power of thermal units during the load rejection event 

 
 
9.7.5.1. Over-frequency control from wind and solar plants 
Under such challenging periods, solar and wind plants (if enough capacity is online) can 
contribute to governor response, which can help to improve the transient stability of the 
system. There is 500 MW (installed capacity) of Central PV and Wind plants, which are 
producing 261 MW of power output. By enabling a droop of 5% (with a 36 mHz deadband) 
on these plants, the system frequency excursion is reduced to 1 Hz. This is shown in Figure 
9-46. The contribution from the Central PV and Wind plants is also shown in the figure. The 

ΔMW Thermal = 127MW  
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plants reduce their output by a total of 50 MW, which helps the thermal plants to go down 
by only 77 MW instead of 127 MW in the original case. The online thermal capacity in this 
hour is ~690 MW. Since the over-frequency droop on the thermal and renewable plants is 
the same, the governors on each of the units reduce the output in proportion to the unit 
rating. For example, the 50 MW of reduction in renewable power is roughly equal to 40% of 
the 140MW of electrical load reduction; which is also equal to the online wind and solar plant 
rating as a percentage of all online plants or  500/(500+690) = 40% . 
 

 

 

 

 
Figure 9-46. Scenario 4A with Mitigations 1,2,3: Load rejection event with over-frequency 

governor control from Central PV and Wind plants 

ΔMW Thermal = 127MW  

 

ΔMW Thermal = 77MW  

 

61.35 

61 

ΔMW Wind = 8MW 

ΔMW Cent PV = 42MW  
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Figure 9-47 shows the system operation with more aggressive governor droop response  (2 
%) from the solar and wind plants. Under this condition, thermal units decrease their output 
by only 50 MW in response to a 140MW of electrical load rejection. The solar and wind plants 
reduce their output by 80MW on the other hand. An aggressive governor droop response of 
2% leads to oscillatory power output from thermal and renewable plants. The feasibility of 
implementing such a governor response on wind and solar plants needs to be further 
evaluated.  
 

 

 

 

 

Figure 9-47. Scenaro 4A with Mitigations 1,2,3: Improved system response with aggressive droop 
control on renewables 
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The minimum mechanical power output of different online units is shown in Table 9-28. With 
solar and wind plants participating in governor response, thermal units hardly go below the 
rated minimum power level. Most of the units never even touch the minimum power level 
under this challenging hour. More details on the final settling values of the thermal units is 
shown in Appendix C.  
 
The 2% droop case has a damped oscillatory behavior.  This is because of the reduction in 
system aggregated droop. Since this operating condition considers a low system inertia, 
other common operating conditions are likely better damped.  It is recommended to further 
investigate low-inertia and low droop operations if HECO wants to consider such setting 
options at the wind and solar plants 

Table 9-28. Scenario 4A with Mitigations 1,2,3: Minimum mechanical power of thermal units with 
and without governor response from renewables 

 
 
9.7.5.2. Lack of voltage support 
In this challenging hour, there were a total of eight units online (including Hpower and 
Honua) that can provide voltage support to the system. However, the available reactive 
power from these units was not sufficient to keep the voltage within limits. Most of the units 
were pegged closer to their reactive power limits in this simulation and the power flow did 
not converge to a stable solution. As a result, additional 69MVARS of shunt capacitors had to 
be connected to support the voltage. Under a (N-1) contingency condition, i.e. If an additional 
unit or a transmission line is on outage, the system may not be able to provide the necessary 
reactive support making this a very challenging hour for the grid due to voltage control 
constraints.   
 
It is beyond the scope of this study to analyze if the system has enough reactive power 
support for all hours of the year. However, hours like these wherein fewer thermal units are 
online, reactive power support of the system can be challenged.  
 
9.7.5.3. Conclusions  

 The analysis in this section shows that  under high renewable penetration scenarios 
and especially if not enough units are online, a load rejection event can lead to as 
high as 1.35 Hz of frequency overshoot and can cause the thermal units to go below 
their minimum power levels  
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 Over-frequency governor control from renewable plants can help to reduce the 
burden on thermal plants and also reduce the over-frequency excursion. In the most 
challenging hour that was considered, a 5% over-frequency droop on renewable 
plants helped to limit the frequency excursion 0.35 Hz (a reduction of 26%) and the 
burden on thermal units could be reduced by 39% (or 50 MW). The renewable plants 
self-curtailed themselves by 50MW.  

