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1. INTRODUCTION 
 

Environmental concerns, particularly climate change mainly caused by anthropogenic greenhouse gas 

emissions, depletion of energy and material resources and, at the same time, continuous growth of 

energy and material demand and consumption due to global population growth and economic 

development, have, in the last several decades, put the great emphasis on the development of 

resource reduction and efficiency improvement techniques and technologies. It has also caused a 

major shift in business approach, moving from simple take-make-use-dispose principle, or so- called 

linear economy approach, to more sustainable energy and material reduction and conservation 

approach, or so-called circular economy (Figure 1).  

 

 

Figure 1. Schematic representation of linear and circular economy models  

 

As it could be seen from the Figure 1., the linear economy model implies open-end economy, which 

puts the load to the environment by treating it as a waste reservoir. In the linear economy system 

waste, if treated at all, is treated at so-called “end of the pipe” by disposing it to the landfills or treating 

it in incinerators. On the other hand, the essence of the circular economy approach is not to have 

open-end, but to keep energy and materials in closed business loops. The central role in the circular 

economy concept plays preserving the value of the product as high as possible for as long as possible. 

By creating the loop at the end of the traditional chain, fundamentals for zero waste system, in which 

inbuilt value and complexity of products is preserved, are set. Basically, waste from one process, 

instead of disposal, becomes valuable resource for another process. The first step towards achieving 

the preservation is to optimize product utilization followed by several post utilization lifecycle phases- 
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repair/maintenance, reuse, remanufacturing and recycling, by which the need for new resources 

(material or energy) and environmental pressure linked to the lifecycle of product, is minimized.  

 

 

2. CIRCULAR ECONOMY CONCEPT 
 

The Ellen MacArthur Foundation, leading promoter of circular economy, defines circular economy as 

“one that is restorative and regenerative by design and aims to keep products, components, and 

materials at their highest utility and value at all times, distinguishing between technical and biological 

cycles“ (The Ellen MacArthur Foundation, 2015; Sundin, 2020). The distinction between technical and 

biological circular economy system is shown in Figure 2.  

As it could be seen from the Figure 2, the circular economy concept is based on three principles: 

1. Regenerating natural systems by minimal use of resources during products’ lifecycle; 

2. Keeping the resources in use for several lifecycles; 

3. Minimizing waste and pollution. 

 

 

Figure 2 Circular economy concept for technical and biological system (Ellen MacArthur 
Foundation, 2020) 
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The manufacturing sector is a significant contributor to gross domestic product (GDP) and significant 

employer. It is also a major consumer of resources (material and energy) and a producer of waste. In 

the last few decades, the significant challenge for the manufacturing sector is to develop closed-loop 

manufacturing systems that will not only ensure economic sustainability but also be environmentally 

acceptable and will satisfy social needs (consumers’ needs and jobs). 

On company level, circular economy closed loop models can increase profitability and contribute to 

decrease of uncertainty due to resource price fluctuations. These models are based on closer 

relationship with consumer, mass customisation and collaborative consumption. By keeping the loops 

as close as possible to the user/consumer, economic and environmental benefits could be achieved by 

minimizing the resources leaving for outer loops, incineration or landfill. In addition, the models also 

highly rely on digital technologies (Internet, big data, blockchain and artificial intelligence). All stated 

not only accelerates transition to circular economy but also leads to dematerialization of economy and 

decrease dependence on primary energy sources and materials (European Commission, 2020). 

In time when the concept of circular economy with closed-loop systems or product lifecycles was not 

that widespread as it is today, physical life of a product was considered in three phases (Figure 3.) 

(Sundin, 2020): 

1. “Beginning- of- Life” (BoL) which relates to time of material acquisition, design (product, 

manufacturing process, service) and manufacturing 

2. “Middle- of- Life” (MoL) which relates to time of product delivery to the users, repair and 

maintenance, refurbishment, remanufacturing, reuse and final use. 

3. “End- of- Life” (EoL) which relates to material recycling, energy recovery and waste 

management. 

 

 

Figure 3. Major phases of products’ lifecycle (Sundin, 2020) 

 

Source: Sundin, E., 2020 
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The transition to circular economy requires fundamental changes not only in production systems, but 

also in the consumption practices and patterns. It requires changes across entire product value chain, 

from product design to business models going beyond just reduction and recycling to demand side. In 

order to be successful, the changes have to be supported by adequate technical, technological 

solutions and methodologies, which will enable new findings in resource utilization and changes in 

behaviour of product users (technical systems) and consumers (biological systems). These changes 

entail introduction of “collaborative consumption” concept in which, in some parts of the economy, 

conventional ownership is replaced by sharing, landing, trading, renting and gifting. This changes the 

much closer and direct relationship between producer and user/consumer.  

To fully perceive products’ circularity, it has to be kept in mind that the main drivers of the current 

system are the result of a complex long-term relationships between producers, consumers and 

policymakers and that the balance of these relationships is constantly subjected to internal and 

external factors that might push it towards or away from improved product circularity (EEA, 2017).  

Factors that influence the socio-technical systems and thus influence products' circularity are (EEA, 

2017):  

 economic factors;  

 demographic factors; 

 technology and innovation; 

 urbanisation and infrastructure; 

 social and cultural factors; 

 business models and marketing. 

