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ABSTRACT 
Evaluating the probability of failure of a product during the warranty is key to estimating the 
cost of its entire life cycle. PV modules are the most reliable elements of a PV system and their 
high reliability translates into long warranty periods (typically 25 to 30 years). The number of 
photovoltaic modules that fail during warranty and when they failed is an important issue to 
estimate Life Cycle Cost of photovoltaic modules. In this paper we propose a coupled degra-
dation-warranty model for PV modules. The proposed model is aimed to assess the probability 
of failure over time covered by warranty based on degradation data. This allows us to estimate 
the time of PV modules failure covered by the warranty. Although the warranty model has been 
applied to some forms of degradation and sales functions, our method can be applied to any 
real application. This allows the key parameters of the warranty to be obtained in a simple way. 
The required degradation parameters to fulfill warranty depends on the allowable ratio of war-
ranted elements. However, as main conclusion of the influence of degradation rates on war-
ranty is that it is not possible to fulfill 25 years of warranty if degradation rates are larger than 
0,8%/year. The required degradation rates values, for 25 years of warranty, will be lower than 
0,5%/year if the allowed warranted elements is in the range of 1%.  

1. INTRODUCTION 
Photovoltaic (PV) modules are often regarded as the most reliable elements of PV systems[1-
6]. Their high reliability is indirectly reflected in the power output guarantees, which are cur-
rently in the range of 25 years (and may reach 30 years in the near future). In fact, PV modules 
have a very low total number of returns [6]. The reason for returns is usually due to catastrophic 
failures, in line with their long warranty. However, it is also known that the performance of PV 
modules constantly decreases over time when deployed outdoors. The degradation causes are 
very different and a good review that summarize the different causes and its potential risks in 
terms of degradation can be found elsewhere [7]. 



 In this paper we analyze the warranty of photovoltaic modules taking into account the degrada-
tion of their power, as this is their main source of failure [8-11].There is an extensive literature 
on the degradation of photovoltaic modules related to several factors such as technology, quality 
or climatic conditions [12-15]. These studies show that the degradation of photovoltaic modules 
occurs in a very wide range depending on the factors described: from a minimum of 0,26%/year 
to a maximum of 2,3%/year [12] and this degradation can vary during their life. However, most 
manufacturers offer warranties in the same range: 25-30 years. With our analysis both manufac-
turers and customers will have a useful tool to evaluate if the photovoltaic modules comply with 
the warranties offered based on the degradation parameters.  

Based on our analysis, we derive upper bounds for power degradation rate to fulfil long term 
warranties and we compare these results with real degradation data. 

Warranty is a manufacturer's assurance issued to a buyer meaning that a product or service is 
or will be as represented [16]. There are three main elements in the warranty policy [17,18]: 

• Warranty period. This is the time during which the seller compromise to repair or replace 
a product that develops a fault. It is usually expressed in a time scale. However, for many 
products that are used intermittently (e.g. cars), the failure process is often more related to 
usage than to calendar time. 

• Failure coverage. Normally, a warranty covers all failures due to defective materials or 
workmanship. However, damage caused by conditions other than normal use, such as ac-
cident, abuse, or improper maintenance, are usually excluded.  

• Seller´s and buyer´s financial responsibility for warranty service. There are different war-
ranty policies: 

➢ Free replacement policy. When a product fails within the warranty period and failure 
coverage, it is repaired or replaced by the seller free of charge to the buyer and war-
ranted for the net remaining time. 

➢ Pro-rata replacement policy. Under this warranty, if an item fails before the end of the 
warranty period, it is replaced at a cost that depends on the age of the item at the time 
of the failure. This type of warranty is also sometimes called a partial warranty, since 
only a portion of the initial cost is covered. It is usually used for non-repairable items 
such as tires and batteries.  

➢ Combinations of free and pro-rata replacement policies. 

In the particular case of photovoltaic modules a free replacement policy is usually applied. 
Under this policy, any item that fails during the warranty period is repaired or replaced free of 
charge. In the case of PV modules we will assume that the product is non repairable and there-
fore if an item fails during the warranty period, 𝑊𝑊, it will be replaced. The replacement item 



is then warranted for the time remaining in the warranty period. Therefore, the number of fail-
ures during the warranty period and when these failures occur is key to evaluating the life cycle 
cost of the product.  

The warranty cost function depends on the number of failed items at each instant of time. It is 
therefore affected by both reliability and sales function. The latter corresponds to the time when 
the product begins to function. 

On the other hand, assessing the cost of a product warranty can be difficult due to the following 
issues: 

• A population of products can work in a wide variety of conditions of use that affect relia-
bility such as 

➢ Location. Related to environmental stresses. 

➢ Application. Related to working stresses. 

• Product reliability of different lots can vary considerably. 

• When a minor failure occurs (due to excessive degradation), the customer may return the 
product immediately for warranty repair or may wait unless the warranty is about to expire. 

• The warranty claiming process is strongly influenced by the customer´s subjectivity. 

• The population of products in service decreases over time, and manufacturers are often 
unaware of the number of failed units [19]. In warranty analysis, the sales volume is as-
sumed to be working population, but it can be an overestimated value of the number of 
units in service. In the case of automotive market this overestimation can be significant due 
devastating accidents but in the case of photovoltaic market this overestimation will be 
lower. 
 

Several contributions have addressed the issue of warranty before [16-18]. However, PV mod-
ules have their own specificities, the following being the ones that most seriously affect the 
cost of the warranty: 

▪ The warranty period of a photovoltaic module, 𝑊𝑊, is at least twenty years, which is 
much longer than the selling time of an item. In this sense, it is not possible to use 
the warranty models of the automotive or electronics industry, where the warranty 
time and the selling time are similar. 

▪ The new models of PV modules must be compatible with the previous ones so that 
they can be replaced. 

▪ Unlike other products in the automotive or electronics sectors, where use is inter-
mittent, the mode of operation of photovoltaic modules can be considered continu-
ous. The main difficulty arises when, depending on the location, working conditions 



can vary significantly, which in turn affects the reliability of the photovoltaic mod-
ule. In this paper we consider the influence of the location of the PV on the relia-
bility function assuming a series of trends of degradation of the power of the PV 
modules. 

This document is structured as follows. Right after the introduction, we establish the notation 
and a glossary of terms to facilitate reading in Section 2. The mathematical formulation of the 
model using this notation is presented in Section 3. Then in Section 4 we apply our warranty 
model to different scenarios. It is in this section, once we have presented the model, that we 
also include a comparison with previous results. Finally, we conclude with the most relevant 
aspects of our study. 