 There is also a possibility of operating conditions with insufficient voltage support on 
the system for the Scenario 4A with mitigations 1,2,3. Additional reactive support 
from capacitors, static Var devices or Central PV plants may become necessary, 

 

9.7.6. Generation/HVDC Trip Event 
9.7.6.1. Scenario 4A: AES trip  
Using the methodology described in the earlier sections, the top five challenging hours in 
Scenario 4A and Scenario 4A with mitigations 1,2,3 are shown Table 9-29. Hour 4191 
(Wednesday June 24, 3pm) is the most challenging hour with only seven HECO baseload 
units, which have some up-reserves available to support the system. The dispatch from the 
individual thermal units is shown in Figure 9-48.  
 

Table 9-29: Top five challenging hours under AES trip 

 
 
The GE PSLFTM transient stability simulation for this hour under loss of AES is shown in Figure 
9-49. The system frequency drops to 58.7 Hz and this triggers under frequency load 
shedding of about 46 MW. A similar challenging event in Scenario 4A without mitigations 
had a slightly better performance: frequency excursion to 58.8 Hz and a load sheding of 40 
MW.  
 
In the same hour, if frequency responsive load reserves are deployed at 59.5 Hz, the system 
frequency excursion and load shedding can be reduced. Figure 9-50  shows that with the 
use of 75 MW of frequency responsive load, the system frequency excursion can be reduced 
by about 0.3 Hz and under frequency load shedding can be completely avoided.  
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Figure 9-48. Scenario 4A with Mitigations 1,2,3: Dispatch for the hour 4191 

 
 

 
 

58.7 
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Figure 9-49. Scenario 4A with Mitigations 1,2,3: System frequency, thermal unit response, and 
under frequency load shedding under trip of AES 

 

 

Figure 9-50. Scenario 4A with Mitigations 1,2,3: Impact of frequency responsive load on system 
frequency 

 
9.7.6.2. Scenario 4B: HVDC cable and AES trip  
Using the methodology described in the earlier sections, the top five challenging hours under 
HVDC cable trip contingency in Scenario 4B and Scenario 4B with Mitigations 1,2 are shown 
Table 9-30. Hour 33 (Friday Jan 2, 9am) is the most challenging hour with only six HECO 

Loss of AES  

Block 1 Trigger @ 58.9 Hz 

75 MW of Frequency Responsive 
Load Trip 

59 

58.7 
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baseload units that can provide up-reserves under trip of HVDC cable , which is carrying 
175MW of power to the Oahu grid. The dispatch for the hour is shown in Figure 9-51. 
 

Table 9-30: Top five hours for high risk operation under HVDC cable trip 

 
 
The GE PSLFTM transient stability simulation for this hour under loss of HVDC cable is shown 
in Figure 9-52. The system frequency drops to 58.7 Hz and this causes load shedding of 
about 33 MW. With the help of 50 MW of frequency responsive loads that trigger at 59.5 Hz, 
the system frequency excursion can be reduced by about 0.2 Hz and no under frequency 
load shedding is observed.  Loss of HVDC cable is equivalent to increase in the net electrical 
load seen by the thermal generators. This can be seen in the lower chart of Figure 9-52. The 
mechanical power from the generators increases to respond to the sudden increase in 
electrical load.   
 

