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Abstract
This report introduces a new procedure with associated methods to evaluate proposed integrated
energy systems for facilities that will incorporate high levels of variable renewable energy
(VRE). Since these facilities aim to incorporate greater renewable energy in their electric
infrastructure, this report describes the purpose of this transition and how new and innovative
systems can accomplish this while retaining reliability despite the additional challenges of
variability. It describes the process taken to create standards based on system considerations
related to reliability and details the evaluation steps necessary to determine whether a proposed
system meets each standard. Ultimately, this report generates results on the reliability
characteristics of a proposed high-VRE system to compare to measurable standards and
determine the viability of this proposed system based on whether these standards are met. This
report is a comprehensive guideline to ensure newly-proposed integrated systems perform as
needed for their particular applications with minimal required known parameters and without the
need for costly testing. It details the reliability considerations for proposed systems, the
subsequent reliability evaluation procedure, supporting methods and calculations, and
application of the procedure to an existing high-VRE system to validate the expected output
results.
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1. Introduction
1.1 Background:

Energy demand continues to grow on a global scale while the detrimental effects of climate
change are becoming increasingly apparent. Due to this, implementing sustainable energy
solutions is becoming increasingly critical to fulfill this energy demand while transitioning our
energy infrastructure away from fossil fuels that perpetuate climate change. The long-term
well-being of global communities and industry depends on our ability to make this transition
while maintaining performance and reliability in addition to optimizing cost and resources.
Additional renewable energy sources create additional challenges within the system, however,
that must be managed. Renewable energy sources such as solar and wind power create system
variability due to the uncontrolled resource inputs necessary to generate power, while fossil fuel
sources have controllable generation that can be matched to load. Challenges such as these must
be addressed to design effective high-VRE integrated systems with mechanisms that manage
variability and ensure continuous service.

This energy transition requires that new integrated systems be conceptualized, constructed, and
evaluated for use in existing facilities. Creating systems with high renewable energy
implementation that are reliable requires solutions that account for several reliability
considerations. These include the facility’s relatively small system size, disconnect from the
larger electrical grid, and more stringent service availability and general reliability requirements
compared to residential applications. Due to the isolation, they will experience higher variability
in the solar and wind resources they rely on. The several power generation methods and
supporting storage methods of these integrated systems will control varied input power and
reduce variability. Implementation of high-VRE systems is a new, necessary challenge that does
not yet have established standards or evaluation methods to determine feasibility and
compatibility with the needs of the facilities these systems will provide power to. This report
provides a procedural set of evaluation methods that can guide this implementation, validate the
reliability of high-VRE systems with wind and solar power, and optimize the system to ensure
the system reaches its reliability standards while operating cost-effectively, efficiently, and with
minimal excess power.

1.2 Problems to Address:

● What standards can new integrated systems adhere to in order to ensure reliability?
○ Reliability-based considerations of high-VRE integrated energy systems
○ Measurable standards based on these considerations or known system capabilities
○ Standards dependent on the characteristics or application of the proposed system

● Follow-up: What methods can be used to evaluate these new proposed systems and
ensure they meet the identified reliability standards?

1.3 Applications and Impact of Project:

This project provides a framework for which to evaluate new proposed integrated systems. It will
ensure that proposed energy grid projects with high-VRE inclusion are held to the standards that
ensure reliability and advance high-VRE systems as valuable and sufficient replacements for
fossil fuels. Maintaining performance is critical in the transition to sustainable integrated
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systems, so this project will validate the reliability of new integrated systems to be equal or
greater than current non-variable systems. These new systems will reduce carbon footprint
without compromising function or performance if they follow the guidelines of the explained
procedure.

Potential applications of this project include specific locations, industries, and facilities with
objectives to transition to high-VRE integrated systems. Each of these applications can
significantly benefit from the methods this report provides to ensure reliability and optimize the
systems proposed for these applications.

Application Examples:
● USACE facilities with critical systems and high service availability requirements
● Public, industrial, and residential facilities:

○ Currently using predominantly fossil fuels
● Energy grids at locations with high variability in:

○ Load
○ Ambient temperature
○ Direct normal solar irradiance, generated solar power
○ Wind speed, generated wind power

The larger impact of this project is to promote the reliable implementation of high-VRE systems
to meet increasing electric demand over fossil fuel systems. Causes of increased electrical
demand include growing use of electric vehicles, fabrication of hydrogen and other clean fuel,
and increasing reliance on electrical mechanisms in our daily lives. Despite the growing electric
demand, however, this project shows that it is possible to fulfill this demand using high-VRE
energy systems given careful evaluation. This project demonstrates the capability of proposed
high-VRE systems to be proven reliable and cost-effective through simulated results, assure
viable implementation, and ease the apprehension surrounding the performance of VRE.
Reliability results from the use of this evaluation will provide solutions that are reliable,
cost-effective, and optimized, ultimately progressing the implementation of renewable energy in
several types of grids and microgrids.

2. Objectives and Hypothesis
2.1 Objectives:

● Identify critical system considerations related to the reliability of a power system
● Create standards for each consideration based on existing standards and system

capabilities to account for the additional challenges of high-VRE
● Form a procedure to evaluate proposed integrated systems for adherence to each standard
● Determine methods that the developed procedure follows to gather reliability results
● Validate that this procedure yields the numerical results expected
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2.2 Hypothesis:

If effective standards are established for high-VRE integrated systems, the reliability of these
implemented systems will meet or exceed that of current systems despite the additional
challenges of new integrated systems. It is possible to accurately simulate the generated power of
VRE sources and use this information—among related data—to gather valuable results about the
reliability of high-VRE integrated systems and optimize system parameters to meet reliability
standards.

3. Reliability Considerations and Standards
3.1 Known Proposed High-VRE System Parameters:

In order to evaluate proposed integrated systems for adherence to reliability standards, certain
characteristics of these systems must be defined so they can be applied in the subsequent
procedure to evaluate adherence to standards. These are the system characteristics that must be
defined to apply this evaluation.