2.  WARRANTY EVALUATION MODEL NOTATION 
 

Firstly, we set the notation for our model: 

time parameters 

𝑡𝑡 (units: time − i. e. : years):time parameter whose origin represents when the first element, 
photovoltaic module in our case, is sold.  

𝜏𝜏 (units: time − i. e. : years): time parameter whose origin represents when a specific element, 
𝑖𝑖 element in Figure 1, is sold. This time parameter coincides with the working time, time that 
the element is operating, since we assume that the product starts working right after it is sold. 
Reliability parameters are related with working time of the specific element. It is necessary to 
consider that in the model each specific element will have a reliability function depending on  
𝜏𝜏 parameter. 

𝑊𝑊(units: time − i. e. : years): warranty period.  

𝐿𝐿 (units: time − i. e. : years): sales period.  

We have represented the time parameters in Figure 1. At 𝑡𝑡 = 0 the first element is sold and 
all the elements are sold at 𝑡𝑡 ≤ 𝐿𝐿. Therefore, in connection with the warranty claim we can 
conclude: 

• Elements failing before 𝑊𝑊,  𝑡𝑡 ≤ 𝑊𝑊, are covered by warranty. 

• Elements failing after 𝐿𝐿 + 𝑊𝑊, 𝑡𝑡 ≥ 𝐿𝐿 + 𝑊𝑊 are not covered by warranty. 

• Elements failing between these two periods, 𝑊𝑊 < 𝑡𝑡 < 𝐿𝐿 + 𝑊𝑊 will be covered by the 
warranty or not depending on when they were sold. 

 

 



  

Figure 1: Diagram showing the time parameters and their relationship. 

 

 

Reliability functions 

Although the reliability functions for PV modules have been extensively described in a previ-
ous paper by the authors [20], the main reliability functions we use in this paper are: 

𝑓𝑓(𝑡𝑡) (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 ∕ 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑓𝑓 − 𝑖𝑖. 𝑓𝑓. : 𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝−1): failure probability density 
function of elements sold at 𝑡𝑡 = 0. Describes the probability per unit of time that an element 
will fail assuming it has started working at 𝑡𝑡 = 0. Since it is a distribution function: 𝑓𝑓(𝑡𝑡) ≥ 0 
and ∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑡𝑡 = 1.∞

0  

𝐹𝐹(𝑡𝑡)(𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 − 𝑖𝑖. 𝑓𝑓:𝑢𝑢𝑝𝑝 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢): failure cumulative distribution function 
of elements sold at 𝑡𝑡 = 0. It is the probability of an element failing before a time t. 

 𝛾𝛾 (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 − 𝑖𝑖. 𝑓𝑓: 𝑢𝑢𝑝𝑝 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢): probability of an element failing during the 
warranty period, 𝑊𝑊: 𝛾𝛾 = ∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑡𝑡𝑊𝑊

0 . 

Sales function and elements sold 

𝑢𝑢(𝑡𝑡) (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢: 𝑑𝑑𝑓𝑓𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑝𝑝   𝑝𝑝𝑓𝑓  𝑓𝑓𝑝𝑝𝑓𝑓𝑡𝑡𝑓𝑓𝑢𝑢𝑡𝑡𝑢𝑢 𝑢𝑢𝑝𝑝𝑝𝑝𝑑𝑑 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡⁄ 𝑡𝑡𝑖𝑖𝑡𝑡𝑓𝑓: 𝑖𝑖. 𝑓𝑓. : 𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝−1 : sales probability 
density function. Since it is a distribution function: 𝑢𝑢(𝑡𝑡) ≥ 0 and ∫ 𝑢𝑢(𝑡𝑡)𝑑𝑑𝑡𝑡 = 1.∞

0  Because all 

elements are sold in the sales period, L: ∫ 𝑢𝑢(𝑡𝑡)𝑑𝑑𝑡𝑡 = 1.𝐿𝐿
0  

𝑆𝑆: Number of elements sold. 

More details of 𝑢𝑢(𝑡𝑡) are explained in section 2.1. 

Warranty functions. 



𝑣𝑣(𝑡𝑡) (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 ∕ 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑓𝑓 − 𝑖𝑖. 𝑓𝑓. : 𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝−1): failure density function for 
a set of products sold following a specific sales density function, 𝑢𝑢(𝑡𝑡). Compared with  𝑓𝑓(𝑡𝑡) ,
𝑣𝑣(𝑡𝑡) is delayed from 𝑓𝑓(𝑡𝑡) because the elements only start working after they are sold and not in  
 t = 0. This function describes when products fail if they have been put to work following 
a sales density function, 𝑢𝑢(𝑡𝑡), and therefore 𝑣𝑣(𝑡𝑡) depends on both 𝑓𝑓(𝑡𝑡) and 𝑢𝑢(𝑡𝑡). Again, 
since it is a distribution function: 𝑣𝑣(𝑡𝑡) ≥ 0 and ∫ 𝑣𝑣(𝑡𝑡)𝑑𝑑𝑡𝑡 = 1.∞

0  

𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 ∕ 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡 𝑡𝑡𝑖𝑖𝑡𝑡𝑓𝑓 − 𝑖𝑖. 𝑓𝑓. : 𝑝𝑝𝑓𝑓𝑝𝑝𝑝𝑝−1) : failure probability 
function for elements in the warranty period. Failure function covered by warranty for a set of 
elements sold following a specific sales function 𝑢𝑢(𝑡𝑡).  This function selects from 𝑣𝑣(𝑡𝑡) only 
those elements that are covered by warranty. As not all items that fail are covered by war-
ranty, 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) is not a distribution function However it holds that: 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) ≥
0 and ∫ 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡)𝑑𝑑𝑡𝑡 ≪ 1∞

0 .  

𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) (𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑡𝑡𝑝𝑝 𝑝𝑝𝑓𝑓 𝑓𝑓𝑝𝑝𝑖𝑖𝑝𝑝𝑢𝑢𝑝𝑝𝑓𝑓 − 𝑖𝑖. 𝑓𝑓: 𝑢𝑢𝑝𝑝 𝑢𝑢𝑢𝑢𝑖𝑖𝑡𝑡𝑢𝑢) : cumulated failure probability 

function of elements failed in warranty period. 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) = ∫ 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡)𝑑𝑑𝑡𝑡𝑡𝑡
0 . 

In Table 1 we collect the definition of all these quantities for reference. 

