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Luminate is a leading firm in solar resource selection, energy assessments, and independent

engineering reviews in support of the development, financing, construction, M&A, and operations

of solar photovoltaic (PV) generating facilities.  Providing accurate and reliable solar energy

production forecasts is central to our technical due diligence efforts, given that electric energy

generation is typically a primary source of project revenue and the largest driver of project value.

As an independent entity, our energy modeling is underpinned by our research, experience, and

vast operational data.  We endeavor to use the most technically sound information available and

to set aside optimistic or conservative views that may or may not support project economic

assumptions.
 

Recent publications and industry data point to historical underperformance of solar projects,

relative to original energy forecasts, due to a variety of factors.  Further, the passage of the

Inflation Reduction Act in 2022 opened the door to tax equity investment in Production Tax

Credits (“PTCs”), whereby PTCs are earned over time as the solar photovoltaic facility generates

electric energy, further emphasizing the need for accurate generation forecasts.  As solar PV

deployments continue to expand throughout the U.S., it is critical that owners and investors have

a reliable view of project performance expectations, particularly in the face of ever-changing

market dynamics. 

It is with these considerations in mind, and as part of our ongoing investment and dedication to

the sector, that we have undertaken this validation study to assess how well our historical pre-

operational energy assessments have aligned with actual system performance and to investigate

any areas of potential modeling bias in our methods. 

Executive Summary



On occasion, our clients provide operating data from projects for which we previously conducted

a pre-operational energy assessment.  Using this operating data, we can review the performance

of projects as benchmarked against our original energy forecasts based on modeling techniques

used at the time the forecast was prepared.  We can utilize this historical benchmarking to

determine if ongoing improvements in our forecasting methodology are accurately employed or if

revisions to an assumption or process are warranted.  
 

In this study, we consolidate the results of our review of 29 solar sites to identify overall plant

performance, any potential causes for variance from our original model, and any observable bias

in our modeling assumptions.  Considerations based on project vintage and location were also

considered.

Introduction



To ensure this study is broadly relevant, it is important that the projects are representative of

typical sizes, locations, and design configurations that are employed in the solar power industry

today.  The projects we studied ranged in size from approximately 2.5MW       to 250MW       with

an aggregate capacity of 1.6GW       The study represents both crystalline silicon and thin film

module technologies with project commercial operation dates ranging between 2014 and 2020.  

The data included in the study represents a total of approximately 94 operating years. 

The distribution of the

commercial operation

date of the projects

for which we analyzed

is shown in Figure 1.

The projects also represent a

wide spatial variety across

the United States, allowing

the findings of this study to

be reasonably representative

of our modeling approach

across the U.S., as shown in

Figure 2.

Figure 1, Projects grouped by the first year of commercial operations

Figure 2, Projects grouped by region
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Each project review compared actual, operational energy production against our original P50

energy forecasts developed at or around the time that commencement of commercial operations

occurred.  Our approach was individualized to account for each project’s attributes and operating

dataset.  In our analysis, we evaluated irradiance, availability, and degradation corrections,

followed by a comparison of the expected monthly P50 to the average actual production for each

month.  For the purposes of this analysis, any curtailment information made available to us was

also corrected for, similar to our treatment of availability/downtime.  While not discussed in detail

as part of this study, our original energy forecasts assumed degradation rates for the projects,

and we corrected each dataset for these rates (on average the forecast degradation rates were

approximately 0.5-percent annually).  All appropriate corrections were applied to each of the 29

projects we reviewed, resulting in our calculation of energy modeling error without undue

influence of variability originating from solar resource or availability/curtailment.  With modeling

error isolated, we were then able to investigate potential causes of error and/or any biases in our

assumptions and methods employed at the time the original energy assessment was developed.

Study Approach

Solar
Resource
and
Availability

Our analysis included an irradiance correction which we

implemented by comparing the actual irradiance received by a

project to the typical irradiance for that project’s location and

design.  This correction was applied by comparing the long-term

typical irradiance from a satellite irradiance source to the

irradiance during the analysis period from the same source.