1. Power rate / installed capacity of each variable and non-variable power generation source
a. Power rate / installed capacity
b. Manufacturer and type

2. Total system size
a. Total power rate from all systems
b. Proportion of each power generation source in the full system

3. Each storage system included
a. Manufacturer and type
b. Instantaneous power capability (kW)
c. Storage capacity (kWh)

4. Wind Turbine Parameters:
a. Rated wind speed
b. Rated power
c. Number of blades
d. Blade radius
e. Altitude / height
f. Air density associated with altitude
g. Manufacturer power curve and Cp curve of the wind turbine model

5. Solar Panel Parameters:
a. Efficiency of DC/DC converter(s) used
b. Temperature coefficient of solar panel brand
c. Nominal operating cell temperature

6. Yearly load data from the proposed location taken at time intervals
a. Includes associated average, peak, and minimum load
b. Any time interval length can be used, but the shorter the time intervals, the more

accurate the results will be
c. The time interval length of this load data must match the time intervals used for

other time-dependent variables in this evaluation to create corresponding data sets
on the same time scale for calculation
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3.2 System Reliability Considerations and Defined Standards:

This list describes each of the system considerations found relevant to reliability, the standards
and/or guidelines defined for each consideration that this report recommends proposed systems
follow, and justification of each consideration as well as background needed for subsequent
sections that quantify these considerations based on their impact to system reliability. Proposed
systems with a high proportion of variable renewable energy can be evaluated for adherence to
each of these standards.

1. Service Availability
The percentage of time during a specified operational period that a system is meeting
expectations by providing all of the demanded power. Failures and downtime contribute to a
decrease in measured service availability. The system’s minimum service availability percentage
must meet or exceed current system standards for military installations or similar facilities. The
service availability required of a system depends on the system’s application, but for many
critical systems, the minimum service availability is 99.999% to 99.9999%.

2. VRE Penetration and Generated Power Variability
Increasing the proportion of clean variable renewable energy is one of the most significant
objectives of the proposed systems to be evaluated with these guidelines. The proposed system is
therefore highly recommended to have high VRE penetration, defined as a minimum of 50% of
the annual energy provided by the system with capability to provide up to 100% instantaneous
power (Kroposki 1). A higher proportion of VRE leads to a higher overall system variability,
however, in the generated power. Greater variability leads to more unpredictable power
generation and decreased reliability. Due to the importance of integrating a significant portion of
VRE, however, other considerations are a higher priority to maintain reliability despite this
additional variability. These additional considerations are described below.

3. Area Occupied and Varied VRE Types
Spreading the VRE generation sources over a large land area can reduce the impact of natural
resource inconsistency on generated power variability. “As you spread the VRE across an area,
there is a marked decline in the system-wide variability” (Kroposki 3). Diverse methods of
power generation within an integrated system also lower the expected variability of the system,
as it therefore relies on several natural resources. One inconsistent source—such as solar or
wind—is therefore not as impactful to the generation of the full system and is less likely to cause
long periods of insufficient power generation that lead to failure.

4. System Generated Power vs Load
The generated power of a system cannot fall below the load for a significant amount of time. The
greater the variability of the system in either power generation or load, the more likely load will
exceed generated power and the higher the total system generated power must be compared to
the load to ensure system reliability. As a numerical representation, the generated power of a
system needed to ensure reliability will be a magnitude greater than 100% of the load the system
provides power to at any given time. The greater the variability in the system, the larger this
percentage must be to maintain service availability. Calculating generated power to compare to
load data is explained in the Section 4 Evaluation Procedure.
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5. System storage capacity and instantaneous power output capability
Storage capacity and power output capability must be sufficient to account for all time periods of
load exceeding generated power. The storage capacity recommended to ensure reliability is
dependent on variability. Larger variability, or greater variation between the total generated
power and load over time, usually means that a larger storage capacity is needed relative to
system size to maintain reliability. This also applies to instantaneous power output capability, as
the storage system must be able to provide a minimum instantaneous power of the greatest
disparity between load and power generation during a yearly trend.

Figure 1: Expected impact of system size, area occupied, and resource availability on storage
capacity needed

Each of these factors are components needed to calculate the predicted power generation of a
proposed system. If this total power generation is calculated, it can be compared to load, used to
calculate the predicted service availability of the system, and create a direct measure of how
much storage is needed to make up for periods of power deficit. This storage capacity standard is
therefore dependent on the calculated storage needed for the specific proposed system evaluated.

6. Allowable Curtailment
Curtailment occurs when generated power satisfies all load and input to storage sources to ensure
a balanced system. Other factors such as transmission lines, voltage, interconnections, and
stability may also impact curtailment as shown by Section 5.8. Assuming adequate capacity in
these interconnected components, allowable voltage and stability, only system balancing needs to
be considered in a curtailment decision. Whether or not these other factors have to be considered
depends on the individual integrated system under evaluation.

4. Evaluation Procedure and System Optimization
This section describes a three-stage mathematical procedure to evaluate each proposed integrated
system for adherence to the reliability standards defined in Section 3. The stages of this
procedure calculate the predicted service availability of the proposed system, proportion of VRE
generation, and optimal storage needed to ensure reliability by addressing each of the defined
standards. Several of the methods mentioned in this procedure are explained in depth in Findings
Section 5. The results of this procedure can be compared to the defined standards to evaluate
reliability of the proposed system.
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4.1 Standards 1 and 4: The system’s minimum service availability percentage must meet or
exceed current system standards.

1. Confirm that the system parameters listed in Section 3.1 are known, as they are necessary
for this evaluation

2. Gather natural resource data
a. Use the Global Solar Atlas (Solargis 2022) or a similar source to gather yearly

direct normal irradiance data at the proposed location as shown by Figure 2 in the
Findings section with the determined number of time steps

b. Find yearly ambient temperature data for this proposed location
i. Gather and record this data at the same time period and time intervals to

correspond to irradiance data
c. Gather annual wind speed data or create a simulated set of data

i. Method 1: Gather known annual wind speed data
ii. Method 2: If annual wind speed data is unknown, use the Global Wind

Atlas to generate a plot of mean wind speed per area at the proposed
location and use this plot to simulate a set of annual wind speed data. This
method is described in the Findings Section 5.3.

3. Calculate generated wind power at every time step
a. Method 1: Use the manufacturer power curve of each wind turbine model to

create a set of generated power values that correspond to the wind speed data
from step 2c. This method is explained in Findings Section 5.5.

b. Method 2: Calculate wind power generation corresponding to each simulated
wind speed, power coefficient and load time interval data point

4. Calculate generated solar power at each solar irradiance time step data point
5. Sum the calculated variable power generation data sets from steps 3 and 4 together into a

data set to represent total system generated VRE power vs time
6. Create another data set of generated power including the non-variable generation

components of the system
7. Create a set of data representing the difference between total generated power (for both

non-variable generation included and excluded) and the corresponding load data points.
This becomes a heat map where any values below 0 represent non-guaranteed reliability.

8. Calculate the proportion of heat map values above 0 for both the VRE-only scenario and
full-system scenario, which represents the minimum projected service availability.

Equation 1: Minimum Projected Service Availability
𝑆 = 𝑁

𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
 / 𝑁

𝑡𝑜𝑡𝑎𝑙

Npositive refers to the number of data points greater than 0 while Ntotal refers to the total
number of data points in the set.