Parameter Definition 

𝑡𝑡 Time when the first PV is sold. 

𝜏𝜏 Time when a generic PV is sold 

𝑊𝑊 Warranty period 

𝐿𝐿 Sales period 

𝑓𝑓(𝑡𝑡) Failure probability density function 

𝐹𝐹(𝑡𝑡) Failure probability cumulative density function  

𝛾𝛾 Probability of failure during warranty period 

𝑢𝑢(𝑡𝑡) Sales probability density function 

𝑆𝑆 Number of sold elements 

𝑣𝑣(𝑡𝑡) Failure probability density function given a specific sales function 

𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) Failure probability function for elements in the warranty period 

𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) Cumulated failure probability function of elements failed in warranty period 

Table 1: Definition of the main parameters used in the model. 

 

The following section describes the most important issues related to the sales function. 



2.1. SALES FUNCTION 
From a marketing point of view, the product life cycle is defined as the curve representing the 
unit sales of a product from its date of entry into the market until its removed. In this traditional 
form, the product life cycle describes sales over time and is usually characterized by the fol-
lowing five phases [21]: 

• Phase I: Introduction phase, when a new product is launched and sales are generally 
low. 

• Phase II: Growth phase, when the sales grow quickly. 

• Phase III: Maturity phase. During the maturity phase sales peak and the sales are 
roughly stable. 

• Phase IV: Decline phase, when sales decrease until the product is removed from the 
market. 

• Phase V: Phase-out stage, occurs when the manufacturer decides to stop the production 
of the product. 

The sales function with these different phases depends on each specific product. In this regard, 
the Electronic Industries Association (EIA) [21] has defined the normal distribution as their 
standardized product life cycle curve. In this curve the mean value corresponds to the instant 
of time where the sales are maximum and the standard deviation is defined as the limit between 
different phases [22].  

In Figure 2 we show an example of a product life cycle and its corresponding normal distribu-
tion with the different phases. 

 
Figure 2: Sales function with the four different product life cycle phases. Sales values and time period 

depend on the specific product. Example of sales function (blue) and its normal distribution fit (or-
ange), 𝜎𝜎 is the standard deviation of sales normal distribution. 



Although each product has a different life cycle, in most cases they follow these five stages. 
Here we define the sales function, 𝑢𝑢(𝑡𝑡), that represents the sales distribution function with re-
spect to time. If the sales period -including the five stages- is 𝐿𝐿, the total volume of sales 𝑆𝑆 
renders: 

𝑆𝑆 = 𝑆𝑆 ∫ 𝑢𝑢(𝑡𝑡)𝑑𝑑𝑡𝑡𝐿𝐿
0                               (1) 

In our approach we make the following assumptions related to the sales function: 

• As stressed, due to the extremely long warranty periods of PV modules, we assume that: 
𝑊𝑊 ≫ 𝐿𝐿. 

• We focus our analysis to three different forms of the sales function: normal, constant and 
instantaneous (i.e. Dirac-delta type), to cover a wide range of possible scenarios. 

3. WARRANTY MODEL DEVELOPMENT 
 
With the warranty claim model we use in this work we can obtain relevant information such as 

1. The number of modules failing during the warranty period: 𝛾𝛾. This factor is very im-
portant for evaluating the warranty costs associated with PV modules and it will be 
evaluated from the degradation parameters. Therefore, one can set an acceptable per-
centage of unit failures in terms of warranty cost and manufacturer reputation. 

2. The failure probability function for products in the warranty period, 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡), 
which informs us when the modules under warranty fail. This function is very important 
from the point of view of spare parts logistics. 

Taking into account these considerations, our model focuses on evaluating both the number of 
items that fail in the warranty period, 𝛾𝛾, and the failure times, 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡). We develop our 
model in the following sections. 

3.1.  EVALUATION OF THE PERCENTAGE OF MODULES THAT FAIL IN WAR-
RANTY PERIOD 

 
Notice that the cumulated failure probability during the entire warranty period, 𝑊𝑊, does not 
depend on when a specific element is released, 𝑢𝑢(𝑡𝑡). Hence, 𝛾𝛾 can be obtained from the failure 
probability density function, 𝑓𝑓(𝑡𝑡) directly:  

  𝛾𝛾 = ∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑡𝑡𝑊𝑊
0                             (2) 

This allows to estimate the expected number of elements to be claimed during the warranty 
period in a straightforward manner. 

To evaluate not only how many elements fail, but also when they fail during the warranty 
period, we define the time distribution of returned modules in warranty period: 𝑣𝑣𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡). 
This is the failure probability density function within the warranty period taking the origin of 



times at the time the first element is sold. To evaluate this function, we make the following 
assumptions: 

• Elements are put into use immediately after purchase and therefore the sales function, 𝑢𝑢(𝑡𝑡), 
coincides with the time function of when the product starts working. 

• Free replacement policy. When an element fails within the warranty period, the seller will 
either repair or replace it at no charge to the buyer. As assumed, photovoltaic modules are 
not repairable; they are replaced directly. 

• The warranty period, 𝑊𝑊, exceeds the sales period, 𝐿𝐿, due to the long warranty period of PV 
modules.  

• A replaced element will not fail again, and the replacement time of a failed element is 
negligible compared to its failure time. This assumption is realistic if we analyze 𝐹𝐹(𝑡𝑡) dur-
ing the warranty period. 

• The products are high quality manufactured and therefore infant failures will be neglected. 
• The predominant failure mechanism is degradation, as it has been observed by several au-

thors [8-15].   
 

In our model, two time parameters with different origin are relevant, see Figure 1: 

• 𝑡𝑡, whose origin is set when the first element is sold. 
• 𝜏𝜏, which is 0 when the specific element under consideration is sold. Therefore, a failure of 

such element is covered by warranty if it fails before  𝜏𝜏 + 𝑊𝑊. 
 

When elements fail, taking 𝑡𝑡 as time parameter, depends on both sales and failure density func-
tions. We can combine both effects by means of the convolution expressed in Eq.(3): 

 𝑣𝑣(𝑡𝑡) = ∫ 𝑢𝑢(𝜏𝜏)𝑓𝑓(𝑡𝑡 − 𝜏𝜏)𝑑𝑑𝜏𝜏𝑤𝑤
0                                           (3) 

In this expression we include all failed elements, regardless of whether they fail within the 
warranty period or not. However, in the evaluation of the warranty analysis we have to consider 
only the elements that fail during the warranty period. In Figure 1 we describe the sales and 
warranty periods setting t=0 to the instant of time when the first element is sold. It is clear from 
the figure that not all the items fail during the warranty period. 