 

Key strategies for increasing the circularity within production systems imply changeover to designing 

products with less material, production of longer-lasting products, component reuse, product 

modularization and remanufacturing. Nevertheless, sometimes is more efficient to recycle the product 

after a single or several lifecycles due to the fact that the used product is a rich source of useful 

material. On the other hand, recycling of many materials in industrial processes is not a common 

practice because, compared to the production of raw materials, recycling, in many cases is still 

uneconomical (Preston, 2012). In Figure 4. the lifecycle cost (LCC) benefit of post-recovery material 

streams is shown. 

 

 

Figure 4. The lifecycle cost (LCC) benefit of post-recovery material streams (Jawahir, Bradley, 
2016) 



 

8 

 

Some of the key barriers to widespread implementation of circular economy are (Preston, 2012): 

1. Development models and infrastructure based on resource- intensive industries- the 

traditional development model is based on heavy industrial growth and resource- intensive 

infrastructure.  

2. Political obstacles on putting the realistic price on resource use- all the subsidies that foster 

excessive use of resources have to be removed and the price of resources and energy should 

include all the “externalities”. 

3. High up-front costs- although in long term and on macro level circular economy will arise 

growth and reduce dependence on resources, in the short term it will increase investment 

costs due to companies transformation (retooling machines, relocating whole factories etc.). 

4. Complex international supply chains- there is a challenge of organizing information and 

material flow. 

5. Lack of users’/ consumers’ enthusiasm- users and consumers have to be better acquainted 

with circular economy concept.  

6. Challenges for company-to-company cooperation- the circular economy concept requires 

multiple companies to connect and adjust their operations, which could be a challenge.  

7. The innovative challenge- in order to optimize global production and supply chain smart 

infrastructure and technologies should be developed.  

 

In order to overcome the mentioned barriers, countries and individual companies, each in its own 

domain of activities, should (Preston, 2012): 

1. Share best practice and knowledge with the creation of cross- sectoral hubs and networks; 

2. Introduce “smart” regulations; 

3. Set the standards; 

4. Make changes in educational systems; 

5. Arise public awareness of circular economy concept; 

6. Help the transition of developing countries to the circular economy.  
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3. REDESIGN AND REMANUFACTURING 
 

A step forward to circularity of their product for most of the companies implies radical change in 

product design, use of new materials and change in how the materials are used throughout the 

economy i.e. the introduction of so-called “cradle-to-cradle” business model. All materials used should 

be environmentally friendly, designed for easy disassembly and reusable, recyclable or compostable. 

A big potential to deliver such materials have biotechnology and, in last two decades emerging, 

nanotechnology. The time it takes for breakthroughs of such materials and new product to reach mass 

consumption is largely affected by policy environment set by governments. Extending the useful life of 

a product by designing the products in a smarter way and changing the role of products within the 

system are crucial to achieve circular economy.  

“Cradle-to-cradle” model implies using the waste from one production line or company as a resource 

for another production line or company. So, applying such a model asks for changes that go beyond 

individual companies and even countries, since today supply chains for many products involve multiple 

countries. It implies domestic and international partnership and networks of companies operating at 

different points of the supply chain. Sometimes, this also means even physical co-location of 

companies in so-called eco-industrial parks.  

Starting point, crucial for achieving “cradle-to-cradle” model, is the design of manufacturing process, 

product itself and services. The manufacturing process has to be designed, or in a case of changing the 

existing manufacturing processes, redesigned, in a way that it will allow reusability of product and 

reuse of secondary raw materials in subsequent manufacturing cycles. Products have to be designed, 

or in a case of changing the existing products, redesigned, in a way that it will allow extension of their 

utilization time, reparability, upgradability, remanufacturing and the ability to be recycled. Services 

have to be designed, or in a case of changing the existing services, redesigned, in a way that it will allow 

closer and direct relationship with user/ consumer. Business models have to allow creation of service 

system in which the service but not actual product is sold (e.g. selling a number of copies rather than 

selling a physical photocopier). 

Redesign implies creation of next generation of products, which would use components, materials and 

resources recovered from the previous lifecycle or previous generation of products. By redesigning 

products, innovation with advancement is occurring from generation to generation (Figure 5).  
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Figure 5. Material flow and technology advancement across multiple generations (Jawahir, 
Bradley, 2016) 

 

Remanufacturing is one of many ways to redesign the manufacturing process in order to extend the 

physical life of a product, and stay market competitive while at the same time improving 

environmental performance and satisfying social needs (consumers’ needs and jobs). It is often seen 

as a central part of circular economy (Sundin, 2020). As it could be seen from Figure 6, in the waste 

hierarchy, remanufacturing is placed high towards the top of the tier, between waste minimisation 

and reuse.  

 

 

Figure 6. Remanufacturing in waste hierarchy (adapted from Benoy et. al., 2014) 
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Although remanufacturing as a term has been used since late 1930s (Sundin, 2020) today there are 

still many definitions of remanufacturing which differ from sector to sector. The only definition, which 

is recognised as a national standard, is that in the British Standard BS 8887-2:2009 where 

remanufacturing is defined as “returning a product to at least its original performance with a warranty 

that is equivalent or better than that of the newly manufactured product”.  