9. For the generated data sets in this calculation process using gaussian distribution
parameters, the values of these sets will vary with each trial. Repeat this procedure for
several trials to regenerate the gaussian data sets, recalculate the resulting service
availability, and measure variation of these projected service availability results over
several trials. The more trials taken—or projected service availability data points
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collected—the more accurate the mean projected service availability will be as well as
the variance of this data set. The data sets that may be generated from gaussian
parameters (depending on the method used) are shown below.

a. Natural Resource Data (Step 2): Annual trends vary from year to year and are
experiencing a larger long-term shift due to climate change, so using only one
data set for these natural resource aspects would be unreliable to model long-term
service availability.

i. Wind speed
ii. Solar irradiance

iii. Ambient temperature
b. Annual Load Data (Step 1): With regular changes in population, electric demand,

increased applications, and other factors that impact load, annual load trends often
experience change over time so using one data set to represent annual load would
be unreliable to model long-term service availability.

Variation in the projected service availability provides a view into the uncertainty of the
model, which is caused by these gaussian distribution changing datasets and several other
factors unique to the evaluated system. The lower the variance, the greater confidence
that the model provides an accurate projected service availability. The mean service
availability from the set of data points collected with each trial will be the true projected
service availability used in subsequent analysis.

10. Evaluate this projected service availability of the proposed system’s VRE components for
adherence to the application-based service availability standard

b. If this projected service availability is greater than the given service availability
standard, the stand-alone VRE components of the system meet this standard

c. If this service availability is not greater than the given service availability
standard, the VRE system does not meet this standard and variability control
systems such as storage or non-variable generation must be implemented in the
system to ensure reliability.

d. Section 4.3 of this procedure calculates the storage capacity and power needed to
counteract low service availability and achieve a theoretical service availability of
100%. Existing storage and non-variable generation within the proposed system
can be compared to these calculations to evaluate whether they ensure reliability.

4.2 Standard 2: The system is recommended to have high VRE penetration, defined as a
minimum of 50% of the annual energy provided by the system with capability to provide
up to 100% instantaneous power

The purpose of this overall evaluation is to ensure the reliability of high-VRE systems
considering their additional challenges due to variability. Using the generated power of each
source from the previous Section 4.1, this method can validate that the proposed system is a
significantly high-VRE system that meets or exceeds 50% of its minimum annual energy
provided by VRE sources.
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1. Using the power generated vs load difference data set in Excel, the proportion of load
supplied by VRE can be calculated corresponding to each data point. Equation 2 can be
applied to each cell to do this. P(w)diff represents the data point from the generated power
vs load difference data set while L represents the corresponding load data point.

Equation 2:
𝑃

𝑉𝑅𝐸
= 1 − (𝐶𝑂𝑈𝑁𝑇𝐼𝐹(𝑃(𝑤)

𝑑𝑖𝑓𝑓
, " < 0") * 𝐴𝐵𝑆(𝑃(𝑤)

𝑑𝑖𝑓𝑓
)) / 𝐿

2. Once the proportion of load supplied by VRE for each corresponding data point is found,
calculate the average proportion of load supplied by VRE. If this proportion is greater
than 0.5, the recommendation is met.

3. The proportion of time that VRE generation supplies 100% of the load, or 100%
instantaneous power, can also be calculated by applying Equation 3 to each cell of the
previous data set. The variable “n” represents the number of PVRE data points, and
PVRE,1:PVRE,n spans the whole data set of size n. If this proportion is greater than 0, the
recommendation is met for capability of instantaneous power, but it is still valuable to
calculate this proportion to determine the expected proportion of the annual cycle that
100% of power will be provided by the VRE sources as well as when this is most / least
likely to occur.

Equation 3:
𝑃

100%
= 𝐶𝑂𝑈𝑁𝑇𝐼𝐹(𝑃

𝑉𝑅𝐸,1
: 𝑃

𝑉𝑅𝐸,𝑛
, " = 1") / 𝑛

4.3 Standard 5: System Storage Capacity and Power Output Capability must be Sufficient to
Account for Time Periods of Load Exceeding Generated Power

Based on the calculated service availability and the generated power vs load data table from
Section 4.1 of the procedure, the total system storage capacity needed over the course of the
annual cycle and the instantaneous power output capability needed to ensure reliability can be
calculated. This procedure to calculate these parameters accounts for all periods of generated
power shortage in comparison to load and increases the projected service availability of the
system to a theoretical 100%. This assumes no considerations such as unplanned outages due to
natural conditions that can be evaluated in a resiliency analysis. It does, however, ensure no
theoretical cases of <100% service availability due to lack of reliability or power shortage.

1. Sum the magnitude of all the data points in the generated power vs load data table that
fall below 0. For data points with hour-long time intervals, this is the total power shortage
in watt-hours experienced over the cycle. The minimum storage capacity of the system in
annual watt-hours corresponds to this value to overcome the insufficient service
availability calculated for the stand-alone system and ensure reliability. If this procedure
is run multiple times, the largest total power storage calculated determines the minimum
storage capacity.
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Equation 4: Minimum Annual Storage Capacity Needed in the System (Wh or kWh)
𝐶

𝑚𝑖𝑛
= 𝐴𝐵𝑆(𝑆𝑈𝑀𝐼𝐹(𝑃(𝑤)

𝑑𝑖𝑓𝑓,1
: 𝑃(𝑤)

𝑑𝑖𝑓𝑓,𝑛
, " < 0"))

2. Find the minimum power difference from the generated power vs load data table, as this
corresponds to the maximum power shortage during the annual cycle. Equation 5
identifies this minimum in Excel and takes the absolute value to represent the minimum
instantaneous power that the storage system must be capable of providing to the system
to achieve 100% theoretical service availability. If this procedure is run multiple times,
use the largest maximum power shortage calculated to determine the minimum
instantaneous power capability.

Equation 5:
𝑃

𝑚𝑖𝑛
= 𝐴𝐵𝑆(𝑀𝐼𝑁(𝑃(𝑤)

𝑑𝑖𝑓𝑓,1
: 𝑃(𝑤)

𝑑𝑖𝑓𝑓,𝑛
)

3. Among all the data points in the generated power vs load table greater than 0, find the
total annual power surplus in watt-hours experienced over the annual cycle. This is the
quantity of power generated in excess of the load that can be stored given adequate
storage capacity. This must be significantly greater than the total power shortage over the
annual cycle calculated in part 1 to be reasonably certain that the storage system will
have sufficient stored power for the periods of greatest power shortage no matter when
they occur. This is another condition that should be considered to achieve 100%
theoretical service availability.