Now we have to distinguish three cases. In the two extreme cases, t ≤ W and 𝑡𝑡 > 𝑊𝑊 + 𝐿𝐿 it can 
be assesed directly if the failed elemets are covered by waranty or not. All the elements that 

fail in t ≤ W are covered by warranty and all the elements that fail in 𝑡𝑡 > 𝑊𝑊 + 𝐿𝐿 are not 

covered by warranty. In the intermediate case, elements that fail during 𝑊𝑊 < 𝑡𝑡 ≤ 𝑊𝑊 + 𝐿𝐿, it is 
necessary to know when the failed element has been sold. Therefore, the three cases are: 

• If the failures occur within the warranty time with respect to the time of sale of the first 
element, 𝑡𝑡 ≤ 𝑊𝑊, then all the failures will occur during the warranty period. Then Eq.(3) 
renders: 

 
   



𝒕𝒕 ≤ 𝑾𝑾 

𝒗𝒗𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒕𝒕𝒘𝒘(𝒕𝒕) = �𝒔𝒔(𝝉𝝉)𝒇𝒇(𝒕𝒕 − 𝝉𝝉)𝒅𝒅𝝉𝝉
𝒕𝒕

0

 

 
 

(4) 

 
 

 
• If failures occur after the warranty period with respect to the time of sale of the first 

element (𝑡𝑡 > 𝑊𝑊) then products will be covered by warranty or not depending on when 
they have been sold, 𝜏𝜏,. If the products fail before 𝑊𝑊 + 𝜏𝜏, they will be covered by war-
ranty and if they fail after 𝑊𝑊 + 𝜏𝜏 they will not. In this case Eq.(3) is transformed into: 
 

𝑾𝑾 < 𝒕𝒕 < 𝑊𝑊 + 𝐿𝐿 

𝒗𝒗𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒕𝒕𝒘𝒘(𝒕𝒕) = � 𝒔𝒔(𝝉𝝉)𝒇𝒇(𝒕𝒕 − 𝝉𝝉)𝒅𝒅𝝉𝝉
𝒕𝒕

𝒕𝒕−𝑾𝑾

 

 
 

 (5) 

 
 
 

• In this expression (Eq.(5)) notice that if failures occur after the sales period plus the 
warranty period with respect the first product sold, 𝑡𝑡 > 𝑊𝑊 + 𝐿𝐿, the failures will not be 
covered by warranty. 
 

𝑡𝑡 > 𝐿𝐿 + 𝑊𝑊 
                           (6) 

𝒗𝒗𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒕𝒕𝒘𝒘(𝒕𝒕) = 0 
 

In the following we will apply this model to PV modules. Therefore, we need to fix both 𝑓𝑓(𝑡𝑡) 
and s(t). For degradation we will use the model described by the authors in a previous paper  
[20]. For the sales function, 𝑢𝑢(𝑡𝑡), we have analyzed different cases based on the literature 
[21,22].  

 

3.2.  FAILURE DENSITY FUNCTION OF PHOTOVOLTAIC MODULES.  
 
Photovoltaic modules can fail for various reasons. During their lifetime, failures can occur in 
three different stages that occur in the following order: 

• Period of infant mortality, with a decreasing failure rate. Here, manufacturing failures 
appear caused by product design deficiencies, poor quality control, process control, or 
labor during manufacture or installation. The warranty period usually covers these types 
of failures.  

• Random failure period with a constant low failure rate. This corresponds to a random 
failure occurring during the service life period.  

• Wear-out period with an increasing failure rate. Here failures become more frequent 
due to product degradation. 
 



Most products have a warranty period of about two years, intended to cover the period of infant 
mortality. However, due to the long warranty period of PV modules (over 20 years), warranty 
failures can occur in all three periods of the product's life.  

In previous works [6,11,20] infant and random failures of PVs have been observed to be rare 
and most of them appear in the wear period due to performance degradation. This occurs when 
PV modules have been in operation for several years. 

In [20] we developed a model to evaluate the reliability of photovoltaic modules based on the 
evolution of their power in the event of degradation failures. We summarize the model and its 
main elements below.  

Degradation failure occurs when the power of a photovoltaic module falls below a limit, 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤. 
In this way reliability is the probability that a module has not yet failed (i.e. has a power above 
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤). In our model the power of the photovoltaic modules follows a normal distribution that 
varies in time with the following performance: 

• At t=0 the average power is the nominal power, 𝑃𝑃0, and the standard deviation 
is very low, 𝜎𝜎0. Therefore, the probability of a PV module being under its power limit 
(80% of 𝑃𝑃0) is almost negligible and the reliability is almost 1 (see Figure 2 from our 
previous work [20] for reference). 

• While the average power decreases over time, the standard deviation increases 
over time. Therefore, the probability that the power of the module decreases below 
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑤𝑤 increases with time and its reliability decreases. In our analysis we assume a sim-
ple linear model with 𝜇𝜇(𝑡𝑡) as the mean power and 𝜎𝜎(𝑡𝑡) as the standard deviation. 

According to our model [20], unreliability is the probability that the power of the PV module 
becomes lower than the power set as degradation failure (Eq.(7)). 

𝐹𝐹(𝑡𝑡) = ∫ 𝑝𝑝(𝑃𝑃, 𝑡𝑡)𝑑𝑑𝑃𝑃 = 𝛷𝛷 �𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−(𝑃𝑃0−𝐴𝐴𝑤𝑤)
𝜎𝜎0+𝐵𝐵𝑤𝑤

�   𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
0                   (7) 

Here: 𝛷𝛷 is the cumulative probability function for the normal distribution,  𝐴𝐴 is the yearly de-
crease in the average power module in Wp/year, and 𝐵𝐵 is the yearly increase in standard devi-
ation in Wp/year. Finally, the time t is measured in years. 

Once 𝐹𝐹(𝑡𝑡) has been evaluated, the failure probability density function can be easily computed 
through 𝑓𝑓(𝑡𝑡) = 𝑑𝑑𝑑𝑑(𝑤𝑤)

𝑑𝑑𝑤𝑤
. Therefore, based on this model, knowing the degradation rate parameters 

(𝐴𝐴 and 𝐵𝐵) one can evaluate the failure probability density function, , for any photovoltaic 
module. Since 𝐴𝐴 and 𝐵𝐵 depend on the location of the PV module and since their value can 
affect the overall performance of the module, we include an analysis of the influence of both 
parameters in this paper. 