Remanufacturing is a process that implies restoring product’s original function. It involves dismantling 

a product, replacing and restoring some of the components, upgrading of parts or products and testing 

of individual parts as well as whole product to its original design specifications (Sundin, 2020). After 

remanufacturing process it is expected that the products performance is at least the same as the 

original performance (“like new”) and aiming to be better. Some products after remanufacturing may 

no longer function as design (e.g. electronics). Remanufactured product usually comes with a warranty 

(Parker et. al., 2015). In most contemporary remanufacturing activities, between remanufacturing 

cycles, the ownership over a product is transferred from product’s end user to remanufacturer and 

back to end user, which subsequently is not necessary the same as the previous one. A schematic 

description of general steps within remanufacturing is given in Figure 7.  

 

 

Figure 7. A remanufacturing process (Conseil Européen de Remanufacture, 2020) 

 

In order for products to be remanufactured, first they have to be collected from end users. There are 

three common ways of product collection after usage (Figure 8.) (circulareconomytoolkit.org, 2020): 

1. End user gives product back to the retailer, who passes it to the original equipment 

remanufacturer (OER); 

2. End user gives product back directly to the OER; 

Source: Conseil Européen de Remanufacture 
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3. End user gives product to the third party, who passes it to the OER. 

 

 

Figure 8. Product collection after usage (adapted from circulareconomytoolkit.org, 2020) 

 

There are also three common ways to improve the rate of product’s return after usage 

(circulareconomytoolkit.org, 2020): 

1. Exchange- upon returning of the old product, new product or a new part is provided; 

2. Rebate- upon returning of the old product, money is given;  

3. Deposit- upon returning of the old product, deposit money paid at time of purchase is 

reimbursed. 

 

After the products have been successfully collected follows the process of product inspection, which 

purpose is to determine products’ remanufacturability. The inspection usually involves complete visual 

inspection of collected used products. The fraction of used products graded for remanufacturing could 

vary from one batch to another due to the uncertain quality conditions of used-products (Andew-

Munot et. al., 2015). 

Remanufacturability of a product can be enhanced by applying remanufacturability-specific design 

guidelines (design-for-remanufacturability, DFRem) and other design-for-X (DFX) practices. In order to 

be fit for remanufacturing, product has to be designed in a way that all of the components are fit for 

reuse after disassembly. Product design determinates the longevity, reparability and 

remanufacturability of a product, along with the proportion of reusable material in the product and its 

suitability for refurbishment. Basically, product design determines the circularity potential of a 

product. The extend of actual realisation of this potential depends upon the utilization and treatment 

of product within its full lifecycle (EEA, 2017). Design-for-X is a general and comprehensive term for 

many design philosophies and methodologies developed to address designers’ lack of knowledge in 

product’s life-cycle areas (Ijomah et. al., 2007). Remanufacturability of a product largely depends upon 

product’s properties. There is a set of preferable properties, which makes a certain product more 

suitable for remanufacturing than the other. For the purpose of determining the properties that are 

suitable for different remanufacturing steps (inspection, cleaning, disassembly, storage, reprocess, 
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reassembly and testing), a matrix called RemPro was created (Table 1.) (Haziri, Sundin, 2019). By using 

the RemPro matrix the remanufacturers should be able to identify the relationship between the 

essential product properties and the generic remanufacturing process steps.  

 

Table 1. The RemPro matrix (adapted from Haziri, Sundin, 2019) 

 REMANUFACTURING STEP 

PRODUCT 
PROPERTY 

INSPECTION 
REMEDIATION 

(CLEANING) 
DISASSEMLY STORAGE REPROCESS REASSEMBLY TESTING 

Ease of 
Identification 

X  X X   X 

Ease of 
Verification 

X       

Ease of 
Access 

X X X  X  X 

Ease of 
handling 

  X X X X  

Ease of 
separation 

  X  X   

Ease of 
securing 

     X  

Ease of 
alignment 

     X  

Ease of 
stacking 

   X    

Wear 
resistance 

 X X  X X  

 

Products selected by inspection go to disassembly, where they are disassembled to their 

corresponding modules and further to their constituent components, which are again inspected and 

classified as remanufacturable or scrap. Components classified as scrap are replaced by new 

components manufactured by either the remanufacturer itself or original equipment manufacturer 

(OEM). Depending on the product, disassembly of remanufacturables and inspection of the constituent 

components could take place either simultaneously or sequentially (Andew-Munot et. al., 2015). 

Products that are designed for later disassembly and remanufacturing can save energy and decrease 

costs compared to those products that are not designed with this intention, due to the fact that most 

of disassembly is done manually. Manual performance is a consequence of high capital cost of 

automation, lack of flexibility due to different types of products and the need for human decision 

regarding the appropriate tools. In case of products that are not designed for disassembly and 

remanufacturing, manual disassembly may not be economical, primarily because of increase of 

disassembly time and resulting high labour costs.  

Component remediation implies components cleaning, repairing and surface finishing. Usually, as 

conventional cleaning technologies for remanufacturing, high temperature decomposition and shot 

blasting cleaning are used (Lee et. al., 2017). Repair technologies differ based on the materials, the 

types of products and the remanufacturing purposes. After remediation processes follows component 

reassemble and testing of particular components and a product as a whole. The remanufacturing 

process ends with issuing of warranty proving the characteristics and the performance of the product.  

The steps of remanufacturing process can be organized in different ways depending upon the type of 

the product. In some cases not all of the steps of remanufacturing process even occur. For instance, 
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inspection may identify that there is no need for disassembly or components cleaning which will 

ultimately reduce cost of remanufacturing due to energy, material and labour savings. When adapting 

products for remanufacturing, all steps have to be taken into consideration. 