 

Figure 9-51. Scenario 4B with Mitigations 1,2: Dispatch for the hour 33 
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Figure 9-52. Scenario 4B with Mitigations 1,2: System frequency and thermal units response 
under HVDC cable trip 

 
Another transient stability simulation is shown in Figure 9-53 with trip of AES (185MW) for the 
same hour (Hour 33). The frequency dips to 58.6 Hz and causes ~68MW load shedding. 
However, if the synthetic inertia from the online wind plants (on-island and off-island) is 
used, additional 35MW of boost can be provided to the grid, which helps to reduce the 
frequency nadir by 0.1 Hz. The load shedding on the system, however, does not change.  
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Under loss of 175MW of HVDC cable, 
electrical load on thermal generator increases  



 184 

 

 

Figure 9-53. Scenario 4B with Mitigations 1,2: System frequency, thermal unit, and wind plant 
response under AES trip (with and without the support of synthetic inertia from Wind) 

 
With the help of 75 MW of frequency responsive load reserves that are set to trigger at 59.5 
Hz, the same challenging hour exhibits a frequency excursion of ~58.9 Hz and UFLS of 30 
MW. This is shown in Figure 9-54. 
 

 

 

Figure 9-54. Scenario 4B with Mitigations 1,2: System frequency with and without frequency 
responsive load reserves, under AES trip 
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It is also possible to take help of both synthetic inertia from wind plants and frequency 
responsive load reserves in this challenging hour. Two sensitivities are shown in Figure 9-55. 
With the help of synthetic inertia from Wind plants and 25 MW of frequency responsive load 
reserves, the frequency excursion is reduced 0.2 Hz and under frequency load shedding 
decreases by 38 MW. With additional 50 MW of frequency responsive load, under frequency 
load shedding can be completely avoided.  
 

 

 

Figure 9-55. Scenario 4B with Mitigations 1,2: System frequency under AES trip with support from 
Synthetic Inertia from wind plants and frequency responsive load 

 
9.7.6.3. Conclusions 
Trip of AES or the HVDC cable are the biggest (N-1) loss of generation contingency events on 
the Oahu grid.  

 Under challenging operating condition in Scenario 4A with mitigations 1,2,3, trip of 
AES can cause frequency excursion of up to -1.3Hz and load shedding in the amount 
of 46 MW. It is assumed that Distributed PV is not tripped, otherwise deeper 
frequency excursions and bigger under frequency load shedding will be observed 

o Frequency responsive load reserves can help to improve the frequency 
excursion and reduce under frequency load shedding. For the same 
challenging hour under AES trip, 75 MW of frequency responsive load reserves 
triggered at 59.5 Hz helped to limit the frequency excursion to 1 Hz and 
completely avoided under frequency load shedding. 

 Under challenging operating conditions in Scenario 4B with mitigations 1,2, trip of 
HVDC cable resulted in frequency excursions of up to 1.3Hz and load shedding of 
33MW. 
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~25 MW of DR + 30 MW of UFLS 

68 MW of UFLS 

~75 MW of DR 
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o With the help of 50 MW frequency responsive load reserves that triggered at 
59.5 Hz, system frequency excursion was limited to 1.1 Hz and no UFLS was 
observed 

 Under challenging operating conditions in Scenario 4B with mitigations 1,2, trip of 
AES resulted in frequency excursions of up to 1.4Hz and load shedding of 68MW. 

o With the help of Synthetic Inertia from the online wind plants and 25 MW of 
frequency responsive reserves, the frequency excursion could be reduced by 
0.2 Hz and UFLS by 38 MW. With additional 50 MW of frequency responsive 
load reserves, system frequency excursion could be further reduced by 0.2 Hz 
and UFLS was completely avoided. 
 

10.0 Observations and Conclusions 
A summary of observations and conclusions of the results described in Sections 7.0 to 9.0 is 
presented below. 

10.1. Under Business as Usual – Without any mitigation strategies in place 

10.1.1. Delivered Energy from Solar and Wind 
 Assuming an annual system energy of 8084 GWHr and a system peak 1263 MW, the 

GE MAPS production cost analysis showed that the Oahu grid can absorb all the 
available solar and wind energy in Scenario 3A and 3B. The delivered solar and wind 
energy can serve up to 11.5% of annual load energy.  

