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ABSTRACT  

This thesis contributes to the knowledge on closed-loop supply chains (CLSC) with a 

focus on remanufacturing in the fields of sustainability. CLSCs involve the collection of 

end-of-life products, the remanufacturing of these products to original specifications, and 

the redistribution of remanufactured products. The objective of this research is to identify 

factors key to the success of CLSCs with remanufacturing practices and to propose a 

business model framework for remanufacturing companies.  Through case studies on 

several companies in the consumer electronics, heavy equipment manufacturing, and 

industrial process control industries, issues related to product safety, liability, reliability, 

customer perception, and others are analyzed. Within the company environment, it is 

important to address the mission and vision statements, the project portfolio, and 

acquisitions, partnerships, or mutual agreements with other businesses; within the product 

environment, it is important to address the intellectual property of product design, 

product acquisition and reverse logistics, and design for remanufacturing; within the 

macro environment, it is important to address the industry’s technology clockspeed, 

regulatory agencies, and  customer perception of remanufactured products. These factors 

are identified to be critical to the success of CLSCs. To address the challenges faced by 

remanufacturing companies, such as the lack of awareness and knowledge of 

remanufacturing throughout the world, possible solutions are proposed. Findings from 

this study are important to engineering management research and practice because the 

growing concerns on the environment and sustainability will bring an increased focus on 

these issues in the near future.  
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1. Introduction 

A sound supply chain is vital to any manufacturing organization. A great amount of 

research has been conducted on forward-flow supply chains in which raw material travels 

from its point of origin through manufacturing and into the hands of customers in the 

form of working products. This process has more or less been optimized through 

extensive practice over the past decades and centuries. However, a new practice in this 

field is gaining attention and popularity. It is known as a reverse-flow supply chain. In 

this environment, end-of-life products are collected from the customer, disassembled into 

individual components, remanufactured to correct specifications and then reassembled 

into new products which are redistributed to the customers. This process creates a closed-

loop supply chain (CLSC) and has many benefits. 

 

There are a number of companies in a variety of industries which have begun to integrate 

closed-loop networks into their business operations. Given the relative newness of this 

system, many factors remain to be analyzed and understood. The literature available to 

date has focused particularly on the individual steps of the process. These steps can be 

generally described as (1) product acquisition, (2) reverse logistics, (3) testing, sorting, 

and disposition, (4) remanufacturing, and (5) remarketing. Understanding these steps is 

important but the current literature has failed to identify the success factors of the 

businesses operating a closed-loop system; the constant success factors that span product, 

company, and industry differences. 

 

This research begins to identify the critical factors for success. Three industries and five 

companies within are analyzed. The consumer electronics industry will be understood 

through study of Kodak, Xerox, and Gazelle; the heavy equipment industry will be 

understood through study of Caterpillar Inc.; and the process control industry will be 

understood through study of McGrath Manufacturing. These industries and companies 

will reveal constant success factors that are common throughout closed-loop supply 

chains with remanufacturing. 
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2. Literature Review 

2.1 Supply Chain Management 

Supply chain management (SCM) is a new term for a very old concept. The term supply 

chain management evolved primarily out of logistics along with a number of other 

disciplines such as goods brokering, insurance, transportation, and e-commerce. The truth 

is supply chain management can be traced back all the way to prehistoric times. People 

have always had a need for materials or goods and there were associated activities to see 

that those materials and goods got delivered from their initial state to the people in need. 

Liz Metcalfe [1] provides this insight and gives the example of the ancient groups of 

people in need of food or warm clothing. The groups would determine how many animals 

and of what type they would need to hunt in order to feed or dress their clan. They would 

not want to kill too many animals in which case they would have excess supplies to 

manage and they would need to ensure that they had the proper tools and weapons to 

complete the job. Once the hunt was completed, the hunters would bring the animals back 

to the camp where other individuals would begin their designated tasks of skinning the 

animals or preparing the meat. Once these activities were complete, the group would 

dress themselves in the new hides or eat the cooked meat.   