While several project datasets included on-site irradiance

measurements during the period of operation, we find that this

instrumentation and data are usually less reliable and require

comparison to another long-term dataset (i.e., usually satellite

data) to determine deviation during the period of record.  Use of

the same satellite source for both the long-term averages and

period of record generally reduces uncertainty associated with

the resource correction process. 

The process of calculating modeling bias is dependent upon the accuracy of the input irradiance

and availability data.  Although the quality of this data cannot be guaranteed, we take reasonable

measures to assess data quality prior to use within the validation study as part of our standard

diligence.  Due to difficulties in precise measurement and quantification, project operational

availability can be a leading source of uncertainty in operational reviews.  Errors in availability

data impact the final availability-corrected generation, resulting in uncertainty around the final

modeling bias.



The average modeling bias across the 29 projects reviewed was 2.7 percent.  This bias indicates

that, on average, our energy forecasts have previously been 2.7 percent higher than actual

generation, which excludes project availability and irradiance assumptions.  Figure 3 shows the

distribution of the results. 

Results

Of the total amount of operational years that

are represented in the dataset, 61 percent

are years 1 and 2, 19 percent are year 3, and

the remaining 20 percent are years 4, 5 or 6.  

Availability is also influenced by the

presence in the dataset of a group of

projects with a known serial defect that

would not typically be found in projects.  

With these projects removed from the

result, the average availability was 97.8

percent. 

We also tabulated the reported availability

for each project.  On average, actual

availability was 97.5 percent, approximately

1.5 percent lower than the typical 99

percent assumed for a project of standard

design and operations plan.  Generally, the

data points in our study are weighted toward

the initial operation of systems and are

influenced by early life project availability;

therefore, this result is not representative

of long-term operation of systems.  

Figure 3, Histogram of the operating review results of the projects



On-site irradiance averaged 2.2 percent less than forecasted irradiance over the period of review,

indicating that the period of review was coincidentally lower than typical irradiance periods at the

selected project locations.  We attribute this to the fact that nearly half the projects we studied

are located in the southeastern U.S., which is known to have experienced lower than average

irradiance in the 2017‑2020 timeframe, as shown in Figure 4.  Indeed, irradiance

underperformance was most notable for the projects in the southeast, which weights the overall

irradiance across the portfolio toward underperformance. 

Figure 4, Solar irradiance GHI departure from normal for the US by year, 2017-2020
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We found that our historical modeling accuracy was within 2.7 percent of our original P50

forecasts, which was within the margin of error and aligned with other leading providers at the

time the estimates were rendered; however, we acknowledge further improvements are needed.  

Since 2020 (i.e., subsequent to the original forecasts presented in this study), we have

implemented further refinements to our modeling techniques to reduce the gap between pre-

operational forecasts and actual energy production.  These innovations primarily come from

improved shading and terrain modeling as well as accounting for sub-hourly losses inherent in

hourly based energy simulations.  While now industry standard, sub-hourly adjustments were

previously not incorporated due to the lack of available data.  We have also incorporated

adjustments to our solar resource selection process and availability projections based on overall

findings in the operating data.

As discussed, difficulties in the measurement and calculation of project availability may result in

bias to the results of the operating review.  Availability is typically reported on the basis of

component downtime. By focusing only on failures resulting in downtime, instances of availability

loss in the form of reduced efficiency, equipment derates, or partial component failures are left

unaccounted for.  Tracker calibration and DC string/combiner health are common examples of

availability losses that are difficult to quantify and usually not accounted for in availability

statistics provided to us.  We assume that the operational efficiency of DC components and

trackers is 100 percent in our energy assessments, as is typical of the industry and promoted by

the equipment suppliers.  In reality, we acknowledge that perfect upkeep of subcomponents is

unlikely.  Similar tracker and DC health issues were often anecdotally documented across the

projects that we reviewed, although lost energy was likely not quantified or accounted for in the

reported availability.  Because it may not be quantified as a part of availability, underperformance

due to DC equipment health can end up quantified as modeling bias in our review, potentially

inflating the error that we categorize as modeling.  

In principle, it matters little whether a project underperforms due to modeling error or

unidentified component inefficiency, as either explanation may have lasting financial impacts to

project stakeholders.  We continue to study these sources of underperformance for potential

consideration in pre-operational energy assessments and urge the industry to employ more

robust and consistent availability data collection and reporting practices.