As it could be seen from Figure 3., remanufacturing takes place in the Middle of Life (MoL) of a product. 

It differs from manufacturing in both process characteristics and operational logistics. As previously 

stated, remanufacturing usually requires manual input (non-automated labour) and batch sizes are 

smaller (Sundin, 2020; Lee et. al., 2017). Practice has shown that 85% of the weight of a 

remanufactured product can be obtained from used components while maintaining quality equivalent 

to newly manufactured products. Compared to conventional manufacturing, remanufacturing process 

requires 50%-80% less energy resulting with 20%-80% production cost savings (Ijomah et. al., 2007). 

For instance, by remanufacturing automotive components 88% of material, compared to conventional 

manufacturing, is saved, there is 53% decrease in carbon dioxide equivalent (CO2e) emissions and it 

requires 56% less energy (Parker et. al., 2015). In Table 2. the comparison of manufacturing and 

remanufacturing is given.  

 

Table 2. Comparison of manufacturing and remanufacturing (adapted from Lee et. al., 2017) 

 COSTS COMPETITION AUTOMATION 
DESIGN FOR 

REMANUFACT. 
(DFRem) 

INVENTORY 
RAW MATERIALS (RETURNS) 

QUALITY QUANTITY TIMING 

M
A

N
U

FA
C

TU
R

IN
G

 

HIGH HIGH HIGH HIGH LOW STABLE STABLE STABLE 

R
EM

A
N

U
FA

C
TU

R
IN

G
 

LOW LOW LOW LOW HIGH 
UNCERTAIN 

STABLE 
UNCERTAIN 

STABLE 
UNCERTAIN 

 

In the MoL, along with remanufacturing, also occur some other products’ life-prolonging processes like 

rebuilding, reconstruction, refurbishment, repairing, recondition etc. (Figure 9.).  
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Figure 9. The potential lifecycles of a product (adapted from Parker et. al., 2015) 

 

Remanufacturing differs from the mentioned circular economy processes. Unlike recycling, which is 

focused on recovering materials, remanufacturing is focused on recovering the whole product. It is 

often confused with refurbishment, repairing or recondition. Refurbishment implies product 

treatment, which largely results in aesthetic improvements rather than functionality improvements 

(Benoy et. al., 2014). Repairing refers to fixing a broken or worn product with no guarantee on the 

product as a whole (Parker et. al. 2015; Benoy et. al. 2014). Recondition implies return of used product 

to satisfactory working conditions by rebuilding or repairing major components that are close to 

failure, even where there are no reported or apparent faults in those compounds (Parker et. al., 2015). 

The main difference between remanufactured, repaired and reconditioned products is that the 

remanufactured products have the guarantee (warranty) of the characteristics and the performance 

equal, or even better, to newly manufactured products while the following two have the inferior 

guarantees. Also, the remanufactured products are composed of both newly (components that cannot 

be brought back at least to original performance specification are replaced with new ones) and 

remanufactured components while repaired and reconditioned products retain all the original 

components. Finally, remanufacturing implies product upgrading, which does not occur with repair 

and reconditioning (Ijomah et. al., 2007).  

So far, the product’s life-prolonging processes (reuse, repair, refurbish and remanufacturing) have 

gained less attention than the waste management related ones and strategies related to product’s life-

prolonging processes are less mature compared to those of waste management (EEA, 2017). 

Nevertheless, since they are based on innovations in the design of less environmentally harmful 
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products and processes, product’s life-prolonging processes potentially offer significant economic and 

environmental benefits. Even though for some sectors the remanufacturing is still in its beginning (for 

instance smart phone industry), it occurs in many industrial sectors and for some is has become an 

integral part of business (for instance automobile industry). It is estimated that only in North America 

and Europe there is more than 14 000 companies in remanufacturing (Sundin, 2020). Generally, 

remanufacturing is attractive for sectors, which produce durable, capital-intensive, long-life products. 

List of most frequently remanufactured products is presented in Table 3. The sectors with significant 

remanufacturing activities are (Parker et. al., 2015): 

 Aerospace; 

 Automobile parts; 

 Electrical and electronic equipment (EEE); 

 Furniture; 

 Heavy duty and off road equipment (HDOR); 

 Machinery; 

 Marine; 

 Medical devices.  

 

Table 3. List of most frequently remanufactured products (adapted from Sundin, 2020) 

 Air 
conditioners 

 Air flow meters 

 Alternators 

 Bakery 
equipment 

 Brake calipers 

 Catalysts 

 Chairs 

 Coffee 
machines 

 Jet fans 

 Soil 
compactors 

 Zimmer frames 

 Dishwashers 

 Steering 
pumps 

 Excavation 
equipment 

 Filling 
machines 

 Flat Panel 
displays 

 Forklift trucks 

 Furniture 

 Gaming 
equipment 

 Refrigerators 

 Wireless 
switches 

 Machine 
equipment 

 Notebooks 

 Gear boxes 

 Heat 
exchangers 

 Office 
equipment 

 Pallets 

 Photocopiers 

 Pistons 

 Power 
bearings 

 Cubicles 

 Keyboards 

 Servo pumps 

 Desks 

 Machine 
tools 

 Start engines 

 Electrical 
motors 

 Process 
fans 

 Pumps 

 Quivers 

 Tables 

 Toner 
cartridges 

 Truck 
engines 

 Turbo 
charges 

 X-ray 
apparatus 

 Yacht 
engines 

 Stapling 
machines 

 Undercarriage 

 Valves 

 Vending 
machines 

 Washing 
machines 

 Computers 

 Injectors 

 Robots 

 Wheel chairs 

 Compressors 

 Cylinders 

 Laptops 

 Smartphones 

 Diesel particle 
filters 

 Medical 
equipment 

 