4. WARRANTY MODEL APPLICATION 
 

Here we apply the model described above to the case of PV modules. As highlighted in the 
previous section, several aspects related with warranty claims will be discussed. We start with 
the percentage of PV modules returned during the warranty period and then we analyze when 
the failures covered by the warranty occur. 

 

4.1. PERCENTAGE OF PHOTOVOLTAIC MODULES RETURNED DURING WAR-
RANTY PERIOD 

 
Considering the degradation-based reliability model described in previous works [20,23] and 
according to Eq.(7), the probability of a specific PV module failing during its warranty period 
can be expressed as: 

𝛾𝛾 = ∫ 𝑓𝑓(𝑡𝑡)𝑑𝑑𝑡𝑡 = 𝛷𝛷 �𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−(𝑃𝑃0−𝐴𝐴𝑊𝑊)
𝜎𝜎0+𝐵𝐵𝑊𝑊

�𝑊𝑊
0                    (8) 

In the case of 𝑊𝑊 = 25 years, after normalizing the nominal power (𝑃𝑃0 = 1),  we set the failure 
limit to 80% of the nominal power (𝑃𝑃𝑝𝑝𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 = 0,8), Also, if we assume a tolerance of ±3% at 

the initial stage (i.e. we consider that the standard deviation at that initial stage is 3𝜎𝜎0
𝑃𝑃0

= 0,03), 

we find: 

𝛾𝛾 = 𝛷𝛷 �
0,8−�1− 𝐴𝐴

𝑃𝑃0
25�

0,01+ 𝐵𝐵
𝑃𝑃0
25

� = 𝛷𝛷 �
−0,2+ 𝐴𝐴

𝑃𝑃0
25

0,01+ 𝐵𝐵
𝑃𝑃0
25
�                                           (9) 

Since 𝛷𝛷 is a tabulated, the 𝛾𝛾 parameter can be calculated for any 𝐴𝐴
𝑃𝑃0

  and 𝐵𝐵
𝑃𝑃0

 degradation values.  

Therefore, the probability of a PV module failing during the warranty period depends on its 
degradation, which is quantified by the evolution of its power. We capture this evolution 
through the first two statistical moments, the mean and the standard deviation, (we comment 
on the effect of the distribution skewness in section 4.3). 

Based on this model, in Figure 3 we represent 𝐴𝐴
𝑃𝑃0

  vs 𝐵𝐵
𝑃𝑃0

 for different percentage of failures at 

the end of the warranty period. It can be seen that when one of these parameters increases, the 

percentage of failures also increases. Also, after 25 years of warranty period, if 𝐴𝐴
𝑃𝑃0

 = 0,008/year 

(yearly degradation rate of 0,8%/year), the average power decreases 20% of its value. There-
fore, in this case of a normal failure distribution, 50% of the modules will have failed during 
the warranty period, which is not acceptable for any product.  



 

Figure 3: Standard degradation rate vs mean degradation rate for different percentage of failure at the 
end of the warranty period (assuming that standard deviation at t=0 is 0,01) 

We have also analyzed the influence of the degradation rate of the standard deviation of the 
power, 𝐵𝐵

𝑃𝑃0
. We start with a value of 0,001/year, which means that after 10 years the power 

standard deviation has doubled. Then we increase the parameter up to 0,003/year, (after 10 
years the power module standard deviation is four times larger than its initial value). In Figure 
4 we represent 𝐹𝐹(𝑡𝑡), the unreliability -or cumulated probability of failure-, at the end of the 

warranty time with respect to the mean power for different 𝐵𝐵
𝑃𝑃0

 values. From this figure it can 

be concluded that: 

• In order to have less than 5% of the failures during the warranty time, the degradation 
rate must be smaller than 0,57%/year if 𝐵𝐵

𝑃𝑃0
  is 0,1%/year (blue line at the right) and 

smaller than 0,24%/year if  𝐵𝐵
𝑃𝑃0

 is 0,3%/year (gray line).  

• In order to have less than 1% of the failures during the warranty time, the degradation 
rate must be lower than 0,47%/year if 𝐵𝐵

𝑃𝑃0
 is 0,1%/year (blue line at the right) and prac-

tically 0%/year if  𝐵𝐵
𝑃𝑃0

 is 0,3%/year (gray line). 

Therefore, it is not possible to fulfill 25 years warranty with degradation rates above 0,8%/year. 
Depending on both the portion of failures allowable during warranty time and the standard 
degradation rate, the required degradation rate must be much smaller; in the range of 0,5%/year. 



 

 

Figure 4: Unreliability at the end of the warranty period, 25 years, vs average power degradation, 
𝐴𝐴
𝑃𝑃0

 , 

rate for different power standard deviation rate, 
𝐵𝐵
𝑃𝑃0

. 

Below, several works related to the degradation of in field PV modules developed during the 
last years are analyzed. The main results obtained for the effects of both the mean degradation 

rate, 𝐴𝐴
𝑃𝑃0

 , and the standard deviation degradation rate, 𝐵𝐵
𝑃𝑃0

 , are summarized here: 

• Regarding the mean degradation rates, NREL [13] developed a reference compendium of 
PV degradation rates from more than 1000 degradation rates in almost 200 studies from 40 
different countries. The authors focused their analysis on high quality Si crystalline PV 
modules degradation rates at different locations. It was noticed that the snow environment 
was the most benign with a 0,35%/year median degradation rate and 0,62%/year mean 
degradation rate, On the other hand, desert turned out to be the most aggressive, with 
0,71%/year median degradation rate and 1,19%/year mean degradation rate. Other envi-
ronments like hot and humid and moderate reported intermediate degradation rates. In all 
the environments analyzed the mean parameter was larger than the median. This implies a 
right long-tailed asymmetric distribution with large values of degradation rate that signifi-
cantly affects the distribution mean. Since the position of the median is less sensitive to 
extreme values than the mean we choose the median parameter as a reference. A recent 
work [12] that analyses large-scale grid-connected solar photovoltaic power plant in dif-
ferent locations reports degradation rates between a minimum of 0,26%/year and a maxi-
mum of 2,3%/year, with an average of 0,71%/year depending on the climatic environment 



considered. Other authors agree that these degradation rates are in the range of 0,5%/year 
in template climates [24] and larger than 1%/year in desert climate [25]. We analyze the 
influence of location in Section 4.3 below. 