4. To ensure the generated power surplus provides sufficient power to storage for every
period of shortage, calculate the running total of the chronological generated power vs
load data set. If no points in this running total drop below zero, the power surplus is
theoretically sufficient to provide stored power. This assumes that the charging rate of the
implemented storage is high enough for all surplus to be stored, and inverter efficiency
losses must also be considered. A conditional capped value should be added to the
running total representing the proposed capacity or the minimum storage capacity
calculated in step 1 so that this running total does not exceed storage capacity.

5. If total storage power and capacity are specified for the proposed system, compare these
calculations to the specified storage power and capacity to evaluate whether this system
is designed with sufficient power and capacity. If the specified values are lower than the
calculated storage power and capacity needed, they must be raised to meet this minimum
recommendation.

5. Supporting Findings and Methods
This section describes each of the findings that led to a procedural solution and provides detail
on several of the methods needed to complete the calculations in the Section 4 procedure.
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5.1 Calculating Generated Power of a PV Solar Source:

Equations 6, 7, and 8 make up a validated method to calculate generated solar power at a given
time (El-Bidairi 2018). Solar irradiance is a resource that varies with time, while the efficiency
representing loss due to temperature increase varies due to ambient temperature with time.
Factoring the known values into each equation and applying the solar irradiance data as well as
ambient temperature data will yield the calculated generated solar power at every time step.

Equation 6: PV Solar Generated Power
𝑃

𝑃𝑉
= 𝐶

𝑃𝑉
𝑆(𝑡)𝜂

𝑙𝑜𝑠𝑠
(𝑡)𝜂

𝐷𝐶/𝐷𝐶
 / 𝑆

𝑆𝑇𝐷

Equation 7: Efficiency Representing Loss due to Temperature Increase
𝜂

𝑙𝑜𝑠𝑠
(𝑡) = 1 − 𝜆(𝑇

𝑐𝑒𝑙𝑙
(𝑡) − 25)

Equation 8: Temperature of the PV Cell
𝑇

𝑐𝑒𝑙𝑙
(𝑡) = 𝑇

𝑎
(𝑡) − (𝑆(𝑡)/0. 8)(𝑇

𝑁𝑂𝐶𝑇
− 20)

= PV Rated Power (kW)𝐶
𝑃𝑉

= Solar Irradiance (kWh/m2) vs Time𝑆(𝑡)
= Converter Efficiency𝜂

𝐷𝐶/𝐷𝐶

= Standard Solar Irradiance𝑆
𝑆𝑇𝐷

= 1 𝑘𝑊/𝑚2

= Temperature coefficient of solar panel model𝜆
= Ambient temperature (C) vs time𝑇

𝑎
(𝑡)
= Nominal operating cell temperature (C)𝑇

𝑁𝑂𝐶𝑇

Solar irradiance at the location of interest can be found from the Global Solar Atlas (Solargis
2022) in the format shown by Figure 2 of annual average hourly per month data points.
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Figure 2: Example of Solar Irradiance Data for a Specific Location (Maui) at Average Hourly/
Month Time Intervals Throughout the Year

5.2 Temperature Coefficient for Solar Panel Power Calculations:

The temperature coefficient from Equation 7 represents the amount of efficiency loss that occurs
with an increase in the surface temperature of the photovoltaic cell. This coefficient is defined
for several solar panel models (Ost 2020).

5.3 Simulating Wind Speed Data from Location-Based Information:

In the absence of known time-based annual wind speed data, the Global Wind Atlas (Global
2022) provides a plot as shown by Figure 3 for the selected location of interest. This plot shows
every mean wind speed throughout this selected location and the percentage of the selected area
that corresponds to each mean wind speed. Data characteristics can be extracted from this plot to
simulate a set of time-based wind speed data that is compatible to use in calculations of wind
power generated.
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Figure 3: Example of Mean Wind Speed Plot at a Specific Location (Flinders Island)

Data can be extracted from this plot in Figure 3 as shown in Table 1 by treating the percentage of
selected area corresponding to each mean wind speed as the quantity. This provides the
information needed to calculate the true mean wind speed of the whole selected location and the
standard deviation.

Table 1: Mean Wind Speed Values and Corresponding Quantities Found from Figure 3

Table 2 shows that a set of time-based wind speed data can be simulated by randomly generating
a number for each data point within the normal distribution given the calculated parameters of
mean and standard deviation from Table 1. The number of wind speed data points generated
should equal the number of data points used for other time-based data sets in the procedure. If
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Excel is used to create this simulated data set, Equation 9 can be applied to each cell to generate
a random data point given the normal distribution parameters.

Equation 9: Formula to Simulate Wind Speed Data in Each Cell of Table 2
𝑁𝑂𝑅𝑀𝐼𝑁𝑉(𝑅𝐴𝑁𝐷(),  𝑀𝐸𝐴𝑁,  𝑆𝑇 𝐷𝐸𝑉)

Table 2: Simulated Wind Speed Data Set Using Normal Dist. Mean and Standard Deviation

5.4 Calculating Generated Power from a Wind Turbine - Mathematically-Modeled Power Curve:

Wind turbine manufacturers define power curves that plot the power generated by a turbine
brand depending on wind speed conditions, and these charts also plot the power coefficient at
different wind speeds. Figure 4 below shows an example of this power curve for the Enercon
E-30 Turbine. The rated wind speed is the point at which the wind turbine reaches its maximum
power generation capability, or the rated power of the turbine.
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Figure 4: Enercon E-30 Turbine Power Curve

Because this curve provides the generated power of each wind turbine within the system at each
wind speed, a data set of generated wind power for each turbine can be obtained directly from
the wind speed data set. The generated power data sets for each turbine can then be summed into
the total generated power at each time step. Despite recorded power data at only integers of wind
speed, there are two ways to use a power curve to find the corresponding generated power to
each wind speed data point. One is to linearly interpolate for non-integer wind speeds, and the
other is to find a mathematical close-fit curve to the power curve that can be used to calculate
power directly from a wind speed value.