According to their relationship to the manufacturer (producer of new products- original equipment 

manufacturer (OEM)), companies within remanufacturing industry can be classified as follows (Sundin, 

2020): 

1. Original Equipment Remanufacturers (OER)- companies which remanufacture their own 

products. They could be classified as OEM/OER companies because, beside manufacturing 

units, these companies also possess original equipment remanufacturing units.  
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2. Contracted Remanufacturers- companies that perform remanufacturing as a contracted 

service for OEM. Benefits for contracted remanufacturers, in this case, are fewer working 

capital requirements, lower risks and consistent stream of business. Furthermore, OEM 

provides design and testing specifications as well as replacement parts. 

3. Independent Remanufacturers- companies that remanufacture products with no or little 

contract with the OEM. Independent remanufacturers usually collect or buy used products 

(cores) from end users. They also buy replacement parts and develop their own knowledge for 

redesigning of a product. After remanufacturing process they sell the remanufactured product 

under their own name and by that, in some cases, they present a potential business threat to 

the OEMs.  

 

3.1 Benefits of Remanufacturing 

As mentioned before, remanufacturing as the circular economy concept has both economic, ecological 

and social benefits. Except for acquiring a “green image”, companies resort to remanufacturing mostly 

due to profit or environmental legislation and policy compliance. The main drivers for remanufacturing 

are (Sundin, 2020): 

a) Economics- remanufacturing process is profitable; 

o Economic viability of remanufacturing depends on (Parker et. al., 2015): 

 how dispersed is the product; 

 how easy is to locate and retrieve the product; 

 how easy is the product to be disassembled; 

 the rate of technology and product performance change; 

 knowledge and skills related to manufacturing and 

 legislative changes.  

b) Cost savings- production cost savings range from 20% to 80% (Ijomah et. al., 2007); 

c) Access to cores (“Cores” refer to the used products which are re-collected for 

remanufacturing); 

d) Reduced lead times; 

e) Alternative businesses models- these include rental and service-based offerings; 

f) Reduced risk of resource insecurity- remanufacturing reduces risks associated with supply 

chains; 

g) Environmental legislation- remanufacturing eases the compliance with environmental policies. 

 

Remanufacturing has significant environmental benefits due to diverting large volume of products 

from landfills and significant reductions in both material (around 80% of material in remanufactured 

product is retrieved from the original product core (Parker et. al., 2015)) and energy use resulting in 

decrease of greenhouse gas emissions (Table 4). For products that do not use energy during utilization 

phase, the environmental impact of the product is the highest (80%) (European Commission, 2020) in 

the Beginning-of-Life (BoL) phase (Figure 10.). For energy- using products the highest environmental 

impact occurs during utilization phase (Middle- of- Life (MoL) phase). The environmental impact 

associated with the manufacturing process (material extraction, material manufacturing, parts 

manufacturing, product assembly etc.) is in large scope or even fully in remanufacturing avoided. Also, 

by extending product’s lifecycle, remanufacturing contributes to spreading the total quantity of 

product’s environmental impact over a longer period of time. Regarding the environmental impact, 
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beside the manufacturing process, remanufacturing is also a better circular economy option than 

recycling. Namely, by recycling only the impact of raw material extraction and refining is avoided, since 

recycling still requires manufacturing process to turn the secondary raw material back into a product.  

 

 

Figure 10. The environmental impact during product’s life (Sundin, 2020) 

 

Table 4. Estimated material and CO2e savings due to remanufacturing in Europe (adapted from 
Sundin, 2020, Parker et. al., 2015) 

SECTOR MATERIAL (103 t) CO2e (103 t) 

AEROSPACE 136 356 

AUTOMOTIVE 587 2 099 

ELECTRICAL & ELECTRONIC EQUPMENT 299 1 070 

FURNITURE 16 129 

HDOR 42 83 

MACHINERY 76 131 

MARINE 663 2 724 

MEDICAL EQUIPMENT 192 734 

RAIL 107 91 

TOTAL 2 260 8 255 

 

Social benefits of remanufacturing include: 

 Energy and emission savings; 

 Empowerment of consumers and providence of cost-saving opportunities; 

 Creatiion of a market for skilled employment. 
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3.2 Remanufacturing- The Global Perspective 

 

The countries that have gone farthest in remanufacturing are the USA, the EU, China, Japan and South 

Korea. The USA is the largest remanufacturer in the world (Parker et. al., 2015). It is also the leading 

country in consuming and exporting remanufactured products (Benoy et. al., 2014). In the USA 

remanufacturing is well developed and implemented across diverse industrial sectors. The 

remanufacturing intensive sectors include aerospace, automobile components, electrical equipment, 

heavy-duty off-road (HDOR) equipment, IT products, locomotives, machinery, medical equipment, 

office furniture, restaurant equipment and retreated tyres. In the USA, remanufacturing has a strong 

governmental support. State governments are legislating remanufactured products into procurement 

and disposal requirements, setting tax credits to benefit remanufacturers and penalising OEMs that 

restrict remanufacturing (Benoy et. al., 2014). Most of the remanufactured products produced in the 

USA are exported to Canada, Mexico and the EU (Lee et. al., 2017; Parker et. al., 2015) (Figure 11). 

