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1. Introduction 
 
Electrical and electronic products (e-products), any household or business asset with electrical or battery powered 
circuit, are a major part of modern society. From essential kitchenware’s to computers, they make lives and works 
more practical and efficient. However, all e-products have a shorter life expectancy compared to other assets. 
When they stop working or new technology makes them obsolete, they must be disposed of. Electronic waste (e-
waste) is a term used for any type of e-product that have been disposed of as waste without the intention of reuse 
(Parajuly et al., 2019). E-waste also refers to any house, consumer and business electronics, and information 
technology hardware in the end of its useful life (Khurrum et al., 2011). 
 
Product lifetime/lifespan is the duration of the period that starts at the moment a product is started to use after 
manufacture and ends at the moment a product becomes obsolete (Bakker and Schuit, 2017). Today’s extensive 
and rapid consumption of e-products having short lifespan lead to huge amounts of e-waste. Because of containing 
substances hazardous that are often released into the environment, e-waste is a threat for human health and nature. 
50 million tons of electronic waste is generated per year worldwide, with an average of 6.5 kg per person (Forti et 
al., 2020). In addition, more waste is also generated when these devices are produced. Even developed countries 
with well-established waste management systems have been struggling with the huge amount and complexity of 
e-waste. Because of this, extending the lifespan of electronic devices emerges as an important requirement. 
 
There is a growing attention on e-waste because of its fateful environmental consequences. “Web of Science” 
search results indicate that number of articles from different categories such as environment science, 
environmental engineering, green sustainable technology, etc. on e-waste has increased especially after the 2000s. 
(Figure 1).  Chowdhury and Patel (2017) analyzed literature on e-waste in order to summarize the information 
available and to create common knowledge. Their findings indicates need for standardized method to estimate e-
waste generation, policy for proper e-waste management, legal framework and awareness programs. 
 

Electrical and electronic products (e-products) enabling human being benefit 
from higher standards of living has become an indispensable part of daily life. 
Since the e-products obsolete very quickly because of accelerating technological 
changes and consumption rates, e-waste is believed to be one of the most critical 
waste issue of coming future. E-waste is any electrical and electronic products 
that are unwanted, not working, and nearing or at the end of their useful life. The 
increasing levels of e-waste depending on usage of short lifespan e-products are 
significant threat to the environment and to human health. Lifetime extension is 
considered as one of the approaches to decrease or control e-wastes. A computer 
as an e-product is a system consisting of components, some or all of which may 
deteriorate over time at different rates mainly due to commercial and 
technological reasons. In this study, lifetime extension approach has been 
recommended for computers in which significant components are upgraded to 
attain threshold performance value.  
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a) Number of Articles 

 
b) Subject Category 

Figure 1. Literature Review on e-waste (1992-2021) 
 
Technological advances have contributed to shorter product lifespan (Cole et al., 2016). Increasing demand for e-
products with reduced product lifespan, leads to more frequent replacement/ renewal of them resulting e-waste 
stream. In order to protect planet against this kind of negativeness, United Nations adopted 17 Sustainable 
Development Goals in 2015.  The extension of product lifespan can be regarded as a tool under the goal of 
“Responsible Consumption and Production” (Bakker and Schuit, 2017). Extending the lifetime and delaying 
obsolescence of e-products can significantly reduce the environmental impacts and contribute to meeting 
environment, climate and sustainability goals. Lifetime extension of all washing machines, notebooks, vacuum 
cleaners and smartphones in the European Union for one year was reported to save around 4 million tons of carbon 
dioxide (CO2) annually (EEB, 2021). This value equals to take over 2 million cars off the roads for a year (Table 
1). 
 