 The solar and wind penetration levels in Scenarios 4A and 4B takes the system to the 
“pinch point” where all the available wind and solar energy cannot be absorbed. Out 
of the available 1632 GWHr of solar and wind energy, 141 GWHr (or 8.6%) is curtailed 
in Scenario 4A. In Scenario 4B, the curtailment is 73 GWHr (4.3%) out of 1650 GWHr of 
available energy  

 All the curtailment in Scenario 4A occurs at the Central PV plants and it happens 
during day-hours (9am-6pm). In Scenario 4B, most the curtailment occurs at the off-
island wind plant and 60% of the curtailment is during 6pm-9am. There is only 1 
GWHr of curtailment at the Central PV plants.   

10.1.2. Variables Cost of Operation 
 Annual variable cost of operation decreases by about 9% in Scenario 3A/3B and by 

15-16% in Scenarios 4A/4B. Most of the reduction in variable cost of operation comes 
from displacement of fuel from the Waiau and Kahe baseload units. The analysis 
assumed zero cost wind and solar energy. 

10.1.3. Operating Reserves Requirement 
 The Oahu system presently has approximately 40 MW of distribution-connected PV 

systems without ride-through capability.  These systems were installed before the 
new requirements were enacted.  It is possible that most or all of these systems 
would trip due to under-frequency following the trip of the AES coal unit.  Thus, the 
worst-case loss of generation event for Oahu would be 225 MW, corresponding to the 
combined loss of the 185 MW AES unit and 40 MW of distribution-connected PV 
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resources.  This type of event should be considered for future analysis of contingency 
reserve requirements. 

 The operating reserves requirement becomes the maximum in Scenario 4A at 239 
MW. However, the baseload units on the grid allows the system to carry excess 
reserves for almost all hours of the year. In some hours of the year, the system carries 
up to 170% of the requested operating plus contingency reserves. 

 If all the baseload units are available, the system can provide a maximum of 483 MW 
of up-range, which is more than enough to cover the maximum requirement of 
contingency plus operating reserves (i.e. 424 MW) 

10.1.4. Contingency Down-reserves Requirement 
 Contingency down reserves are required in response to a sudden loss of load event. 

The system energy demand in 2012 was approximately 7300 GWHr and the system 
peak was approximately 1100 MW (lower than what was modeled in the study). The 
system energy demand is currently projected to continue to decrease over the next 
several years. Hence the actual down-reserves requirement may differ in 2015 from 
what was modeled in this study. The contingency down reserves requirement in 
Scenario 4A/4B was modeled at 140 MW for day-hours (9am-8pm) and 90 MW for 
night-hours (8pm-9am). This is higher than the 40 MW down-reserves requirement in 
Baseline and Scenarios 3A/3B. However, Baseline and Scenarios 3A/3B carry enough 
down-reserves such that this requirement is met for all hours of the year. Similarly in 
Scenarios 4A/4B, the system carries excess down reserves for almost all hours of the 
year. However, certain units such Waiau 7 operate at or near the minimum power 
levels for over 95% of the time.   

10.1.5. Non-synchronous Generation Online 
 As more and more solar and wind energy is absorbed into the Oahu grid, more and 

more thermal generation is displaced. In scenario 4A, the highest renewable 
penetration scenario, the online non-synchronous generation can be as high 52% of 
the total online generation. The maximum hourly load energy served by wind and 
solar can be as high as 49% 

10.1.6. Sub-hourly performance to Solar and Wind Variability 
 The ramp rate capability of thermal units, assumed in the model, is able to sustain the 

short-term ramp up and ramp down of solar and wind power. The frequency 
excursion is limited to +/- 0.2 Hz. Most of the variability is driven by the Central PV 
plants, which can change their output by +/- 100 MW in less than 10 minutes. 
Additional validation work is required to confirm the modeled ramp rate capability of 
the units.  

10.1.7. Sub-hourly response to Contingency events 
 Trip of AES is the single largest contingency on the island, which can result in a 

frequency dip to 58.65 Hz and an associated load shedding of about 90 MW in the 
Baseline system. In Scenario 4A, the system has more up-range available and as  
result the trip of AES causes a frequency excursion of 58.8 Hz and UFLS of 42 MW 

 Trip of Distributed PV on frequency excursion can be extremely detrimental to the 
stability of the Oahu power grid, especially in Scenario 4A. Transient stability 
simulations showed that under this (N-1-1) contingency, the system frequency can go 
to as low as 58.2 Hz and associated UFLS of 190 MW. This re-inforces current HECO 
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policy of requiring distribution-connected PV plants to sustain frequency excursions 
up to 57 Hz. It is important the Distributed PV does not trip on frequency excursion. 
Future studies should assess additional ride through needs and settings for Solar PV 
(including high/low frequency and high/low voltage ride-through).   