 

 

Figure 11. The US remanufacturing trade (Lee et. al., 2017) 

 

Remanufacturing in China started in 2008 by two government-led remanufacturing programs, one in 

the automobile parts sector and the other in industrial machinery and electrical equipment sector. The 

programs allowed the limited number of companies (companies had to be approved by the 

government) to perform remanufacturing. Although remanufacturing in China is supported by the 

government, the remanufacturers face a number of difficulties regarding collecting cores due to import 

constrains, tax burdens and lack of official definitions (Parker et. al., 2015; Lee et. al., 2017). 

In Japan remanufacturing is seen as waste reduction strategy and thus it is well accepted and 

introduced by a number of industry sectors. The largest remanufacturing sectors are automotive 

sector, photocopier devices, electronic equipment and HDOR equipment (Parker et. al., 2015; Lee et. 

al., 2017). It is a well established sector led by remanufacturing companies rather than OEM (Lee et. 

al., 2017).  
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South Korea has well established remanufacturing sector. The governmental incentives have been 

supporting the remanufacturing industry from 2005. Large number of companies are involved in 

remanufacturing automobile parts and printer cartridges. The automobile parts sector accounts for 

80% of the Korean domestic remanufacturing industry and the printer cartridge sector accounts for 

17% (Lee et. al., 2017). In lesser extend IT products, medical devices, HDOR equipment and defence 

sector equipment are remanufactured (Parker et. al., 2015, Lee et. al., 2017).  

 

3.3 Remanufacturing- The European Union Perspective 

The EU’s growth and development, like in most developed countries and regions, has been for a long 

time largely based on linear economy resulting with related environmental and social impacts, 

inefficient use of resources (materials and energy) and over-dependency on imported resources. The 

EU early realized the benefits of transition to more sustainable system, achievable by incorporating 

the concept of circular economy into business models, and has been working actively on the 

improvement of circularity of its business sectors. Changes throughout the value chain in the EU to 

foster the EU’s transition to circular economy include (Sundin, 2020): 

1. Lightweighting- reducing the quantity of used material for a certain product or service; 

2. Durability- extension of product’s useful life; 

3. Efficiency- reducing use of resources (energy and materials) in the production and utilization 

phase; 

4. Substitution- reducing utilization of hazardous and difficulty recyclable material; 

5. Recyclates- creating sustainable markets for secondary raw materials; 

6. Ecodesign- designing products for remanufacturing, upgrading and recycling; 

7. User/ Consumer-friendly environment- developing the necessary services and infrastructures 

for users and consumers; 

8. Incentivizing and supporting waste reduction and separation by users/ consumers; 

9. Creating separation and collection systems for products at EoL phase; 

10. Industrial symbiosis- clustering activities to prevent by-products from becoming waste; 

11. Creating service-oriented system by encouraging wider and better user’s/ consumer’s choice 

through renting, lending or collaborative consumption. 

 

The European Commission has strongly supported the transition to circular economy by strategies (for 

instance Agenda 2020) and set of policy initiatives like the recent the European Green Deal (2019), 

Europe’s new agenda for sustainable development of which Circular Economy Action Plan: For a 

Cleaner and More Competitive Europe, adopted in March 2020, is one of the main pillars. It also initiate 

several policy driven researches like Roadmap to a Resource Efficient Europe (2011), Towards a circular 

economy: A zero waste program for Europe (2014). It is estimated that applying the circular economy 

concept across the EU economy has the potential to increase EU’s GDP by additional 0.5% by 2030 

creating around 700 000 new jobs (European Commission, 2020). European Commission also issued 

several mandatory Directives that strongly affect remanufacturing industry in the EU (the Waste 

Framework Directive, the Directive on End-of-Life Vehicles (the ELV Directive), Directive on Waste 

Electrical and Electronic Equipment (the WEEE Directive), the EU's Restriction of Hazardous Substances 

(the RoHS Directive)).   

Due to the increased environmental awareness of the EU’s population, additionally fostered by 

previously mentioned governmental activities, remanufacturing in the EU is viewed favourably and 
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perceived as a method of cost reduction and environmental protection. Remanufacturing in the EU is 

mainly focused on aerospace industry (42%), automotive industry (25%) and HDOR equipment (14%), 

which make up around 80% of the European remanufacturing market (Table 5) (Parker et. al. 2015). 

The other remanufacturing areas include machinery, medical equipment, office furniture, rail and 

marine equipment (Parker et. al., 2015; Lee et. al., 2017). Germany is the biggest remanufacturer in 

the EU, followed by the UK (& Ireland), France and Italy (Parker et. al., 2015; Lee et. al., 2017). It is 

estimated that the mentioned countries make up around 70% of the European remanufacturing 

market (Table 6) (Parker et. al. 2015). 

