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Problem Statement

• Uncertainties in PV system performance and 

reliability impact business decisions

– Project cost  and financing estimates

– Pricing service contracts and guarantees

– Developing deployment and O&M strategies

• Understanding and reducing these uncertainties 

will help make the PV industry more competitive

• Performance has typically been estimated without 

much attention to reliability of components

• Tools are needed to assess all inputs to the 

value proposition (e.g., LCOE, cash flow, 

reputation, etc. …)



Goals and Objectives

• Develop a stochastic simulation model (in 

GoldSim) that can represent PV system 

performance as a function of system design, 

weather, reliability, and O&M policies.

• Evaluate performance for an example system to 

quantify sources of uncertainty and identify 

dominant parameters via a sensitivity study.

• Example System:

– 1 inverter

– 225 kW DC Array latitude tilt (90 strings of 12 modules {1080 

modules})

– Weather from Tucumcari, NM  (TMY2 with annual 

uncertainty)



Example PV Array



Model Design



PV Performance Model



Sandia Array Performance Model



Reliability Model Structure



PV Inverter Level



PV String Block Level



PV String Level



PV Module Level



PV Submodule Level

Each module has 4 bypass diodes represented



Reliability Inputs

Reliability Model Parameters:

• Failure Rate (Poisson process)

• Repair Time

Represented Components:

- Grid

- Inverter

- String blocks

- Strings

- Modules

- Bypass diodes



Example Simulation

• Single inverter

• 225 kW DC Array

• Weather from Tucumcari, NM (TMY2)

– Annual uncertainty 95% confidence interval +/- 9%

• Results are annual energy (normalized to ideal 

system output)

0.91 1.09Irradiance Uncertainty



Inverter Reliability

• Causes

– Trips requiring manual resets, capacitor failure, fan, etc…

• Failure Rate

– Distribution: Exponential

– Mean: Uniform [1/3 to 1 per year]

• Repair Time

– Distribution: Lognormal

– Mean: Uniform [1 to 3 days]  (max simulated = ~15 days)

0 6 yr-1

0 15 days



String Block Reliability

• Causes

– Combiner box, connections, fuses, rodent damage…

– Future runs: tracker problems?

• Failure Rate

– Distribution: Exponential

– Mean: Uniform [1/270 to 5/270 per year]

• Repair Time

– Distribution: Lognormal

– Mean: Uniform [1 to 2 days]  (max simulated = ~8 days)

– Failure at this level would cause a ~10% reduction in system 

output and would be noticed in daily monitoring.

0 0.1 yr-1

0 8 days



String Reliability

• Causes

– connections, arc fault, fuses, rodent damage,…

• Failure Rate

– Distribution: Exponential

– Mean: Uniform [1/2700 to 5/2700 per year]

– Basis: 2700 strings, 1-5 failures a year

• Repair Time

– Distribution: Lognormal

– Mean: Uniform [1 to 6 months]  (max simulated = ~9 months)

– **Failure at this level will not be easy to detect except during 

annual or biannual inspections, thus the long repair times…

** String level monitoring would affect repair time distribution

0 10 months

Repair Time Distribution



Module Reliability

• Causes

– Junction box, physical damage, arc fault, etc.

• Failure Rate

– Distribution: Exponential

– Mean: Uniform [1/6000 to 1/500 per year]

– Basis: range found in literature search (MTBF 500-6000 yrs)

• Repair Time

– Distribution: Lognormal

– Mean: Uniform [1 to 6 months]  (max simulated = ~9 months)

– **Failure at this level will not be easy to detect except during 

annual or biannual inspections, thus the long repair times…

– Physical damage may be identified early (not currently 

represented)



Bypass Diode Reliability

• Causes

– Failure leads to module degradation in increments of 25%

• Failure Rate

– Distribution: Exponential

– Mean: Uniform [1/200 to 1/50 per year]

– Basis: Expert guess…

• Repair Time

– No repair is simulated.  Is this reasonable?

• This failure rate represents module degradation rates from 0.4% to 

2% per year



Example Model Results

• Monte Carlo simulation with 100 realizations

• Result is actual performance / ideal performance

• Uncertainty is evaluated



Sensitivity Analysis

• Parameter sensitivity was evaluated using 

stepwise regression techniques.

•Weather (irradiance) uncertainty, bypass diode 

and inverter reliability account for almost 40% 

of variance in performance.



What are the Correct Modeling 

Assumptions?? 

• Model results are driven by assumptions and 

parameter distributions.

• Reliability data from fielded systems is difficult to 

obtain and share.

• Representing this data as uncertainty 

distributions may help to uncover sensitivities 

otherwise obscured by uncertainty.

• How can such a modeling approach add value to 

the PV industry?



Next Steps

• Simulate full system lifetime (30 years+)

• Examine range of O&M scenarios and policies

– Define representative failure rates and repair times

– Identify correlations between failure and weather conditions?

• Simulate financial costs and revenues in model 

– Labor rates, track inventory of spare parts, etc…

– Include time of use rates

• Develop derate models (e.g., soiling)

– Soiling vs. cleaning frequency

• Obtain inputs from industry

– Very Important!



Thank You

Questions…