 Transmission faults can lead to loss of up to 140 MW of load on the Oahu grid. Under 
high renewables penetration, less thermal generation is online to respond to this 
contingency. In Scenario 4A, for example, the most challenging hour resulted in a 
frequency excursion of 1.3 Hz and some units go below their minimum value by 16%. 

10.2. With Additional Mitigation Strategies in Scenarios 4A/4B 

The mitigation strategies are focused on Scenarios 4A and 4B with the objective of reducing 
wind and solar curtailment and improving the frequency regulation and transient stability of 
the grid. The reductions in variable cost of operation do not include the cost of equipment or 
changes to equipment that are needed to implement the mitigation strategies discussed 
below. The analysis also does not account for the cost of additional wind and solar energy 
(i.e. PPA costs) that is accepted by the system.  
 

10.2.1. Reducing Minimum Operating Power of Thermal Units 
 Reducing the minimum power of seven HECO baseload units (by 112 MW) is the 

single most effective strategy on the system. It helps the Oahu grid to absorb 98 
GWHr of additional solar energy in Scenario 4A and 64 GWHr of additional renewable 
(primarily wind) energy in Scenario 4B. The decrease in variable cost of operation is 
34 M$ and 30 M$ in Scenario 4A and 4B respectively.  

 Lowering Pmin or the turn down capability of the units also helps in improving down-
range of the system  

10.2.2. Relaxing the Fixed Operating Schedule 
 Relaxing the must run (or fixed schedule operation ) rules helps the system to absorb 

more solar and wind energy: 36 GWHr in Scenario 4A and 53 GWHR in Scenario 4B. 
However, the variable cost of operation does not show the same level of 
improvement. Only 5 M$ of savings in Scenario 4A and 8 M$ in Scenario 4B are 
realized. It should be noted that all of the system impacts (such as sufficient governor 
response, voltage support, etc) of relaxing the fixed operating schedule were not 
assessed in this study. The study was focused more on the relative benefits if that 
capability were realized.  

 Relaxing the fixed operating schedule results in lesser number of units online for 
many hours of the year. As a result, system has lower thermal inertia and reactive 
power support.  

10.2.3. Support from BESS/Demand Response for Spinning Reserves 
 50 MW of spinning reserves were assumed to be available from BESS or Demand 

Response, which helped to reduced commitment of thermal units in some hours 
when the operating reserves requirement was a constraint.  

 In Scenario 4A, this strategy helps to deliver 26 GWHr of additional wind and solar 
energy and lowers the variable cost of operation by 15 M$. In Scenario 4B, this 
strategy is less effective as it helps the system to absorb only 8 GWHr of additional 
renewable energy and lowers the operating cost by 13 M$.   
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 The reserves from BESS or Demand Response are needed in less than 28% of the 
hours of the year. 

10.2.4. Down Reserves from Central PV and Wind Plants 
 Down-reserves from solar and wind plants helps to lower the requirement on the 

thermal units, which is akin to lowering their minimum dispatch level. 

 The maximum value of down reserves requested from the wind and solar plants is ~ 
75 MW (~53 % of the total down-reserves requirement). 

 This strategy helps the grid to absorb 52 GWHr of additional renewable energy in 
Scenario 4A and 32 GWHr in Scenario 4B. The variable cost of operation decreases by 
12 M$ and 11 M$ in Scenarios 4A and 4B respectively.  

10.2.4.1. Over-frequency governor control 

 In a challenging hour when 140 MW of load rejection event occurs, the over-
frequency excursion on the system can be reduced from 61.35 to 61 HZ (a reduction 
of 26%) with a 5% over-frequency governor control on the online Central PV and 
Wind plants. The output from thermal plants decrease by 77 MW as opposed to 127 
MW in the original case. Only one unit goes transiently below the minimum power 
level by only 1%. 