 

Table 5. Remanufacturing market in the EU in 2015 (adapted from Parker et. al., 2015; Lee et. al., 
2017) 

SECTOR 
PRODUCTION 

(109 €) 
NR. OF 

COMPANIES 
EMPLOYMENT 

(103) 
CORE 
(103) 

INTENSITY 
(%) 

AEROSPACE 12.4 1 000 71 5 160 11.5 

AUTOMOTIVE 7.4 2 363 43 27 286 1.1 

HDOR 4.1 581 31 7 390 2.9 

ELECTRICAL & 
ELECTRONIC 
EQUIPMENT 

3.1 2 502 28 87 925 1.1 

FURNITURE 0.3 147 4 2 173 0.4 

MACHINERY 1.0 513 6 1 010 0.7 

MARINE EQUIPMENT 0.1 7 1 83 0.3 

MEDICAL EQUIPMENT 1.0 60 7 1 005 2.8 

RAIL 0.3 30 3 374 1.1 

TOTAL 29.8 7 204 192 132 405 1.9 

 

Table 6. The market size of remanufacturing activities in the EU (Parker et. al. 2015) 

PRODUCTION (109 €) 

 Germany France 
UK & 

Ireland 
Italy Benelux Central Eastern 

Medi-
terranean 

Nordic TOTAL 

AEROSPACE 3.810 2.311 2.698 1.127 0.389 0.399 0.513 0.816 0.368 12.436 
AUTOMOTIVE 2.370 0.754 0.766 0.699 0.395 0.652 0.692 0.790 0.273 7.393 

HDOR 0.646 0.355 0.190 0.592 0.111 0.230 0.578 0.311 0.106 3.118 
ELECTRICAL & 
ELECTRONIC 
EQUIPMENT 

0.066 0.024 0.034 0.066 0.010 0.016 0.052 0.023 0.018 0.310 

FURNITURE 1.108 0.633 0.509 0.541 0.160 0.227 0.343 0.380 0.242 4.142 
MACHINERY 0.336 0.108 0.090 0.199 0.044 0.045 0.081 0.070 0.053 1.026 

MARINE 
EQUIPMENT 

0.011 0.003 0.006 0.008 0.011 0.002 0.015 0.013 0.005 0.076 

MEDICAL 
EQUIPMENT 

0.316 0.112 0.121 0.061 0.036 0.070 0.104 0.068 0.083 0.971 

RAIL 0.061 0.022 0.049 0.039 0.011 0.046 0.041 0.048 0.027 0.343 
TOTAL 8.728 4.322 4.463 3.333 1.167 1.687 2.420 2.519 1.173 29.813 

Legend: Benelux: Belgium, Luxembourg, the Netherlands 

 Central (excluding Germany): Austria, Czech Republic, Slovenia 

 Eastern: Bulgaria, Estonia, Latvia, Lithuania, Hungary, Poland, Romania, Slovakia 

 Mediterranean (excluding Italy): Croatia, Cyprus, Greece, Malta, Portugal, Spain 

 Nordic: Denmark, Finland Sweden 
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In the European Remanufacturing Network publication, Remanufacturing Market Study, three 

potential scenarios of the development of the European remanufacturing industry by 2030 were 

presented. The presented scenarios are (Parker et. al., 2015): 

1. The Base case scenario- Business-as-usual scenario (BAU)-assumes approximate current 

growth of the remanufacturing industry through to 2030; 

2. The Stretch case scenario- assumes adoption of appropriate policies and promotional activities 

to foster growth in the remanufacturing industry, which results in higher intensity of 

remanufacturing as proportion to manufacturing;  

3. The Transformation case scenario- the scenario where remanufacturing becomes the key 

strategic pillar for the EU resulting in very significantly increased intensity of remanufacturing 

as a proportion of manufacturing by 2030. 

 

The Base case scenario assumes the low growth (0.5%/y) for the HDOR sector, machinery and marine. 

The steady growth (3%/y) is assumed for the aerospace, automotive and rail and the high growth is 

assumed for electric and electronic products, furniture and medical equipment. Based on the 

previously stated assumptions, the production value of remanufacturing by 2030 would be 46×109 €. 

The remanufacturing sector would employ some 300 000 people and avert 16×106 t CO2e (Parker et. 

al., 2015).  

The Stretch case scenario assumes intensity increase of 25% for the HDOR sector, machinery and 

marine. For the aerospace, automotive and rail it is assumed that intensity would increase by 50%, and 

electric and electronic products, furniture and medical equipment will face 100% increase of intensity. 

Based on the previously stated assumptions, the production value of remanufacturing, according to 

the Stretch case scenario, by 2030 would be 73×109 €. In case of the Stretch scenario, the 

remanufacturing sector would employ some 450 000 people and avert 16×106 t CO2e (Parker et. al., 

2015).  

The Transformation case scenario assumes intensity increase of 50% for the HDOR sector, machinery 

and marine. For the aerospace, automotive and rail it is assumed that intensity would increase by 

100%, and electric and electronic products, furniture and medical equipment will face 200% increase 

of intensity. Based on the previously stated assumptions, the production value of remanufacturing, 

according to the Transformation case scenario, by 2030 would be 100×109 €. Also, it that case, the 

remanufacturing sector would employ more than 500 000 people and avert 21×106 t CO2e (Parker et. 

al., 2015).  