 

Over millennia, centuries, decades, and years, the supply chain evolved from this 

primitive state to something that resembles what we are familiar with today.  As the 

disciplines mentioned previously combined with logistical practices, there began to form 

a “chain of links” joining suppliers of the various raw materials to consumers of the 

finished product. This chain started to become long, complex, and difficult to manage as 

individual components [1]. It was in the 1980s that companies really began to see the 

benefits of partnerships with suppliers outside of their organization. To optimize the 

performance of the entire supply network, companies must become actively involved in 

the other links in the chain [2]. 

 

Metcalfe discusses the evolution from the turn of the 20
th

 century to today. Until the 

1970s, the supply chain was “supplier-driven”. Henry Ford’s famous quotation sums it up 

best: you can have the car in any color you want, as long as it’s black. Manufacturers 
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built products and presented them to the consumer market. The customers either bought 

what was presented to them or they didn’t buy anything at all. Little concern was given to 

the needs and wants of the customer and the focus at this time was primarily on 

production and manufacturing logistics.  

 

In the 1970s, a change started to take hold. This change had slowly taken shape over 

many decades as consumers demanded more from manufacturers but it wasn’t until the 

1970s that manufacturers and suppliers began to take action. The Henry Ford “supplier-

push” supply chain transformed into a “customer-pull” supply chain. This change was 

further accelerated by the emergence of new Japanese management techniques in the 

1980s. The market research and lean manufacturing techniques of the Japanese could 

accommodate customer desires with improved flow of materials. At this point in time, 

organizations across the world began to take interest in what the customer wanted, where 

they wanted it, when they wanted it, and how much they were willing to pay for it. The 

result of all this was a dramatic change in the “chain of links” [1]. Companies began to 

realize that if a relationship was developed between the supply chain links that all 

organizations in the chain began to benefit from the success of the others [2].  

 

To meet the new demands of the customer (i.e. what they want, where they want it, when 

they want it, and what they’ll pay for it), the links of the supply chain need to work 

together with excellent cohesion. To achieve this, the suppliers needed to have excellent 

communication amongst each other for sharing information and planning. Suppliers 

began to create impressive new formulas to model the supply chain and prepare forecasts. 

At this time in the 1990s, new innovations in communication like the internet and 

computer technology and software were exploding across the globe. Some businesses 

began to specialize in only managing the supply chain links. An example of this is Cisco 

which transformed itself from a physical link in the supply chain to a manager of the 

relationships between the links. With the advent of the internet, e-commerce found its 

beginnings and has been growing ever since as the ever-expanding internet continues to 

help companies get closer to the end customer. [1] 
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Identified by Metcalfe are a number of key issues that need to be addressed to achieve 

successful supply chain management. These issues are:  

 Who are the customers, where are they, and what do they want? 

 Which products are to be created and at which production/manufacturing 

facilities? Therefore, what inputs are required (goods and services) and who 

should provide them? 

 Where are the locations of the holding points, and pathways for the products and 

information?  

o This includes sources, production/manufacturing points, inventory, and 

stocking points. Also, where are the completed goods expected to go (e.g. 

distribution centers)? 

 What inventory is required along with the way in terms of raw materials through 

to end products?  

o This included such complexities as stocking levels, efficient order 

quantities, reorder points, and safety stock levels. 

 How to get materials, parts, and goods moving along the supply chain?  

o This includes addressing transportation issues, such as balancing the most 

cost-effective methods against the timeframes and risks involved. 

 

To successfully answer these questions and achieve supply chain management, three 

flows are required: 

1. Information flows (e.g. orders, delivery dates/status, estimates, etc.) 

2. Financial flows (e.g. money, credit terms, agreements for payment, etc.) 

3. Physical flows of raw materials, goods, and end products through the supplier 

chain to the end customer  

 

It’s clear that there are many aspects of the supply chain system that must be addressed 

and numerous obstacles to overcome in order to be successful. This is no small feat and 

much research and practice as been devoted to fully understanding the complexity of the 

supply chain network. All of these questions above have been investigated, analyzed, and 

more or less optimized to create unique supply chain structures for the ever-changing 
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variety of variables in the network. However, all of these questions and subsequent 

answers relate to the supply chain in the forward flow of materials. That is, the flow of 

materials from their raw state through value-adding manufacturing and to the customer or 

end-user of the product. There is a growing awareness and interest in the reverse flow of 

materials which is the primary subject of this research. The reverse flow is the exact 

opposite of the forward flow; materials move from the customer back to the manufacturer 

and occasionally return completely to their raw state. The combination of a forward and 

reverse flow supply chain create what is known as a closed-loop supply chain (CLSC) 

and is intertwined with the concepts of product reuse, recycling, and the more complex 

process of remanufacturing.  