 With an aggressive governor droop of 2% on the solar and wind plants, the frequency 
excursion can be further decreased to 60.8 Hz. The output from the thermal plants 
decreases by a total of 50 MW and no single unit reaches its minimum power level. 

10.2.5. Limiting the Ramp Rates of Central PV plants 
 Central PV plants are the biggest driver of short-term variability on the Oahu grid. 

Although the system, as modeled, is able to respond well to the variability, limiting the 
ramp rates of these plants can further help to reduce the maneuvering on thermal 
units 

 Under a 5 %min ramp rate limit on Central PV plants, the system frequency excursion 
for a challenging hour improves by 0.1HZ. The impact on operating reserves does not 
change.  

 To provide a 5 %/min ramp rate functionality, a BESS of approximately 24-30 MW is 
needed at each of the 100 MW plants. The energy rating for the BESS is between 16-
18 minutes. On the other hand, if a Central BESS is used, a 31 MW BESS would give 
the same frequency performance. Although, the failure of a single BESS has a greater 
impact on system operation under the central BESS strategy. 

10.2.6. Frequency Responsive Loads 
 On the Oahu grid, the first kicker-block for the under frequency load shedding is 

activated at 59 Hz. By deploying a frequency responsive load above this threshold, 
the excursion in frequency and involuntary load shedding can be reduced, under loss 
of AES.  

 The severity of the worst-case loss-of-generation event is increased by distribution-
connected PV systems without under-frequency ride-through capability.  If the 185 
MW AES coal unit trips, approximately 40 MW of PV resources may also trip due to 
under-frequency, resulting in a total generation loss of 225 MW for the event.  This 
finding suggests the need for further analysis that will better establish worst-case 
loss of generation events and system reserve/operation strategies to deal with those 
events. 
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 Under challenging operating condition, trip of AES can cause frequency excursion of 
up to -1.3Hz and load shedding in the amount of 46 MW. It is assumed that 
Distributed PV is not tripped, otherwise deeper frequency excursions and bigger 
under frequency load shedding will be observed. When 75 MW of frequency 
responsive load reserves are dispatched at 59.5 Hz, frequency excursion could be 
limited to 1 Hz and under frequency load shedding could be completely avoided. 

10.2.7. Synthetic Inertia from Wind Plants 
 On-line wind plants can give an immediate boost of energy during contingency 

events of loss of generation in order to arrest the frequency excursion. However, 
unlike conventional generation, this inertial response depends on the wind speed at 
the time of the event.  

 Under challenging operating conditions, trip of AES resulted in frequency excursions 
of up to 1.4Hz and load shedding of 68MW. With the use of synthetic inertia from the 
online wind plants (on-island and off-island), frequency nadir can be reduced by 0.1 
Hz. The load shedding on the system, however, does not change.  

 However, with the help of Synthetic Inertia from the online wind plants and 25 MW of 
frequency responsive reserves, the frequency excursion could be reduced by 0.2 Hz 
and UFLS by 38 MW. With additional 50 MW of frequency responsive load reserves, 
system frequency excursion could be further reduced by 0.2 Hz and UFLS was 
completely avoided. 
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12.0 Appendix A: Production Cost Database for Baseline System  
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13.0 Appendix B: Production Cost Results: Fuel Consumption  
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14.0 Appendix C: Production Cost Results: CO2 Emissions 
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15.0 Appendix D: Hour 1932 – 140 MW of Load Rejection. Transient 
Minimum and Final Settling Values of Online Thermal Units   
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16.0 Appendix E: Dynamic Database (without AGC) 
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17.0 Appendix F: Under Frequency Load Shedding 

 

Figure 1:: Block diagram of under frequency load shedding control (lsdt9) 

 

Table 1: Parameters of under frequency load shedding control (lsdt9) 

Tfilter 0.0 Input transducer time constant, sec. 

Treset 0.0 Reset time, sec. 

fp1 0.0 First stage pick-up value, hz 

Tp1 0.0 First stage time delay, sec. 