The previously described possible development scenarios are summarized in Table 7. 
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Table 7. Possible future development scenarios of the EU remanufacturing industry (adapted 
from Parker et. al., 2015) 

 
PRODUCTION (109 €) EMPLOYMENT (103) CO2e (103 t) SAVINGS 

Base 
case 

Stretch 
case 

Transf. 
case 

Base 
case 

Stretch 
case 

Transf. 
case 

Base 
case 

Stretch 
case 

Transf. 
case 

AEROSPACE 19.4 29.1 38.7 110 155 198 555 832 1 110 
AUTOMOTIVE 11.5 17.3 23.0 68 95 122 5 137 7 706 10 275 
ELECTRICAL & 
ELECTRONIC 
EQUIPMENT 

6.5 13.0 19.4 57 103 145 369 737 1 106 

FURNITURE 0.6 1.3 1.9 7 13 19 273 546 818 
HDOR  4.5 5.6 6.7 33 40 47 3 726 4 658 5 590 

MACHINERY 1.1 1.4 1.7 6 8 9 423 529 635 
MARINE EQUIPMENT 0.1 0.2 0.2 1 2 2 62 94 125 
MEDICAL EQUIPMENT 2.0 4.0 6.1 15 16 37 120 240 360 

RAIL 0.5 0.8 1.1 4 6 8 537 805 1 073 

TOTAL 46.3 72.6 98.9 302 449 587 11 202 16 147 21 091 
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4. CONCLUSIONS 
 

Strategies for circular economy are based on more efficient use of resources (materials and energy). 

As such, they are linked and overlap with the low-carbon strategies. The global target of halting the 

rise in global temperature to less than 2°C compared to the preindustrial level by 2050 set by the Paris 

Agreement, requires fundamental changes not only in resource (material, energy, food, water etc.) 

consumption, but also in the way the raw materials are produced and handled during its lifecycles.  

Remanufacturing is often seen as environmental friendly way to prolong products life and implement 

the concept of circular economy at company’s level. Compared to manufacturing and recycling it has 

many advantages: 

1. Uses less resources- to remanufacture the product, less material (80% of the remanufactured 

product is from the core) and less energy (50%-80% less energy) is required.  

2. Lower CO2e emissions- the environmental impact of the product is the highest (80%) in the 

Beginning-of-Life (BoL) phase, and since the material extraction, refining and production is 

avoided, and at the same time disassembly of cores uses less energy, remanufacturing results 

with lower emissions than manufacturing. By recycling only the impact of raw material 

extraction and refining is avoided since recycling still requires manufacturing process to turn 

the secondary raw material back into a product 

3. Safer handling of hazardous materials- by collecting the used products, the toxic and 

hazardous materials contained in the core are also collected.  

 

Although remanufacturing as a process occurs at the end-of-life of a product it should be taken into 

consideration at the Beginning-of-Life (BoL) phase. Namely, in order for the remanufacturing 

economic, environmental and social benefits to fully become evident, the product have to be designed, 

that is redesigned, to enable the remanufacturing at the end of the products lifecycle.  

 

According to their relationship to the original equipment manufacturer (OEM), companies within 

remanufacturing industry can be classified as original equipment remanufacturers (OER) (companies 

that remanufacture their own products), contracted remanufacturers (companies that perform 

remanufacturing as a contracted service for OEM) and independent remanufacturers (companies that 

remanufacture products with no or little contract with the OEM).  

Remanufacturing occurs in many industrial sectors and for some is has become an integral part of 

business (for instance automobile industry). Generally, remanufacturing is attractive for sectors, which 

produce durable, capital-intensive, long-life products. The countries with the longest tradition in 

remanufacturing products are the USA, the EU, China, Japan and South Korea. The biggest 

remanufacturer in the EU is Germany.  
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5. RECOMMENDATIONS ON FURTHER READING 
 

Author  

Gutowski et. al., 2011 Energy savings of remanufacturing 

Pokharel and Liang, 2012 Evaluation of acquisition price and quantity of used products 

Aabharwal and Grag, 2013 Evaluation of economic feasibility by using the graph theoretic 
approach 

Mok et. al., 2013 Remanufacturing for automotive electronics control parts 

Liu et. al., 2014 Environmentally friendly approach for removal of contaminants 
by supercritical CO2 

Chen et. al., 2014 Potential benefits and opportunities of remanufacturing 

Ovchinnikov et. al., 2014 Economic and environmental assessment of remanufacturing 
strategies 

Zhang et. al., 2014 Method for optimum remanufacturing point 

Wilson et. al. 2014 Remanufacturing by laser direct deposition and environmental 
impact analysis 

Darisuren et. al., 2014 Remanufacturing processes and improvement of fatigue life 

Yang et. al., 2015 Designing automotive products from material selection 
perspective 

Francie et. al., 2015 Stochastic models and numerical solutions for remanufacturing 
systems 

Zhu et. al., 2015 Supply chain-based barriers for truck-engine remanufacturing 

Shi et. al., 2015 Environmental impact and life evaluation 

Busu et. al., 2015 Remanufacturing process 

Yenipazarly, 2016 Alleviation of environmental damage under emission regulation 

Govindan et. al., 2016 Application of fuzzy analytic network process for barrier 
evaluation 

Liu et. al., 2016 Environmental benefits and remanufacturing through laser 
cladding 

Hieronymi, 2016 Remanufacturing and circular economy in the IT industry 

Ullah et. al., 2016 Optimal strategy for remanufacturing 

Kurilova-Palisaitiene et. al., 2017 Remanufacturing challenges and possible lean improvements 

Yang et. al., 2018 Opportunities for Industry 4.0 to support remanufacturing 

Jensen et. al., 2019 Creating sustainable value through remanufacturing: Three 
industry 
cases 

Chen et. al., 2019 A Study on Consumers’ Willingness to Pay for Remanufactured 
Products: A Study Based on Hierarchical Regression Method 
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