 
Table 1. Annual Carbon Dioxide Save of Extending the Lifetime of e-products by 2030 for European Union 
(million tons) 
 1 Year 3 Years 5 Years 
Smartphones 2,1 4,3 5,5 
Notebook Computers 1,6 3,7 5 
Washing Machines 0,25 0,66 1 
Vacuum Cleaners 0,1 0,3 0,5 

 
A personal computer lasts about 3-4 years from commercial perspective since the demand for running all 
application are increasing over the years. For example, hardware with certain capacity and performance 
capabilities is required for software installation. That is, in spite of its technical lifetime being longer, performance 
of a computer decreases over the time. 
 
Technological change rate has led to PCs becoming functionally obsolete within short periods and made 
investments on PCs an ongoing operational expense instead of one-time expense. In case of there exists such a 
rapid technological obsolescence, purchasing new computer may not be the proper option. Because of this, it is 
reasonable to switch to the longer intervals of the replacement cycles by extending the lifetime of PCs.  
 
This study first gives a brief background on environmental impacts of e-wastes. System deterioration and lifetime 
extension approach are then outlined followed by a framework for personal computers supported by literature. 
Finally, personal computer as a multicomponent e-product was used to illustrate the lifetime extension approach 
through component replacements.  
 
1.1 System Deterioration 

 
Deterioration (degradation) follows the principle of the second law of thermodynamics which is ‘‘disorder caused 
by the entropy of an isolated system increases with time” (Kang et al, 2020). Since the deterioration is inevitable, 
e-products just like other assets have a certain life time. Life expectancy of asset is defined as the time until the 
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asset is retired, completely replaced, or decommissioned (Lemer, 2012). For environmental and economical 
sustainability purposes, it is necessary to ensure that the assets stay in operation as much as possible and do not 
deteriorate faster than necessary (or expectation) during lifespan. 
 
Functional value deterioration and physical value deterioration are the factors that cause gradual change in a 
product’s performance over time (Fang and Rau, 2017). Obsolescence resulting from rapid technological 
development and/or changes in consumer expectation/ behavior is considered under functional value deterioration. 
On the other hand, aging and wearing off are accepted as the reason of the physical value deterioration. 
 
Degradation analysis, a tool for assessing the lifetime distribution in reliability analysis, includes the measurement 
and extrapolation of degradation or performance data directly related to the presumed failure of the product under 
consideration (Reliawiki, 2021). In degradation analysis, the lifetime of a product is defined as the time in which 
the value of a chosen component reaches a predetermined threshold (Yu and Fuh, 2010).  
 
For a system deteriorating with time, and subject to continuous cumulative deterioration, the deterioration 
evolution is usually modeled by a stochastic process (Huynh et al, 2011). Let X(t) be the cumulative deterioration 
(or degradation level) at time t and X* be the degradation threshold level. Then, timelife (T) will be as follows: 
 

         (1) 
 
Deterioration can be represented as a curve in a diagram showing deterioration on the y-axis and the time on the 
x-axis (Figure 2). This curve shows the relationship between asset condition under the effect of technical or 
economical obsolescence, and time. 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2. Possible shapes for deterioration curves (Welte, 2008) 
 
In degradation analysis, performance data that can be directly related to the presumed failure of the product in 
question is measured. The performance of the system under consideration needs to be measured over time, either 
continuously or at predetermined intervals. After recording this information, the performance measurements are 
extrapolated to the defined threshold level in order to estimate failure or the end of life. Some basic models for 
modeling empirical degradation measurements are as follows (Reliawiki, 2021): 
 
 
Linear : 𝑋(𝑡) = 𝑎 + 𝑏𝑡  (2) 
Exponential : 𝑋(𝑡) = 𝑎𝑒!"  (3) 
Power : 𝑋(𝑡) = 𝑎𝑡!  (4) 
Logarithmic : 𝑋(𝑡) = 𝑎 + 𝑏𝑙𝑛(𝑡)  (5) 
Gompertz : 𝑋(𝑡) = 𝑎𝑏#!  (6) 
Lloyd- Lipow : 𝑋(𝑡) = 𝑎 − 𝑏 𝑡⁄   (7) 
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where X(t) represents the performance, t represents time, and a, b and c are model parameters. The method consists 
of fitting one of those models to degradation data and to extrapolate it until it reaches the failure threshold (Letot 
and Dehombreux, 2009). After estimating the model parameters for each sample i, a time ti can be extrapolated, 
which corresponds to the defined level of failure or performance-X(t). The computed ti values is then used as times-
to-failure for subsequent life data analysis (Reliawiki, 2021).  