Discussion



Early solar project development (concentrated in the desert southwest) focused on flat sites

with minimal tree shading.  Over the years, development has trended toward sites that have more

undulating and shaded landscapes, often amid tree and shading features that were not

appropriately accounted for until recently.  We have updated our modeling standards to review

potential impacts of terrain and trees in all models.  We produce fully actualized 3D shading

models to ensure these energy impacts are included in every energy forecast as standard

practice.  This fully realized shading analysis was not included in the energy modeling for the

projects in this review, and we estimate that shading losses were under accounted for.  Because

shading losses are not quantified in the 29 projects as part of this study, we evaluated a random

sampling of 10 recent projects for which we modeled energy and tallied the modeled shading

losses.  Among these 10 recent projects, we found an average terrain and shading impact of -1.7

percent, ranging from 0 percent shading loss to nearly six percent loss in terms of total expected

energy output, as shown in Table 1.

Further, the industry has traditionally relied on energy modeling based on hourly timescales.  

However, analysis in the last few years has shown a bias in production modeling on an hourly

basis as compared to a sub-hourly basis.  This bias is often related to production limits at high

irradiance levels as a result of AC power limitations which are lower than the project’s DC power

capacity and can result in losses of approximately 0.5 to 4.0 percent depending on project design

and location.  The original energy models of the projects included in this validation study did not

include sub-hourly loss calculations; however, we now quantify this error as standard practice in

all our energy models.

We estimated the sub-hourly losses for the projects in this validation study as a function of

project DC:AC ratio and resource variability.  The specific correlations and resulting loss curves

were calculated as part of a presentation on sub-hourly losses for the NREL Reliability Workshop

2022 .  This analysis resulted in an average 1.2 percent loss to projects in the validation study.

The average and range of estimated sub-hourly impacts on the projects are shown in Table 1. 

A breakdown of the analysis results, including the initial overall operating bias in the dataset, the

resource and availability corrections that we applied, the overall average modeling bias, and the

estimated impacts of the terrain/shading and sub-hourly modeling adjustments are shown in

Figure 5.
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Given the impacts attributed to historically underestimated terrain/shading and sub-hourly

losses, we conclude that we have corrected a majority of the modeling bias in our historical

energy estimates.  We also undertook more rigorous analysis on solar resource selection to

ensure total irradiance is appropriately represented and have revised our standard assumptions

regarding availability projections.  We will continue to update our methods and validation as the

industry evolves to incorporate new technology, development approaches, and operational

strategies.  A summary of the bias of our previous estimates is presented in Figure 5.

Conclusion

Figure 5, Summary of operating results and modeling impacts

Figure 5 displays the total impact of each step of the validation study analysis.  The average base

operating bias of the 29 projects was -6.3 percent before accounting for the received irradiance

or availability (but after correcting for any curtailment).  As reported by the operators, losses due

to equipment availability were on average 97.5 percent versus the typical expectation of 99

percent, leading to a 1.5 percent correction to the base operating results.  Irradiance received by

the projects was on average 2.2 percent lower than what should be typical for the projects,

meaning the long-term irradiance should be expected to be higher than during the period of

review and thus some underperformance is due to normal irradiance variability.  This leaves the

operating results 2.7 percent lower than expected on average, which we categorize as our

identified modeling bias.
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Luminate is a leading firm in solar resource consulting and independent engineering services

in support of the development, financing, construction, M&A, and operations of solar power

generation. Our team is led by authorities in solar energy research, development, resource

and energy projections, and power project finance.  We provide the full complement of solar

resource consulting and independent engineering services in-house, providing for a

seamlessly integrated work product. We are experienced with all commercial technologies,

including trending technologies such as PERC, TOPCon, bifacial modules, and energy storage

employed in solar power.

About Luminate

Our experience is extensive and includes hundreds of utility scale and distributed solar

projects and portfolios comprising over 45 GW, ranging from rooftop / C&I installations to

the world’s largest utility-scale projects. We have worked with many of the leading sponsors

and investors in the industry.