 

2.2 Closed-Loop Supply Chains (CLSC) with Remanufacturing 

Remanufacturing is an industrial practice which is gaining popularity because of many 

reasons. A few of these reasons are the benefits of conserving resources, extending 

product life cycles, and pressures from society and legislation to become more 

environmentally-conscious. Businesses which incorporate remanufacturing in their 

business models are known to have closed-loop supply chains, closed-loop logistics 

systems, recoverable product environments, reverse flow supply chains, or other similar 

names. In contrast to forward flow systems where products flow from raw material states 

through manufacturing to final products used by customers, reverse flow systems rely on 

the customers to supply the input materials, known as cores, which will be returned to the 

customers after remanufacturing. [3] 

 

Remanufacturing typically occurs on two types of products: capital goods and consumer 

durable goods. Capital goods are the more mature of the two types of products and might 

include complex military systems, vending machines, industrial control devices, or 

manufacturing, mining, and agricultural equipment. Consumer durable goods would 

include automotive parts, computers, printer cartridges, or consumer electronics. The 

process of remanufacturing involves disassembly of cores into individual parts which are 

then cleaned, inspected, and tested to determine whether or not they meet acceptable 

quality standards to undergo remanufacture. Understandably, some of these parts will 
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become waste due to obsolescence, excessive damage, or a variety of other reasons. 

Other parts, however, may be salvaged and put back into use as they are in their current 

state or after repair, reconfiguration, or remanufacturing. Once they meet acceptable 

standards either as they are or through reprocessing, they are used in the assembly of new 

products and returned to the consumer market. [4] 

 

2.2.1 Drivers of a CLSC with Remanufacturing 

Economic Benefits 

According to Giuntini and Gaudette [4], remanufacturing represents perhaps the largest 

untapped resource for productivity improvement in American industry. Productivity, in 

simple terms and as defined by many economists, is the ratio of an output to the 

associated input. The output could be any measures such as units manufactured, tons 

excavated, passenger miles traveled, or many more. The two primary inputs which can 

increase manufacturing productivity of the production process are labor and materials. 

Until recently, the focus of productivity improvement has been on the labor input with 

advances in automation, technology, science, and management techniques. All of these 

improvements have had a tremendous positive impact with productivity increasing by 

more than 300% over the past 50 years. Material productivity, on the other hand, has 

remained largely unexplored until now and has the potential to yield equally impressive 

results.  

 

Recycling is the most well-known form of improved material productivity and it has 

become a common practice in the United States. However, it has been limited to very 

simple items like beverage containers, steel products, and paper goods.  Recycling more 

complex products such as automobiles, refrigerators, or consumer electronics could result 

in a loss of up to 95% of the value-added content. With recycling, products and parts 

must be returned to their raw state which requires energy and once they are at that point 

the manufacturing process begins as if from scratch which also requires energy. This 

process costs a great deal of time, energy, and money to perform. Remanufacturing, on 

the other hand, conserves much of the value-added content and since remanufactured 
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products are in their final form, they require only a fraction of the material processing and 

energy required for new products. [4] 

 

Two prominent beneficiaries as it relates to economic impact are the workforce and 

consumers. Giuntini and Gaudette [4] have identified remanufacturing as a dynamic and 

varied production environment where manufacturing workers will require more initial 

training and skills. This training is very beneficial as it will provide workers with a 

broader skill set and higher job satisfaction in the long term. Remanufacturing products 

that were built years ago will increase the demand for experienced factory workers who 

may be unemployed or even retired. These workers can provide valuable experience in 

the disassembly and reassembly of products they had made years earlier. For consumers, 

variety and cost would be the most obvious benefits. Remanufactured products typically 

come at a reduced price. Consumers will likely find more choice in products, especially 

in discontinued products, and would be able to buy them at a price typically 30-40% less 

than similar new products.   