• Regarding the evolution of the power standard deviation, several studies deal with the data 
of a set of photovoltaic modules, but there is no equivalent compendium for this parameter 
as for the power mean. From different studies showing the histograms of the power of the 
photovoltaic modules aged in the field, it can be seen that the standard deviation increases 
significantly over time. Although in all cases the standard deviation increases, the trend 
changes according to the module and location. Taking as reference the study of Humboldt 

State University [26] the standard deviation rate, 𝐵𝐵
𝑃𝑃0

 , is 0,00215/year (0,215%/year). How-

ever, since this value refers to a specific module and location, our analysis has been carried 

out for a set of  𝐵𝐵
𝑃𝑃0

 values instead (see Figure 4). In Table 1 we show both 𝐴𝐴
𝑃𝑃0

 and  𝐵𝐵
𝑃𝑃0

 values 

for a 0,5% and 5% of returned PV modules during the warranty period according to Figure 
4. A recent study [27] reports a 𝐵𝐵

𝑃𝑃0
 value of 0,5%/year, standard deviation rate. But, accord-

ing to our model, it is not possible to fulfill a warranty of 25 years with this standard devi-
ation increasing rate.  

  𝐵𝐵
𝑃𝑃0

 (%/year)   0,00 0,10 0,20 0,215 0,25 0,30 0,35 0,40 

𝐴𝐴
𝑃𝑃0

 (%/year) 

(0.5% returned) 

0,70 0,44 0,18 0,14 0,05 Not 
possi-
ble 

Not 
possi-
ble 

Not 
possi-
ble 

 𝐴𝐴
𝑃𝑃0

 (%/year) (5% 

returned) 

0,73 0,57 0,41 0,38 0,32 0,24 0,16 0,08 

Table 1:  
𝐴𝐴
𝑃𝑃0

 and 
𝐵𝐵
𝑃𝑃0

values for a 0.5% and 5% of returned photovoltaic modules during warranty period. 

The main conclusions of Table 1 are: 

• By assuming a maximum of 5% of returned modules and if the mean degradation rate 

is equal or larger than 0,73%/year ( 𝐴𝐴
𝑃𝑃0

 ≥ 0,73%/year), it is not possible to fulfill 25 years 

of warranty. This value is evaluated assuming that the standard deviation at t=0 is 0.01 
and that it remains constant during degradation. 

• If we consider a 0,5% of the returned modules, it is not possible to fulfill 25 years of 
warranty if the mean degradation rate is equal or larger than 0,70%/year 
( 𝐴𝐴𝑃𝑃0

≥0,70%/year). This value is evaluated assuming that the standard deviation at t=0 

is 0,01 and that it remains constant during degradation. When the proportion of returned 



modules is so low, the required degradation rate to fulfill the warranty is significantly 
affected by parameter B (see Figure 4). 

• Noting that the standard deviation increases with time, and using the reference value 
found in the literature: 𝐵𝐵

𝑃𝑃0
 =0,215%/year [26], the average rate of degradation should 

not be higher than 0,38%/year, 𝐴𝐴
𝑃𝑃0

 < 0,38%/year to comply with a 25-year warranty for 

5% of the return modules. If only 0,5% of the return modules are allowed, the mean 

degradation rate must not exceed 0,18%/year, 𝐴𝐴
𝑃𝑃0

 < 0,18%/year in order to comply with 

a 25-year warranty.  Other standard deviation rates for 0,5 % and 5% of returned mod-
ules are shown in Table 1. 

4.2. FAILURE DENSITY FUNCTION COVERED BY WARRANTY. CASE STUDY 
 
As stressed, the failure density function covered by the warranty depends on both the failure 
probability density and the sales function. We now propose our warranty model based on a 

case study. In this analysis we assume a 𝐴𝐴
𝑃𝑃0

 = 0,35%/year, which is the median value found in 

the literature for a benign environment [13], and 𝐵𝐵
𝑃𝑃0

 = 0,215%/year, which is a value reported 

in [26]. 

In Figure 5 we show both the failure probability density function and the cumulated failure 
probability density function. A first conclusion from this figure is that the failure rate during 
the warranty period (25 years) is 3,9%, which, depending on the manufacturer's policy, may or 
may not be acceptable. 

 



 

 

Figure 5: Probability density function and cumulated density function for the selected Case Study 

Once we have assessed that 3,9% of the items failed during the warranty period, it is im-
portant to know when they fail. To analyze when the elements covered by the warranty fail, it 
is necessary to consider not only the degradation parameters, but also the selling function (see 
Eq.(3) in Section 3.1) 

In relation to the sales function, we analyze three different cases (see Figure 6): 

• Case 1, where all the elements are sold at 𝑡𝑡 = 0. 

• Case 2, where all the elements are sold uniformly. In Figure 6 we represent a 
uniform sales distribution in a period of time of 10 years. 

• Case 3, where the elements are sold following a normal distribution. In Figure 
6 we show the corresponding sales distribution with an average of 5 years and a stand-

ard deviation of twenty months �𝜎𝜎 = 𝜇𝜇
3
�. Selecting a standard deviation of a one third 

of mean parameter (5 years equal to 60 months) the shape of sales normal is similar to 
Figure 6. 

 



 

 

Figure 6: Uniform distribution and normal distribution sales function 

Based on the model described in section 3 we have evaluated 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) for the following 

values of the degradation parameters: 𝐴𝐴
𝑃𝑃0

 = 0,35%/year and 𝐵𝐵
𝑃𝑃0

 = 0,215%/year. We discuss be-

low the main results obtained from the three cases.  

4.2.1. CASE 1: WARRANTY ASSESMENT WHEN ALL PV MODULES ARE SOLD AT t = 0. 
 
Here we focus on the cumulated time distribution of failed modules during warranty 
𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) when all the PV modules are sold at the initial stage. In this case all modules that 
fail before the warranty since the first item is sold will be covered by the warranty. On the other 
hand, all modules that fail after the warranty time since the first item is sold will not be covered 
by the warranty. Therefore 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) renders: 

𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) = 𝐹𝐹(𝑡𝑡)    𝑖𝑖𝑓𝑓  𝑡𝑡 ≤ 𝑊𝑊 

𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(𝑡𝑡) = 𝐹𝐹(𝑊𝑊)  𝑖𝑖𝑓𝑓 𝑡𝑡 > 𝑊𝑊 

 



 

Figure 7:  𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) in Case 1, all the elements are sold at the initial stage. 