Tcb1 0.0 First stage breaker delay, sec. 

sf1 0.0 First stage shedding fraction, p.u. 

fp2 0.0 Second stage pick-up value, hz 

Tp2 0.0 Second stage time delay, sec. 

Tcb2 0.0 Second stage breaker delay, sec. 

sf2 0.0 Second stage shedding fraction, p.u. 

fp3 0.0 Third stage pick-up value, p.u. 

Tp3 0.0 Third stage time delay, sec. 

Tcb3 0.0 Third stage breaker delay, sec. 

sf3 0.0 Third stage shedding fraction, p.u. 

fp4 0.0 Fourth stage pick-up value, p.u. 

Tp4 0.0 Fourth stage time delay, sec. 

Tcb4 0.0 Fourth stage breaker delay, sec. 

sf4 0.0 Fourth stage shedding fraction, p.u. 

fp5 0.0 Fifth stage pick-up value, p.u. 

Tp5 0.0 Fifth stage time delay, sec. 

Tcb5 0.0 Fifth stage breaker delay, sec. 
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sf5 0.0 Fifth stage shedding fraction, p.u. 

fp6 0.0 Sixth stage pick-up value, p.u. 

Tp6 0.0 Sixth stage time delay, sec. 

Tcb6 0.0 Sixth stage breaker delay, sec. 

sf6 0.0 Sixth stage shedding fraction, p.u. 

fp7 0.0 Seventh stage pick-up value, p.u. 

Tp7 0.0 Seventh stage time delay, sec. 

Tcb7 0.0 Seventh stage breaker delay, sec. 

sf7 0.0 Seventh stage shedding fraction, p.u. 

fp8 0.0 Eighth stage pick-up value, p.u. 

Tp8 0.0 Eighth stage time delay, sec. 

Tcb8 0.0 Eighth stage breaker delay, sec. 

sf8 0.0 Eighth stage shedding fraction, p.u. 

fp9 0.0 Ninth stage pick-up value, p.u. 

Tp9 0.0 Ninth stage time delay, sec. 

Tcb9 0.0 Ninth stage breaker delay, sec. 

sf9 0.0 Ninth stage shedding fraction, p.u. 
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18.0 Appendix G: AGC Model 
 

 
 

Regulating Function 

Parameter Value Comments 

Kps 1.00  

Kis 0.0  

bias 15  

Tf 1.0  

Pulsating Logic 

Factor Unit dependent If zero: calculate based on Pgen/totgen(zone) 

Kiu Unit dependent To achieve ramp rates defined in xls file 

Vumax Unit dependent  Limit max pref value, model dependent scaling 

Vumin Unit dependent Limit min pref value 

Vamax Unit dependent  Economic dispatch upper limit [MW] 

Vamin Unit dependent  Economic dispatch lower limit [MW] 

FactNoAs Unit dependent Ramp Rate factor between  normal/assist and emergency mode 

Tz Unit dependent Time constant for ramp rate limitation 

Cz Unit dependent Ramp rate limitation 

Abus 1142 Bus number of agc model 

AID 11 ID of agc model 
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19.0 Appendix H: AGC Dynamic Database 
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20.0 AppendiX I: AGC data 
 

 

 

NTL 

(GROSS 

MW)

MIN. 

LOAD 

(GROSS 

MW)

PSLF 

MWcap

RAMP 

RATES

(GROSS 

MW/MIN)

LFC 

MAX

(MW)

LFC

MIN 

(MW)

ECONOMIC 

MAX (MW)

ECONOMIC 

MIN (MW)

Proposed 

Droop (%)

Droop 

(MWCap 

base)