 

Energy Savings and Environmental Benefits 

Society has a placed greater emphasis in recent years on the environmental aspect of 

production and manufacturing operations. Societal pressure has increasingly pushed 

companies to implement these closed-loop systems and focus on minimizing their 

environmental impact. Businesses have also become aware of the benefits of closed-loop 

systems as well. They have realized that clean products and processes produce less waste 

for disposal and this reduces direct costs as well as potential liability costs. 

 

Two of the most prominent beneficiaries as it relates to energy savings and 

environmental impact are business enterprises and society itself. As briefly mentioned in 

the previous section, energy consumption in a remanufacturing process is significantly 

reduced; it requires only about 15% of the energy requirements needed for building a new 

product from scratch. This figure extended across all of the current remanufacturing 

operations worldwide is estimated to be 400 trillion BTUs (British thermal unit) in 

energy savings annually; that is the equivalent of 16 million barrels of crude oil. This 
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increased savings would significantly reduce greenhouse gas emissions. Research shows 

that 140 lbs of CO2 is emitted per million BTU of energy consumed; burning coal emits 

more than hydroelectric or nuclear power. With the current estimate of 400 trillion BTU 

savings, remanufacturing avoids the generation of 28 million tons of CO2 annually or 

roughly the output of ten 500-megawatt coal-burning electrical plants. With 

remanufacturing still in its infancy, this figure can be expected to increase rapidly and 

substantially in the years to come as more industries and businesses adopt the practice. 

[3], [4] 

 

It has been estimated that if U.S. automakers delivered 10% and U.S. capital goods 

original equipment manufacturers (OEMs) delivered 20% of their product output as 

remanufactured rather than new condition, remanufacturing activity in the United States 

would increase by 200%.  This increase would equate to an estimated 5-10% drop in 

waste and energy consumption across the entire U.S. manufacturing supply chain. [4] 

 

Legislation 

In the United States, the motivation for developing reverse logistics has been more 

economic or profit-driven.  In Europe, however, the driver which has had the greatest 

influence on the growing development of reverse logistics has been regulatory. There 

have been numerous laws passed in multiple countries which have persuaded or in some 

cases forced businesses to adopt sustainable manufacturing processes. In other parts of 

the world, reverse logistics issues are in the beginning stages, including India, where 

future economic, regulatory, and consumer pressures are likely to increase the 

development of reverse logistics networks. [5] 

 

Guide, Harrison, and Van Wassenhove [6] believe that legislation should be carefully 

used to encourage closed-loop remanufacturing and green supply chain practices. They 

warn that legislation could impose constraints on companies which would increase costs 

and force consumers to absorb the excess costs. In general, companies have not been 

willing to invest in environmental measures because they see it as a burden and they 

work to minimize the costs incurred with implementing such measures. 
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Rather than forcing companies to abide by legislation constraints, companies need to 

redevelop their business models to incorporate both environmental sustainability and 

realization of the potential value of returned products; this value being energy savings, 

material conservation, a first class reputation within society, and lower costs in the long 

run. In cases when this type of business model cannot be developed, legislation should be 

a gentle push to overcome the hurdle of creating sustainable solutions. To be effective in 

this way, legislation must be flexible and allow business to make their own changes on 

their own timelines to organize viable business models. Once sustainable business models 

become widespread, legislation should adapt and evolve as well to avoid becoming an 

excess constraint. [6] 

 

European Legislation 

In Europe, Germany is leading the environmental movement. Germany has enacted two 

pieces of legislation: The Packaging Order and the Recycling & Waste Control Act. 

These two laws have come about as a result of Germany’s huge waste-disposal problem 

in which packaging accounts for 50% of German domestic waste volume [7]. The 

purpose of these laws and other regulations throughout the world is to establish a mindset 

Figure 1: Waste Policy Pyramid [7] 
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in which companies seek first and foremost to avoid waste. If this is not feasible, they 

must then search for ways to recycle the waste that is created. If waste recycling is still 

not possible, companies must find ways to properly treat and dispose of waste in an 

environmentally-friendly way. This policy is represented in Figure 1. [8] 

 

German Packaging Order 

Packaging is very common on many products. As a result of its frequent use, packaging 

typically accounts for anywhere between 10%-40% of the retail cost. Livingstone and 

Sparks [7] have identified a number of criticisms which have come about concerning the 

packaging procedures used by many companies. The main points of criticism argue that 

companies use excessive packaging on their products only for marketing reasons 

resulting in excess litter when discarded, they utilize scarce raw materials to produce 

more packaging than is required for safe distribution, and the packaging used is not 

environmentally-friendly. As a result of this criticism, the Packaging Order was enacted. 

