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Background
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What is an Energy Yield Assessment?

Preconstruction Data
- Reanalysis
- Land Survey
- Turbine Information

Consultant 
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- AEP Annual Energy 
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Post-Construction (OA)

https://github.com/NREL/OpenOA/blob/develop/Open%20OA%20Final%20Logos/Color/Open%20OA%20Color%20Transparent%20Background.png?raw=true
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Plant Loss Categories in EYAs
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Potential bias in EYA P50
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Pre-construction:

“How much energy will my wind 
plant produce if I build it?”

Annual Energy Production (AEP) P50: 
50th percentile estimate of how much 
electricity will be produced in a year.

The actual energy produced by the plant 
may not line up with this estimate. How 
accurate are these estimates? Is there an 
industry-wide bias? 



NREL    |    6

PRUF Benchmarking Initiative

Lunacek et al. 2018

Lunacek et al analyze 56 
wind power plants and find a 
bias of 6.4% for projects 
commissioned after 2011.
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PRUF Benchmarking Dataset

Todd et al. 2022

Consultant 
Disagreement

Project-to-
project 
Variation
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P50 “Gap Analysis”

Todd et al. 2022

- Todd found no average bias (slight negative bias) in the PRUF 
dataset, but found a large spread in bias of loss estimates. 
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Unresolved Question

• Question: Which loss categories, if their estimation was 
improved, would have the greatest impact on improving AEP 
estimation?

• Approach:
– Focus on EYA variability only instead of EYA-OA Bias
– Apply sensitivity analysis to quantify the impact.

• Summary Statistics
• OAT Sensitivity Analysis
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The Data
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Plant Loss Categories
- Each violin is a wind power plant

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿 = 1 − � 1 − 𝑥𝑥 | 𝑥𝑥 ∈ 𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿𝑒𝑒𝐿𝐿

Π
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Net Capacity Factor

𝑁𝑁𝑒𝑒𝑇𝑇 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹
= 𝐺𝐺𝐹𝐹𝑇𝑇𝐿𝐿𝐿𝐿 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹 ∗ (1 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿)

These quantities are 
efficiencies, not losses.

Π



NREL    |    13

Problem Overview

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿 = 1 − � 1 − 𝑥𝑥 | 𝑥𝑥 ∈ 𝑃𝑃𝑇𝑇𝑇𝑇𝑃𝑃𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿𝑒𝑒𝐿𝐿

𝑁𝑁𝑒𝑒𝑇𝑇 𝐸𝐸𝑃𝑃𝑒𝑒𝐹𝐹𝐸𝐸𝐶𝐶 = 𝑁𝑁𝑇𝑇𝑁𝑁𝑒𝑒𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒 ∗ 8760 ∗ 𝑁𝑁𝑒𝑒𝑇𝑇 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹

𝑁𝑁𝑒𝑒𝑇𝑇 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹 = 𝐺𝐺𝐹𝐹𝑇𝑇𝐿𝐿𝐿𝐿 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹 ∗ (1 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿)

Net Capacity Factor is the quantity 
of interest (QOI)

- Normalized by nameplate
- It is in units of %

Questions:

1. Which loss categories, if their estimation was improved, would have the greatest 
impact on improving AEP estimation?

2. Which loss categories contribute most to the…
a) Project-to-project variability of the net capacity factor?
b) Consultant disagreement of the net capacity factor?

Loss Relation:
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Project-to-project variation



NREL    |    15

Project-to-Project 
Variation

Standard deviation of project means:

+ Basic statistics
+ Simple interpretation
+ Meaningful units
- Does not take consultant-to-
consultant disagreement into account
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Project-to-Project 
Variation

One-Way ANOVA Kruskal-Wallis:

+ Takes consultant-to-consultant 
disagreement into account
+ Nonparametric, no violated 
assumptions (data is heteroscedastic, 
as we will see next)
- H-statistic is hard to interpret

”probability that 
the population 
mean is the same 
for all projects”
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Project-to-Project 
Variation Summary

1. Which loss category is most important in 
determining the magnitude of net energy?

More VariationLess Variation



NREL    |    18

Consultant disagreement
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Consultant 
Disagreement

Standard deviation of each project-
loss, keeping the projects separated.

+ Basic statistic, easy to interpret
+ Provides us with a sense of how 
difficult the metric is to predict.
- Does not take into account how the 
losses will ultimately impact net 
energy.

- On average, the disagreement in total loss is larger than the disagreement in gross.
- Of the plant loss categories, Wake, Environmental, and Turbine have the most disagreement.

Key Findings
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Sensitivity Analysis 
(Add One In)

𝑁𝑁𝑒𝑒𝑇𝑇 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹 = 𝐺𝐺𝐹𝐹𝑇𝑇𝐿𝐿𝐿𝐿 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶𝐶𝐶𝑇𝑇𝐶𝐶 𝐹𝐹𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐹𝐹 ∗�𝐿𝐿𝑇𝑇𝐿𝐿𝐿𝐿𝑒𝑒𝐿𝐿

“The standard deviation of 
the total loss if every other 
loss was known perfectly.”

How can we combine these perspectives to 
understand the source of uncertainty in the 
net energy estimate?

(If we assume normality and no 
intra-category correlation, this can 
be done analytically, with 
uncertainty propagation, as 
standard deviation scales with the 
magnitude.)
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Sensitivity Analysis 
(Add One In)

Less ContributionMore contribution

Disagreement in gross 
energy has similar impact as 
the total loss to the 
disagreement in net energy.

Wake effect, turbine, and 
environmental losses are 
the categories with the 
largest impact on consultant 
disagreement.

Key Findings
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Summary
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Summary

Project-to-project variation

1. Standard deviation of the means of 
project losses

2. ANOVA (Kruskal-Wallis)

Key Findings:
Gross capacity factor has greater project-to-project variation 
then total losses.

Wake, Turbine, and Environmental have the most project-to-
project variation among the plant losses.

Consultant Disagreement

1. Standard deviation of project losses
2. OAT Sensitivity Analysis (standard 

deviation of net capacity factor)

Key Findings:
Gross capacity factor and total losses have similar consultant 
disagreement.

Disagreement in gross capacity factor has a greater impact on the 
net capacity factor disagreement due to its relative magnitude.

Of the plant loss categories reducing disagreement; Wake, 
Turbine, and Environmental losses would have the biggest impact 
on reducing the disagreement in net energy.
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