We represent 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) in Figure 7, from which we derive the following conclusions: 

• There is no significant number of degradation failures during the first 10 years 
of the PV module's life and this must be considered in the replacement logistics. After 
that period, claims will increase considerably. 

• Given the reference values for 𝐴𝐴 and 𝐵𝐵: 𝐴𝐴
𝑃𝑃0

 = 0,35%/year and 𝐵𝐵
𝑃𝑃0

 = 0,215%/year, 

the percentage of failed elements covered by the warranty is 3,9% of the total products. 
Notice that this percentage depends only on the degradation parameters (𝐴𝐴 and 𝐵𝐵) and 
not on the sales function. 

• All photovoltaic modules that fail before the warranty with respect to the first 
element sold are covered by the warranty. 

• All photovoltaic modules that fail after the warranty with respect to the first 
element sold are not covered by the warranty. 

In the following sections we evaluate 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) considering different sales functions and 
we compare the results obtained with Case 1. 

 

 



4.2.2. CASE 2: WARRANTY ASSESMENT UNDER UNIFORM SALES DISTRIBUTION 
 

Here we fix the degradation parameters 𝐴𝐴 and 𝐵𝐵 values and we use a uniform sales distribution 
(see Figure 6). We vary the sales distribution uniformly from 2 to 20 years. For example, a 
uniform distribution with a time interval of 5 years will mean that the sales occur uniformly 
from 𝑡𝑡 = 0 to 𝑡𝑡 = 5 years (i.e. 20% of the sales in each year or 0,0548% of the sales daily 
(100/5x365)). In Figure 8 we show 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) for Case 1 and different uniform sales distri-
bution from 2 to 20 years. 

 

Figure 8: 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) in Case 2, the elements are sold with an uniform distribution function (from 2 
years to 20 years) 

From this figure we conclude: 

• The number of degradation failures during the first 10 years of PV module life 
is not significant and this must be considered in the replacement logistics. After that 
time, possible warranty claims will probably increase considerably. 

• As in Case 1, for the reference values 𝐴𝐴 and 𝐵𝐵 the elements that fail covered by 
warranty are 3,9% of the total. Again, this percentage depends only on the degradation 
parameters (𝐴𝐴 and 𝐵𝐵) and not on the sales function. 

• The time of failure covered by the warranty depends on the sales function. No-
tice now how the 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) function is delayed by increasing the period of sale with 
respect to Case 1 (all the elements sold at t=0). For example, in the case of a time 
interval of 10 years, the last item covered by the warranty will be at 35 years (𝐿𝐿 + 𝑊𝑊 
in Figure 1). 



Based on the results from Figure 8 we also show in Figure 9 the expected time (horizontal axis 
of Figure 8) to reach a certain percentage of failed items during the warranty. This Figure is 
very useful for estimating in advance how many spare elements are needed. For example, if we 
have a uniform distribution of sales covering a 10-year interval, during the first 23 years it will 
be necessary to have 1% of spare PV modules available.   

Figure 9: Expected failure time vs time interval of uniform sales distribution for different percentage of 
failed elements covered by warranty. 

4.2.3. CASE 3: WARRANTY ASSESMENT UNDER NORMAL SALES DISTRIBUTION 
 

We now perform the same analysis but using a normal distribution for the sales function in-
stead. To emulate the normal distribution shown in Figure 3, where the sales starts at t=0, we 
have assumed that the standard deviation 𝜎𝜎, is one third of the mean, 𝜎𝜎 = 𝜇𝜇

3
 . This ensures that 

the cut-off of the normal will have little effect on the results. Thus, the normal sales distribution 
is defined by a unique parameter, 𝜇𝜇. 

In Figure 10 we show 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) for the Case 1 sales function and different normal sales 
distribution (from 5 to 12 years) . 

 



 

Figure 10: 𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) in Case 3,the elements are sold with normal distribution function (from 5 years 
to 12 years). 

We highlight the following facts: 

• In the long term the probability of failure of PV modules covered by the war-
ranty does not depend on the sales distribution. Furthermore, considering the reference 
values of 𝐴𝐴 and 𝐵𝐵 as before, the elements that fail covered by warranty are again 3,9%. 
Therefore, this percentage depends only on the degradation parameters (𝐴𝐴 and 𝐵𝐵) and 
not on the sales function. 

• Warranty failure times depend on the sales function. As in the uniform case, the 
𝑉𝑉𝑤𝑤𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑡𝑡𝑝𝑝(𝑡𝑡) curves are delayed with with respect to the one corresponding to Case 1 
(all elements sold at t=0). For example, in the case of having a mean of 10 years in the 
normal distribution, the last element sold will be at 𝐿𝐿 = 20 years. Therefore, the last 
item covered by the warranty will be at 45 years (𝐿𝐿 + 𝑊𝑊) in Figure 10. 



 

Figure 11: Expected failure time vs normal sales distribution for different percentage of failed ele-
ments covered by warranty. 

As in the uniform case, we have represented the expected failure time with respect to the nor-
mal mean of the sales distribution for different percentage of failures covered by the warranty 
(Figure 11). This figure allows the practitioner to quickly estimate the required spares for a 
proper maintenance.  Note that, although the exact values obtained depend on the specific deg-
radation and sales parameters, our model can be applied for any particular situation.  

4.3.  INFLUENCE OF DEGRADATION IN THE WARRANTY ANALYSIS  
 
In this section we discuss some common issues affecting degradation and, in turn, the propor-
tion of PV modules returned during the warranty: 

• Influence of the PV location. This is a very important factor, as reported in [12,14,28]. 
A good review of the main failure mechanisms affecting the PV modules depending on 
climatic environment can be found in [14]. It has been observed that locations with the 
higher irradiance are not always the most cost-effective for PV applications due to re-
liability reasons [29]. In the literature there is an interesting work that analyses the deg-
radation of PV power for the different climates of Köppen-Geiger climate [12]:  A 
(tropical), B (dry), C (temperate), D (continental), and E (polar). In high-temperature 
climates, PV plants show more evident degradation mechanisms (1,13%/year). Moder-
ate performance losses can be founded in continental (0,58%/year) and desert climates 
(0,75%/year). The tropical climate supports the lowest degradation/rate of 0.33%/year, 
which is the case for the investigated system in this paper. Based on these degradation 
rate data, it will only be possible to offer 25 years warranty in the climates with lowest 
degradation rate (tropical and continental) and it will not be possible in temperate and 



desert climates. As temperature is a key factor in degradation processes [29] it will be 
reasonable to assume that the degradation rate in the polar climate will be in the lower 
range and it will be possible to meet the warranty periods. 