Product/asset life-time extension as a part of asset management process is relatively new concept which aims to 
increase the lifetime of assets. Life-time extension (LTE) is defined as 1) extending the asset’s economical and/or 
technical life-time (Van Dongen, 2011) 2) postponement or reversal of the obsolescence of a product through 
deliberate intervention (Bakker and Schuit, 2017). By lifetime extension, the deterioration can be postponed and 
the lifetime of a component is extended (Bakker et al, 1998). 
 
Figure 3 in which normal line displays the normal deterioration of the asset and the dotted line displays the points 
of LTE shows the impression of LTE over time. Simple life curve of an asset shown by normal line indicates 
continuous deterioration up to the point of failure. In LTE, the component is restored to its acceptable condition 
by delaying the deterioration or improving the current condition (preventive replacement, upgrade, refurbishment, 
etc). Establishing the current state of deterioration is an important requirement to determine of the remaining life 
of the equipment (Sugier and Anders, 2010) 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Impression of LTE over time (Adopted from Van Dongen, 2011) 
 
1.2 Personal computers 
 
A PC lifecycle is defined as the usefulness of a desktop or laptop computer to the users, from its initial acquisition 
through its ultimate disposal (DIR, 2013). End-user needs, technological changes, support technology and cost are 
main determinants of lifecycle. The current industry standard for a desktop and laptop computer is 4-5 years and 
2- 3 years respectively (DIR, 2013).  
 
Computer performance can be defined as the amount of useful work accomplished by a computer system compared 
to the time and resources used (Wikipedia, 2021). In order to measure the computer performance, some metrics 
such as availability, response time, channel capacity, latency, completion time, service time, bandwidth, 
throughput, etc can be used.   
 
The overall speed and the capabilities of a PC do not change over time if every component works properly. 
However, different versions of any software cannot be compatible with old computers. That is, how well the 
computer is doing the work it is supposed to do may not be good enough for modern hardware and software. Thus, 
in spite of being completely functional, a computer cannot exploit modern capabilities and becomes useless. This 
kind of situation can be called as commercial deterioration/degradation/ageing. A main aspect of lifetime extension 
is the decision of replacement of deteriorated components or buying a new computer by disposing the old one 
(Griese et al., 2004). 
 
In their study examining the relation of age and technical characteristic to price, Antonopolus and Sakellaris (2011) 
have found that consumers do not value ages of the computers. That is, age is not an important factor due to 
minimal physical deterioration. Additionally, CPU speed, amount of RAM and hard disk capacity have been found 
by them as the most important technical characteristics. Antonopolus and Sakellaris (2011) have also found that 
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prices of computers decline exponentially over age of them. Ferrer (1997) presented some experimental results 
concerning the values of a PC’s components, which deteriorate as time increases. The monetary value of these 
components were found as V=Vot-a, where t is time computed in periods and each period corresponds to one month, 
Vo is the component’s value at t=0 and a>0. Griese et al (2004) examined the market for reusing computers and 
environmental assessment of reuse and repair. Rachaniotis and Pappis (2008) proposed a decision-making model 
for reassembling different deteriorating subsystems and components of a complex system from used and new parts. 
The performance value functions for CPU, motherboard and hard disc which are exponential, power and 
logarithmic respectively, were calculated depending on t by using the least-squares method. 
 