Figure 6 details common mathematical models that have been tested for accurate fit to the shape
of a wind turbine power curve. All of these models, however, are only fit to region 2, which
occurs below rated wind speed and power as shown in Figure 5. These models do not closely fit
the power curve after the inflection point, particularly when the slowing growth becomes visible
as power draws near the turbine rated power. The error calculated for these models as well as
correlation coefficients are shown in Figure 7 and Table 3. These models have been tested on
several power curves, so the correlation coefficients represented in Table 3 express mean
correlation coefficients for each model based on every power curve it has been fit-tested to.
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Figure 5: Wind Turbine Power Curve Regions (Teyabeen 2019)

Figure 6: Mathematical Models Used to Fit Power Curve Region 2 (Teyabeen 2019)

Figure 7: Error Between Each Mathematical Model and Power Curve (Teyabeen 2019)
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Table 3: Average Correlation Coefficient of Each Mathematical Model (Teyabeen 2019)

5.5 Calculating Generated Power from a Wind Turbine - Limited Growth Exponential Model:

While some correlation has been found in the mathematical models referenced in Section 5.4, the
errors are too high to justify using one of these models to fit the full power curve rather than
linear interpolation of the power curve. Another mathematical formula has been found to closely
fit the shape of a power curve based on exponential limited growth. Equations 10 and 11 share
this formula. The constant “c” is the carrying capacity, “k” is the growth rate, and “a” depends on
the initial population P0.

Equation 10:
𝑃(𝑡) = 𝑐 / (1 + 𝑎𝑒−𝑘𝑡)

Equation 11:
𝑎 = (𝑐 − 𝑃

0
) / 𝑃

0

𝑃(𝑡) = 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑐 = 𝑐𝑎𝑟𝑟𝑦𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑃

0
= 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑘 = 𝑔𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒

𝑡 = 𝑡𝑖𝑚𝑒

This exponential limited growth model is used for the unrelated application of limited population
growth with time, however its formula structure with wind speed substituted in for time has
proven to be a very close approximation of the power curve given the correct constants. Equation
12 below shows this new application of the exponential formula and Figure 8 shows this formula
with demonstrated fit to the Enercon E-30 and E-44 power curves. The constant “a” and growth
rate “k” were adjusted to accomplish this fit to both power curves, and the same can be done to
fit this model to several other curves.
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Equation 12:
𝑃(𝑤) = 𝑐 / (1 + 𝑎𝑒−𝑘𝑤)

𝑃(𝑤) = 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑊 𝑜𝑟 𝑘𝑊)
𝑐 = 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑊 𝑜𝑟 𝑘𝑊)

𝑘 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑔𝑟𝑜𝑤𝑡ℎ 𝑤𝑖𝑡ℎ 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑
𝑤 = 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠)

Figure 8: Power Curves and P(w) Model Fit

Table 4: Best-Fit P(w) Coefficients Used, r and r2 Between P(w) Model and Power Curves

To confirm the accuracy of this model’s fit to a power curve, three approaches have been used to
evaluate its error. Figure 9 shows the percent error calculated between the power curve points
and mathematical model, Figure 10 shows the magnitude of difference, and Table 4 shows the
calculated correlation coefficient along with r2 for the power curves in Figure 8. These results
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show that for properly chosen coefficients, fitting this mathematical model as closely as possible
to a wind turbine power curve can yield less significant error than previously tested models. This
error analysis should be repeated when fitting this particular model to other power curves to
confirm low error at each wind speed.

Figure 9: Error (%) Between P(w) Mathematical Model and Power Curve

Figure 10: Magnitude of Difference (kW) Between P(w) Mathematical Model and Power Curve

20



5.6 Calculating Generated Power from a Wind Turbine - Power Coefficient Curve and Formula:

Equation 13 is a validated model to calculate the generated power of a wind turbine (El-Bidairi
2018). Calculating generated wind power at each data point using this equation requires the
known power coefficient, air density, blade radius, and wind speed data. As well as generated
power, manufacturer power curves define the power coefficient for each wind speed as shown by
Figure 4. This curve can be used to create a set of power coefficient values that correspond to
each wind speed data point. A close-fit mathematical model for this power coefficient curve has
not been explored, but linear interpolation can be used to create the power coefficient data set
corresponding to wind speed data.

This power coefficient data set can then be substituted into Equation 13 to calculate generated
wind power at every wind speed data point. This method is more accurate compared to modeling
the manufacturer power curve when the air density assumed in generating the power curve is not
accurate to the actual air density of the turbine location.

Equation 13: Wind Generated Mechanical Power
𝑃

𝑚𝑒𝑐ℎ
= 0. 5𝜌𝐶

𝑃
𝑣(𝑡)3𝜋𝑟2

= Air density (kg/m3)𝜌
= Power coefficient corresponding to wind speed𝐶

𝑃
= Wind speed (m/s) vs time𝑣(𝑡)

= Blade radius𝑟

5.7 Generating a Load Data Set in the Absence of Annual Load Data :

In some cases, detailed load data with data points across a significant time period is unavailable.
This section describes a method to generate load data that can be used for this evaluation when
detailed load data is unavailable. The parameters that must still be known, however, are peak,
minimum, and mean load. Trends of monthly load per year and hourly load per day can also be
used to apply weighted factors to the mean load depending on the time of day and time of year
that this data point falls on. Load experiences a pattern of change throughout the day with peak
hours and minimum hours that depend on operations, schedule and demand. Load over a yearly
period also has peak and minimum load periods due to several conditions that change the
demand depending on time of year. For each yearly period and each time of day, a multiplication
factor can be created that expresses the load at its time period as a proportion of the mean load
for the full annual cycle. Table 6 in the Flinders Island Analysis Section 6 shows how these
multiplication factors represent trends and create a nominal load data set.

While a set of data based on larger trends provides an expected annual load profile, natural
variation occurs in the actual load within a system. The known maximum and minimum load
provide a view of how significantly load can spike or dip in outlier moments during the annual
time period. These values can be used to model the expected variation from nominal trends, and
a random number generator formula can be added to the nominal value of each data point to
create slight variations in each data point representative of natural factors causing deviation from
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expected demand. Table 7 in Section 6 represents a data set with Equation 14 showing the noise
added to the trend-based expected values in Table 6.

Equation 14: Load Profile with Added Randomized Noise
𝐿 = (𝐿

𝑎𝑣𝑔
* 𝐷) + (2 * (𝑅𝐴𝑁𝐷() − 0. 5) * (𝐿

𝑝𝑒𝑎𝑘
− 𝐿

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
))

𝐿
𝑎𝑣𝑔

= 𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐿𝑜𝑎𝑑
𝐷 = 𝐻𝑜𝑢𝑟𝑙𝑦 𝐷𝑒𝑚𝑎𝑛𝑑 𝐹𝑎𝑐𝑡𝑜𝑟

𝑅𝐴𝑁𝐷() = 𝑅𝑎𝑛𝑑𝑜𝑚 𝑁𝑢𝑚𝑏𝑒𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 0 𝑎𝑛𝑑 1
𝐿

𝑝𝑒𝑎𝑘
= 𝑃𝑒𝑎𝑘 𝐿𝑜𝑎𝑑

𝐿
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

= 𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑎𝑑 𝑓𝑟𝑜𝑚 𝑇𝑎𝑏𝑙𝑒 ()

The deviation from expected load is most likely not uniform, however, but rather has a higher
probability of being relatively small. The additional noise model shown below adds a normally
distributed value to the expected load data given a standard deviation representative of the
amount of variation. These results are shown in Table 8 from Section 6.