• Influence of non-linearities in the degradation rate. Some works address non-linear 
trends, which mostly occur at the beginning of product’s life or during the wear-out 
phase [11]. Depending on the degradation mechanism, non-linearity can be convex or 
concave in time, and when several mechanisms occur, non-linearities affect them in 
different ways. It is possible to include variable degradation rates in our model and this 
effect will be analyzed in a future work. But as a first conclusion we see that, if the 
degradation rate increases over time, failures will increase and appear earlier. On the 
other hand, if the rate of degradation decreases over time, failures will decrease and 
appear later. 

• Skewness of the distribution. Previous work has shown that in many cases the distri-
bution of energy does not follow a normal distribution because the distribution is not 
symmetrical but skewed [30]. This asymmetry is usually left-skewed and increases over 
time. This means that there are some robust photovoltaic modules that decrease their 
power very slowly, but there are also others that decrease much faster. As these PV 
modules that degrade at a higher rate can be a significant proportion of the total, this 
asymmetry can anticipate the occurrence of failures within the warranty period. 

• Difficulties in claiming warranty degradation failures. Manufacturers of PV modules 
have been offering 25-year warranty since the late 1990s. This long warranty period is 
supported by the low number of PV modules returned for warranty claim. However, 
according to the model described in this document, there will be a significant percent-
age of failed modules unclaimed due to some difficulties in the claim process: 

• The power of each PV module must be characterized by a recognized testing 
company, taking into account both manufacturing and measurement tolerances. 

• A PV module is usually embedded into a PV system, and the power degradation 
of the whole system can be due to several factors, such as the DC/AC inverter, conduc-
tors etc.  

• Depending on how the PVs are arranged in a PV system (e.g. serial-parallel) the 
degradation of a module can be shadowed by the performance of the rest of modules. 
However, depending on how the module is electrically connected and the type of deg-
radation (𝐼𝐼𝑢𝑢𝑠𝑠 or 𝑉𝑉𝑝𝑝𝑠𝑠), degradation of a single module can significantly affect the entire  
PV system due to mismatch losses [27]. Evaluating the performance of a specific PV 
module in an array system is not an easy task. 

All these difficulties are relevant in the new scenario of large AC grid-connected systems with 
favorable feed-in tariffs. In this new scenario it is very difficult to identify PV modules that fail 
due to degradation. Based on this, the addition of warranty models based on degradation is a 
key tool to quantify failures in the warranty time. 



5. SUMMARY AND CONCLUSIONS 
 

In PV systems, the cost of the modules is a key component of the entire budget. Therefore, 
their reliability and degradation are a major concern. In order to be competitive, PV modules 
need to be maintained for 25 to 30 years and, due to the high reliability of PV modules, manu-
facturers offer very extensive warranties (e.g. 25 years).  

In addition, PV modules produce a very small number of returns within the warranty period 
[6], with the exception of catastrophic failures due to difficulties in measuring the power of an 
individual module. However, it has recently been highlighted [20], that the main reliability 
problem of PV modules is not related to catastrophic failures but to the degradation of PV 
power. Furthermore, although all PV module manufacturers offer these long warranty periods, 
the degradation rates reported in the literature are very varied. It will be very interesting for 
manufacturers and users to estimate whether PV modules comply with the warranty based on 
experimental degradation data.  
 
This document has focused on obtaining a quantitative relationship between the parameters of 
power degradation of the photovoltaic modules and the fulfilment of the guaranteed power. A 
probabilistic model allowed us to understand which parameters are relevant in the warranty of 
the PV modules and to estimate the associated costs. The model was applied to PV module 
field degradation data obtaining the following results: 

• The percentage of PV modules that fail during the warranty period depends only on the 
degradation parameters and not on the sales function. 

• Assuming an upper threshold of 5% of the returned modules and if the mean degradation 

rate is equal or higher than 0,73%/year, 𝐴𝐴
𝑃𝑃0

 > 0,73%/year, it is not possible to fulfill 25 years 

of warranty. Note that this value is evaluated assuming that the standard deviation at t=0 is 
0,01 and that there is no increase in standard deviation during degradation according to our 
model. 

• If the standard deviation of the power distribution increases over time and we use 
the reference value 𝐵𝐵

𝑃𝑃0
 = 0,215%/year [18,26], the mean degradation rate must not 

exceed 0,38%/year, 𝐴𝐴
𝑃𝑃0

 ≤ 0,38%/year, to comply with  a 25-year warranty with a 

maximum of 5% of the returned modules.  

• If we compare the required degradation rates with experimental data in field 25 
years warranties are achieves in benign climates but not in the most aggressive: 

o From [13], the median degradation rate of Si modules varies from 
0,35%/year up to 0,71%/year depending on the environment.  

o From [12] the degradation rates are in a wide range depending the climate, 
from 0,33%/year up to 1,13%/year.  



• Once it has been assessed the percentage of photovoltaic modules that fail in warranty it is 
very important from logistic point of view to know when the modules fail covered by war-
ranty. Although this depends both on the failures 𝑓𝑓(𝑡𝑡) obtained from degradation parame-
ters, and on the sales distributions 𝑢𝑢(𝑡𝑡), it is possible to obtain the following conclusions: 

•  There is no significant number of degradation failures during the first 10 years 
of the PV module's life and this must be considered in the replacement logistics. After 
that period, possible warranty claims will increase considerably. The exact time at 
which failures increase and the associated failure rate depends on both the specific deg-
radation parameters and the sales function. 

• The time distribution of failures covered by the warranty is affected by the sales 
function, 𝑢𝑢(𝑡𝑡), delaying the distribution with respect to whether all items are sold at 
𝑡𝑡 = 0. An analysis considering the uniform sales distribution and the normal sales dis-
tribution with different parameters has been shown in Section 4 (Figures 7-11).  

• Although the results evaluating the distribution of failures covered by the war-
ranty (which are very important for logistical purposes) focus on specific case studies, 
our warranty model can be applied to any real case. Replacement logistics can be de-
signed based on a specific analysis of the actual system, the degradation parameters and 
the sales function. 

• The warranty model is based on a constant degradation rate and normal power distribution 
at each instant of time. It has been observed in the literature that there are photovoltaic 
modules that degrade at a non-constant degradation rate [11] and with asymmetrical power 
distributions [30]. Considering these effects in the warranty model is possible and it will 
be taken into account in future work. 
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