PSLF Gov K 

Gain

AGC 

Vumax

AGC  

Vumin

AGC 

Vamax

AGC 

Vamin
AGC Kiu

BUS # ID

KAHE STATION

1141 1 KAHE-1  82.1 32.5 96.0 3.00 82.10 44.50 82.10 44.50 5% 0.058 17.1 0.855 0.464 82.100 44.500 0.0260

1142 2 KAHE-2  82.1 32.7 96.0 3.00 82.10 44.70 82.10 44.70 5% 0.058 17.1 0.855 0.466 82.100 44.700 0.0260

1143 3 KAHE-3  86.1 32.3 101.0 3.00 86.10 44.30 86.10 44.30 5% 0.059 17.0 0.852 0.439 86.100 44.300 0.0248

1144 4 KAHE-4  85.3 32.3 101.0 3.00 85.30 44.30 85.30 44.30 5% 0.059 16.9 0.845 0.439 85.300 44.300 0.0248

1145 5 KAHE-5  134.3 50.7 158.8 3.00 134.30 62.70 134.30 62.70 5% 0.059 16.9 0.846 0.395 134.300 62.700 0.0031

1146 6 KAHE-6  134.4 50.0 158.8 3.00 134.40 62.00 134.40 62.00 5% 0.059 16.9 0.846 0.390 134.400 62.000 0.0031

WAIAU STATION

1203 3 WAI-3   46.6 22.3 57.5 1.40 48.82 22.30 48.82 22.30 5% 0.059 17.0 0.849 0.388 48.820 22.300 0.0203

1204 4 WAI-4   46.6 22.3 57.5 0.70 49.14 22.30 49.14 22.30 5% 0.059 17.1 0.855 0.388 49.140 22.300 0.0101

1205 5 WAI-5   54.5 22.5 64.0 3.00 54.50 22.50 54.50 22.50 5% 0.059 17.0 0.852 0.352 54.500 22.500 0.0391

1206 6 WAI-6   53.5 22.5 64.0 3.00 53.50 22.50 53.50 22.50 5% 0.060 16.7 0.836 0.352 53.500 22.500 0.0391

1207 7 WAI-7   82.9 32.6 96.0 3.00 82.90 35.00 82.90 35.00 5% 0.058 17.3 0.864 0.365 82.900 35.000 0.0260

1208 8 WAI-8   86.1 32.8 96.0 3.00 86.10 35.00 86.10 35.00 5% 0.056 17.9 0.897 0.365 86.100 35.000 0.0260

1209 9 WAI-9   52.9 5.9 57.0 5.00 52.90 5.90 52.90 5.90 5% 0.054 18.6 0.928 0.104 52.900 5.900 0.0731

1210 0 WAI-10  49.9 5.9 57.0 5.00 49.90 5.90 49.90 5.90 5% 0.057 17.5 0.875 0.104 49.900 5.900 0.0731

Kalaeloa STATION

1311 1 KALAE-1 90.0 32.5 86.0 1.25 86.00 68.10 86.00 68.10 5% 0.050 20.0 1.000 0.792 86.000 68.100 0.0121

1312 2 KALAE-2 90.0 32.5 86.0 1.25 86.00 68.10 86.00 68.10 5% 0.050 20.0 1.000 0.792 86.000 68.100 0.0121

1313 3 KALAE-3 5%

1314 1 HIRI    58.0 12.5 100.0 15.00 0.00 5% 0.333 3.0

1314 4 HIRI    11.0 29.5 24.00 0.00 5% 0.061 16.3

1320 1 HRRP    12.5 75.0 5.00 0.00 0.00 5% #DIV/0! #DIV/0! 0.000 0.000 0.000 0.000 0.0556

1335 1 CICT-1  3.0 162.0 10.00 113.00 0.00 113.00 0.00 5% 0.072 14.0 0.698 0.000 113.000 0.000 0.0514

1336 2 CICT-2  15.0 162.0 5.00 0.00 0.00 5% #DIV/0! #DIV/0! 0.000 0.000 0.000 0.000 0.0257

AES STATION

1331 1 AES-1   180.0 63.0 239.0 2.50 185.00 75.00 185.00 75.00 5% 0.065 15.5 0.774 0.314 185.000 75.000 0.0015

HONOLULU STATION

4008 8 HON-8   53.4 22.3 62.5 1.40 53.40 22.30 53.40 22.30 5% 0.059 17.1 0.854 0.357 53.400 22.300 0.0187

4009 9 HON-9   54.4 22.3 64.0 1.30 54.40 22.30 54.40 22.30 5% 0.059 17.0 0.850 0.348 54.400 22.300 0.0169