Equation 15: Load Profile with Added Normally Distributed Noise
𝐿 = (𝐿

𝑎𝑣𝑔
* 𝐷) + 𝑁𝑂𝑅𝑀𝐼𝑁𝑉(𝑅𝐴𝑁𝐷(), 0, 𝑆)

𝑆 = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
𝑁𝑂𝑅𝑀𝐼𝑁𝑉() = 𝑁𝑜𝑟𝑚𝑎𝑙𝑙𝑦 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑓𝑟𝑜𝑚 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦,  𝑀𝑒𝑎𝑛,  𝑎𝑛𝑑 𝑆

5.8 Curtailment:

An intentional shut-off of power generation systems to control input power. In the event that
input power exceeds load enough to overwhelm storage and other input power control systems,
curtailment may be necessary. Several factors influence the decision to curtail power (Bird
2014). Particularly in wind applications, one of the greatest reasons for curtailment is
transmission constraints. When the development of additional renewable energy sources
outpaces the development of transmission lines to transport the generated energy, curtailment is
implemented to protect this transmission. System balancing may also be a challenge that requires
curtailment in the scenario that input power exceeds load, storage sources, and other power
routes. Voltage, interconnection, and stability issues are also prevalent causes of curtailment.
Defining curtailment standards for new integrated systems based on these factors may ensure
that it is implemented properly to ensure reliability.

Wind turbines have a limit to the wind speed they can operate under due to stress constraints.
Manufacturer power curves specify a cut-in and cut-out wind speed for which power generation
cannot occur beyond this range. Next Steps Section 8.2 describes how this curtailment can be
designed into the procedure to ensure that wind speeds outside of the cut-in to cut-out range yield
a wind turbine generated power of 0 for further analysis.
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6. Procedure Validation with Existing High-VRE System
To demonstrate the capability of the reliability evaluation procedure described in Section 4, the
procedure has been applied to the known Flinders Island power grid. This is a successful isolated
system with a high proportion of VRE and service availability. Available information on Flinders
Island such as its approximate load profile, system parameters, and natural wind and solar
resources have been used to apply this procedure. The results from this procedure shown in the
sections below include service availability of the stand-alone VRE components, proportion of
VRE power generation, and recommended storage capacity and power for Flinders Island to
maintain service availability.

6.1 Standards 1 and 4: The system’s minimum service availability percentage must meet or exceed
current system standards.

1. Table 5 summarizes the known parameters of the Flinders Island System needed for this
analysis.

Table 5: Flinders Island System Generation Sources (El-Bidairi 2018)

Flinders Island load data is unavailable for this analysis, so a simulated set of load data vs
time is provided using a normal distribution formula that randomly outputs values per
time step using the available maximum, minimum, and average load. For cases such as
this with an absence of periodic load data, the data simulation models shown here can be
applied given some known information. These models are explained in depth in Section
5.7.

23



Table 6: Simulated Load Data with No Noise

Table 7: Simulated Load Data with Randomized Noise
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Table 8: Simulated Load Data with Normally Distributed Noise

2. This step shows the data gathered for each of the natural resources at the Flinders Island
location to use in subsequent calculations.
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Table 9: Flinders Island Location Annual Solar Direct Normal Irradiance Data

Table 10: Flinders Island Location Annual Ambient Temperature Data (Flinders 2022)
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A plot of wind speed over an annual period of time at the Flinders Island location is
shown in Figure 11, however the numerical data used to generate this plot is not
available. Table 11 therefore shows simulated annual wind speed data from randomly
generated normal values given the approximate mean and standard deviation of the
plotted data. It is expected, however, that numerical data for wind speed over an annual
period will be available for the use of this analysis on proposed systems. If no data is
available, the method in Section 5.5 can be used to generate a set of wind speed data.

Figure 11: Wind Speed vs Time at Flinders Island (El-Bidairi 2018)

Because this wind speed profile has significant variation with several instantaneous peaks
and minimum values, the standard deviation chosen to generate the wind speed data in
Table 11 must be large enough to represent the highest wind speed peaks and ensure that
the evaluation considers the implications of these high wind speed scenarios on the
resulting service availability and generated power vs load difference map. High wind
speeds may be larger than the cut-off wind speed of several wind turbines, however, so
the calculated power generation from these values in the simulated wind speed data Table
11 should be 0 as explained in Section 8.2 describing curtailment.
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Table 11: Flinders Island Location Simulated Annual Wind Speed Data

3. The power curves given as examples in the procedure are for the Enercon E-30 and E-44
turbines used in the Flinders Island system. Section 5.5 details the mathematical model
used to calculate generated wind power and its coefficients as well as error calculations
that validate this model. Tables 12 and 13 below show the results for wind power
generated by each Flinders Island turbine using the mathematical model.
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Table 12: Generated Wind Power from the E-30 Turbine

Table 13: Generated Wind Power from the E-44 Turbine
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4. The solar power generated at Flinders Island given location-based solar irradiance data
and ambient temperature data is shown in Table 14 below.

Table 14: Generated Solar Power

5. Table 15 sums the generated power data for each of the solar and wind sources to
represent the total power generated by the VRE of the system.
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Table 15: Total Power Generated by VRE Sources

6. The power generated by the non-VRE diesel generators is added to Table 15 to create
Table 16, the total power generated by the system as time-based data.
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Table 16: Total Power Generated from All Sources

7. The total generated power at each time step is subtracted by the load for each of the three
load scenarios at the corresponding time step to create a heat map of the difference.
Positive values represent a generated power surplus while negative values represent a
generated power shortage.
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Table 17: Power Generated / Load Difference - VRE Only Noise-Free Load Model

Table 18: Power Generated / Load Difference - VRE Only Randomized Noise Load Model
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Table 19: Power Generated / Load Difference-VRE Only Normal Distribution Noise Load Model

The remainder of this analysis requires only the VRE Only difference heat map, so the
total generated power vs load difference data tables are in the Appendix Section 9.2.

8. The minimum projected service availability of this system found for each of the three
load models is summarized in Table 26.

9. This particular analysis uses simulated load data, wind speed data and ambient
temperature data that create different scenarios based on the randomized factors of these
inputs each time a new trial is run. Due to this, the service availability result experiences
variation between trials.