2. Problem statement and mathematical formulation 
 
Multicomponent system is defined as a system consisting of several units of components or pieces, which may or 
may not depend on each other. The assumptions considered under this study are as follows: 
 

1. Consider e-product as a multicomponent system consisting of m independent components.  
2. Let T be lifespan of whole  system (end-of-life) 
3. Assume no component changes in system due to failure 
4. Each component is subject to commercial / technological deterioration which follows power model 

(Equation 4). 

5. At system’ start up time (T=0), performance of whole system will be   with the performance 

of any component being Pi0,  
6. Let Pmin be threshold performance 
7. Let times between successive inspections of performance be denoted by τ.  
8.  will be held constant such as 3 months, 6 months and, yearly. 

9. Since τn will be the cumulative time of nth inspection, then lifespan will be  
10. Let b be a constant for deterioration according to power model. 
11. If performance of any component is 𝑃"#! = 𝑃"$. 𝜏%&' , 𝑗 = 1,2, … . , 𝑛 then performance of whole system is 

. 

12. Let k be a variable representing the total number of replacements in the [0,T] interval. 
13. Let S(k,m) be a sequence of the component which will be replaced. Components are replaced by 

following 𝑆 = {𝑆(, 𝑆), …… , 𝑆*}. 
14. Once all components are replaced once, the Lifetime is reached as soon as the minimum threshold 

performance is reached. 
In case of comparing system performance ( ) at any periodic inspection point (τj) with threshold performance 

( ), two possibilities arise: 1) Intervene the system (Renewal) and 2) Keep working with the current system 
(Do nothing). Figure 4 shows the flowchart of lifetime extension model under the assumption that every 
component is replaced once. 
 
3. Lifetime extension for PC 
 
The following assumptions have been made to illustrate how the lifetime extension model works on a computer 
system. 
 

1. Consider computer as a multi-component system consisting of three components which are CPU, RAM 
and Hard Disk (m=3) 

2. Let the deterioration of each component follow the same behavior 
3. Let the performance be expressed as a percentage. The performance of any component at T = 0 is 

Pi0=%33 and the performance of the whole system is P0=%100 
4. Let the system be checked on a monthly basis to determine the performance (τ=1). 
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5. Let the performance of whole system be calculated according to 𝑃"#! = 𝑃"$. 𝜏%&' with b=0.15 at any 
inspection. 

6. Let the minimum performance threshold be Pmin=%60. 
7. Consider each component be upgraded/ renewed once. This assumption has been taken into account due 

to the high probability of compatibility problems with old parts as a result of repetitive component 
renewals in computer systems. 

 

Figure 4. Flowchart of Lifetime Extension Model 
 
In Figure 5, the results are presented graphically. Since the performance percentage fell below the 60% threshold 
in the periodic inspections performed at 30, 44 and 58th months, the component in sequence was upgraded to the 
next model. The time used to determine the deterioration of the respective component after replacement was reset.  
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Figure 5. Results of LTE for Computers  

 
4. Results and discussion 
 
If a function of  an e-product  is  no  longer  efficient  enough  during  its  use  phase,  it has reached at end of its 
useful life. Since this kind of e-products, called as e-waste, has been increasing due to rapid technological changes 
and consumption rates and creating a large environmental burden, the alternative of extending the lifetime of e-
products should be considered. 
 

In this study, "Lifetime Extension" approach, which includes the activities of extending the economic and / or 
technical life of the products, has been examined. A mathematical model was developed for computer which is an 
e-product. According to the application results, under current assumptions, if the components are not 
upgraded/replaced, the life of the system (computer) under consideration will be 30 months. As a result of the 
component renewals based on periodic inspection, it seems possible to extend the life of the computer to 70 
months. This study showed that lifetime extension approach is a way to minimize the environmental impacts of e-
wastes such as saving energy and reducing greenhouse by extending the e-products’ lifespan. However, standards 
addressing best practices for lifetime extension of each e-product must be created and adopted as indicated by 
Hazelwood and Pecht (2021).  
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