10. The calculated service availability of this system given each load scenario is shown in
Table 26.

6.2 Standard 2: The system is recommended to have high VRE penetration, defined as a
minimum of 50% of the annual energy provided by the system with capability to provide
up to 100% instantaneous power

1. Equation 2 is applied to the load vs power generation Tables 17, 18 and 19 to calculate
the proportion of the load that is supplied by VRE at each time step. Tables 20, 21, and
22 show these results for each load scenario.
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Table 20: Proportion of Load Supplied by VRE - Noise-Free Load Model

Table 21: Proportion of Load Supplied by VRE - Randomized Noise Load Model
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Table 22: Proportion of Load Supplied by VRE - Normal Distribution Noise Load Model

2. The average proportion of load supplied by VRE for each load scenario is summarized in
Table 26.

3. The proportion of time that VRE generation supplies 100% of the load for each load
scenario is summarized in Table 26.

6.3 - Standard 5: System Storage Capacity and Power Output Capability must be Sufficient
to Account for Time Periods of Load Exceeding Generated Power

1. The total power shortage in watt-hours experienced over the annual cycle is calculated
and summarized in Table 26. This represents the annual capacity the storage system is
recommended to have.

2. The maximum power shortage during the annual cycle, which corresponds to the
minimum storage power capability, is calculated and summarized in Table 26.

3. The total annual power surplus experienced over the annual cycle is calculated and
summarized in Table 26. This value is recommended to be significantly larger than the
total annual power shortage.

4. Tables 23, 24, and 25 show the running total of the generated power vs load difference
data set to represent the current stored power. A capacity cap on the running total was not
implemented, but this is recommended in future applications to yield an accurate running
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total. Time steps of a negative value can then be identified as moments of insufficient
stored power to maintain reliability. This result for the Flinders Island analysis is
summarized in Table 26.

Table 23: Current Stored Power Running Total - Noise-Free Load Model
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Table 24: Current Stored Power Running Total - Randomized Noise Load Model

Table 25: Current Stored Power Running Total - Normal Distribution Noise Load Model
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6.4 Flinders Island Results Summary:

Table 26: Flinders Island Results Summary

Given known system information, these results show that this procedure is capable of calculating
several factors relevant to the reliability of the system. It determines the service availability of
the stand-alone VRE components of the system, validates the proportion of load supplied by
these VRE components, ensures no insufficient stored power, and recommends the storage
capacity and instantaneous power capability needed to maintain constant service availability.

7. Conclusion
This project defines a set of reliability standards that newly-proposed high-VRE systems are
recommended to follow and are possible to evaluate. Using the procedure built based on these
standards, proposed integrated systems can be thoroughly evaluated to ensure the system is
designed to be reliable and cost-effective through optimized service availability and storage. This
evaluation is a critical step before implementation that can determine the success of a proposed
integrated system. Some of the standards proposed systems are recommended to meet are
measurable, while others vary by application and have to be chosen depending on the type of
system evaluated. Regardless, this procedure and its associated methods provide the calculated
reliability parameters to compare to associated standards, whether they are defined or dependent
on the system. The reliability evaluation methods provided by this report can solve significant
modern energy challenges as described in Section 1.3 and the results are applicable to several
circumstances. Despite the additional challenges that high-VRE systems face, and given a
thorough evaluation using this report, implementation of high-VRE integrated systems can
maintain reliability and be cost-effective while reducing environmental impact for more
sustainable operations.

8. Next Steps
8.1 Reliability Standards:

● Minimum service availability standards are dependent on the application of a proposed
energy system. The proposed system will likely have an associated service availability
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target, but common service availability standards for several applications can be
defined in the event that no target or standard is specified. The appropriate standard
can then be chosen and compared to the service availability results of this evaluation.

8.2 Adjust Generated Power Formulas to Account for Curtailment :
● Wind turbines have a cut-in wind speed at which power generation begins and a cut-out

wind speed due to limits on the operational stress they can endure. The current method of
modeling the power curve to calculate generated wind power from wind speed data does
not account for the cut-in and cut-out speed, so the model can be redesigned as a
piecewise function that returns a generated power value of zero for wind speeds past
the cut-in to cut-out range. This will ensure that the model does not overestimate the
power generated by the wind turbine sources of the system, particularly in systems at
locations with frequent wind speeds above or below the cut-in to cut-out range.

● The current calculation model for generated solar power does not consider solar panel
curtailment, so factors that cause curtailment can be identified and designed into the
mathematical model.

● Overload of generated power compared to load must be prevented. Determine how
excess power generation will be filtered out of the proposed system.

8.3 Reduce Uncertainty and Improve Accuracy of this Evaluation:
● The data used in the Flinders Island Analysis to demonstrate the procedure is not

representative of the chronological data and fidelity recommended for this evaluation.
Data in this analysis—as it is for demonstration purposes—is representative of the
average hourly value per month, while data used to evaluate a proposed system should be
at chronological time steps rather than average values over periods of time.

● Determine the data fidelity required to yield accurate results from this analysis, or the
recommended maximum size of time intervals chosen between chronological data points.
Load and wind speed often experience instantaneous spikes that may not be captured by
sampled load data over a time period, no matter how small the time intervals are. The
smaller the time intervals, the more likely load spikes are to be captured. If the highest
instantaneous load values are not captured in the sampled set, these values should be
added to the data set so that these high-load scenarios are considered.

● In conditions of rapid wind speed change or variability, wind turbine inertia causes the
calculated—or predicted—power generation to be less accurate to the actual power
generated. This contributes to some uncertainty in the procedure results. To increase the
accuracy of calculated wind power generation, the next step is to define turbine inertia
depending on the turbine model and find a method to integrate this factor into the
generated wind power formula.

● Add a capacity cap to the running total calculated in Procedure Section 4.3 step 4. This
can ensure that the storage capacity is not exceeded and the stored power at each time
step is accurately simulated. The excess power cut off by the cap is filtered out of the
system, and this capacity cap is based on the minimum storage capacity calculated in
Section 4.3 step 1.

● This procedure determines the total annual generated power shortage (kWh)
corresponding to the minimum storage capacity needed to maintain service availability
and the total annual power surplus (kWh). The greater the ratio of annual power surplus
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to shortage as shown in Table 26, the more certainty that stored power will be available
for every period of power shortage regardless of length. Proposed high-VRE systems are
expected to have a high ratio due to variability in power generation and design for
minimal shortage, however this ratio can have a defined minimum to ensure adequate
stored power during shortages, particularly long ones such as the daily solar shortage.

● The load, wind speed, solar irradiance, and ambient temperature variables used in this
evaluation will not experience the same trends long-term due to population growth,
electric demand changes, the progression of climate change and other factors. For this
evaluation to remain accurate in predicting long-term reliability factors, a time-based
growth factor can be developed and applied to each of these data sets depending on
predictive models for the change these variables will experience. Several existing
projections of future global average temperature are accurate (Buis 2021) and can be used
to create this growth factor for ambient temperature. Location-based projections on future
load, wind speed, and solar irradiance may also be available—or possible to develop—to
create associated growth factors.

8.4 Perform Additional Validation of this Evaluation:
● Find known Flinders Island data to compare to the Flinders Island evaluation results and

calculate error to approximate the accuracy of the evaluation.
● Apply this evaluation to existing USACE facility energy microgrids and compare the

evaluation results to actual data from the operating system. Calculate error between these
results and the data to approximate the accuracy of the evaluation.

8.5 Build Additional Clean and/or Renewable Sources Into this Analysis :
● This procedure has the potential to be expanded to evaluate proposed energy systems

with clean and/or renewable sources other than solar panels and turbine-based wind
power.

○ Controllable or Semi-Controllable:
■ Hydropower
■ Geothermal energy
■ Biomass energy

○ Variable:
■ Non-turbine based wind power
■ Wave energy collectors
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9. Appendices
9.1 Current High-VRE Systems Comparison:

Figure 12 and the table below summarize a comparison between the critical qualities of several
existing systems that are highly isolated and high-VRE. This data provides an understanding of
the capabilities of current systems; a benchmark to construct models and create measurable
standards that are ambitious yet reasonable based on system needs as well as current system
capabilities. While it was not possible to gather significant data on many of the existing
high-VRE systems found, this helped identify some of the system parameters that must be
known and evaluated in order to determine reliability in terms of load, power generated, service
availability, and storage power / capacity needed to ensure service availability.

Figure 12: System Size vs VRE % Plot of Current Systems ()

Table 27: Comparative Characteristics of Current High-VRE Isolated Systems
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9.2 Additional Generated Power / Load Difference Charts and Diagrams for Flinders Island

Table 28: Power Generated / Load Difference - Noise-Free Load Model

Table 29: Power Generated / Load Difference - Randomized Noise Load Model
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Table 30: Power Generated / Load Difference - Normal Distribution Noise Load Model

Figure 13: Flinders Island Annual Load Profile (El-Bidairi 2018)
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Table 31: Additional Wind Turbine Specifications (El-Bidairi 2018)

9.3 Proposed System Forecasting Accuracy Recommendation:

NRMSE, or Normalized Root Mean Square Error, is a measure of error that can be used to
determine the accuracy of a forecasting system (Zhang 61). This calculation can be used to
evaluate the accuracy of any forecasting method given that you know the predicted power input
and the actual power input after the time horizon has passed. The lower the NRMSE, the less
error between predicted and actual power input and the more accurate the system is.

Equations 16 and 17: Normalized Root Mean Square Error

Here is an example of several forecasting methods evaluated using NRMSE (Zhang 2017).

Figure 14: NRMSE of Several Forecasting Systems based on ODE Order
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Good forecasting accuracy leads to a reduction in voltage violations for several applications, as
shown in Figure 15 (Zhang 2017).

Figure 15: Voltage Violation With vs Without Forecasting for Different Systems

Accurate generated power forecasting improves a system’s ability to respond to load and
generated power changes, reducing voltage violations and decreasing chance of failure. It is
recommended that the accuracy of this short-term forecasting does not exceed a specified
maximum normalized root-mean square error (NRMSE) as calculated by Equations 16 and 17.
The lowest NRMSE a system can reach depends on length of the time horizon—or period of
time forecasted ahead—chosen for the proposed integrated system. A NRMSE maximum
standard has been developed based on current forecasting system accuracy capabilities shown by
existing data.

Figure 16: Predicted Trend in Current System NRMSE Values and NRMSE Maximum Standard
as Time Horizon Changes
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Figure 17

This plot of measured NRMSE data from current forecasting systems shows that the predicted
trend in Figure 16 is accurate, and the change in NRMSE with time horizon for each forecasting
method closely matches a logarithmic function. This means that other forecasting systems will
likely follow a similar trend and the NRMSE maximum standard can also be dependent on the
time horizon by a logarithmic function. For proposed integrated systems, NRMSE should be as
low as possible but not unreasonably low as to surpass current system accuracy capabilities. To
achieve this, a model is shown by the bolded blue line in the plot above. Equation 18 from the
plot represents the recommended maximum NRMSE that any proposed system’s short-term
forecasting method should have based on its time horizon.

Equation 18:
𝑁𝑅𝑀𝑆𝐸 = 0. 05𝑙𝑛(𝑡) + 0. 05

𝑡 = 𝑇𝑖𝑚𝑒 𝐻𝑜𝑟𝑖𝑧𝑜𝑛 (𝑚𝑖𝑛)

9.4 Project Technical Approach, Process and Milestones:

1. Define reliability and robustness characteristics

Use existing knowledge and sources on reliability and robustness in electrical systems to create a
set of system characteristics that encapsulate both reliability and robustness. These will be the
characteristics with developed measurable standards that will be evaluated in new integrated
systems.
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2. Determine needed conditions and variables, parameters of proposed integrated systems

Each proposed integrated system has several known or defined characteristics in order to be
evaluated with the listed methods and procedure, so this step lays out these characteristics. It also
gives an overview of the system’s evaluated parameters.

3. Conduct research and comparative analysis into existing high-VRE electric systems

Current isolated high-VRE electric systems can show me a lot in terms of current system
capabilities and the reliability and robustness potential of a high-VRE system, based on the
variability of the system among other factors. This step encompasses in-depth research on these
current systems and a comparative analysis that can be used to set standards for newly developed
and proposed systems.

4. Create measurable standards

Using results from the analysis of existing systems, existing standards and differences in
high-VRE systems, create measurable standards for each of the evaluated parameters of new
integrated systems. These standards may be universal to all proposed systems or dependent on
known system characteristics.

5. Determine methods of evaluation for new integrated systems

New integrated systems can be evaluated for these standards, so this section will determine
which methods of evaluation to use to evaluate these systems.

6. Create recommendations and next steps to expand on work

In the event of any incomplete standards or testing methods, this section creates
recommendations on how to continue this work and create a complete set of guidelines for
evaluation of integrated systems.

7. Write final report detailing the standards and evaluation methods needed to validate
proposed high-VRE integrated energy systems

Schedule & Milestones:

Task 2-21 2-28 3-7 3-14 3-21 3-28 4-4 4-11 4-18 4-25 5-2 5-9 5-16 5-23 5-30 6-6
1
2          
3
4          
5          
6          
7          
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