In its basic form, the legislation ensures that the costs of dealing with packaging waste 

are absorbed by the manufacturers, distributors, and suppliers involved. To address the 

criticism mentioned previously, the Packaging Order states that packaging materials must 

be environmentally compatible, the volume and weight is restricted to only what is 

required to ensure protection of the products, that 80% of packaging waste is to be 

collected, and 80% of packaging weight must be recycled [7]. Reverse logistics as it 

relates to packaging, or more specifically as it relates to returnable containers, will be 

discussed in detail later along with current applications. 

 

The German Recycling & Waste Control Act  

This act requires that manufacturers continually look for new methodologies and 

products that avoid waste and the reuse of non-avoidable wastes. To promote and enforce 

this law and other environmentally-conscious laws, companies must create balance sheets 

for different substances and materials in order to document waste. Additionally, scrapped 

products must be taken back and recycled or reused at the end of their life. This act and 

the Packaging Order require companies to be concerned with the reverse flow of products 

as well as the traditional flow. Similar laws are beginning to be drawn up in other 
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European countries as material conservation, environmental issues, remanufacturing, and 

reverse logistics gain more awareness. [3], [8], [9] 

 

2.2.2 General Framework of a CLSC with Remanufacturing 

Reverse supply chains have received little attention in comparison to the topic of forward 

supply chains on which a significant amount of research has been conducted. Jayaraman, 

Guide, and Srivastava [3] point out that reverse supply chains present unique challenges 

that differ from the forward flow system in at least three significant ways:  

1) Most logistics systems are not equipped to handle product movement in the 

reverse channel 

2) Returned goods cannot often be transported, stored, or handled in the same 

manner as in the regular channel 

3) Reverse distribution costs may be several times higher than moving the original 

product from the manufacturing site to the consumer. 

 

For these reasons closed-loop supply chains, which are a necessity for a remanufacturing 

operation, are no easy task. That is why few companies have incorporated it into their 

business model and strategies.  When developing and managing a closed-loop supply 

chain, there are a variety of steps to the process which much receive thorough attention. 

Guide, Harrison, and Van Wassenhove [6], [10] have roughly categorized the stages of 

the reverse logistics network as follows: 

1) Product acquisition to obtain the products from the end-users 

2) Reverse logistics to move the products from the points of use to a point(s) of 

disposition 

3) Testing, sorting, and disposition to determine the products condition and the most 

economically attractive reuse option 

4) Refurbishing to enable the most economically attractive of the options: direct 

reuse, repair, remanufacture, recycle, or disposal 

5) Remarketing to create and exploit markets for refurbished goods and distribute 

them.  
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Each of these links in the chain presents unique challenges that must be properly 

addressed. Given the relative newness and limited practice of remanufacturing in 

industry, research has focused particularly on understanding the individual steps of the 

process. As society places greater pressure on environmental issues and manufacturers 

look for new ways to conserve resources and reduce costs, the understanding of the 

process is becoming more complete. A diagram of a CLSC is found in Figure 2 and 

followed by a discussion of its elements. 

 

 

Figure 2: Closed-Loop Supply Chain network diagram 

 

Product Acquisition and Reverse Logistics 

The first two steps of the closed-loop network are very closely related. The choices 

available when determining product acquisition methods will often times directly lead to 

a logical answer for the next step of reverse logistics. Product acquisition is one of the 

crucial steps in the remanufacturing process because the inability to acquire an end-of-life 

product makes the rest of process non-existent [11]. 

 

One option of product acquisition is for the manufacturer to perform the collection itself. 

This would require the manufacturer to go to the customer to obtain the product and then 
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transport the core to a collection site or the remanufacturing facility itself. Transportation 

costs would be incurred by the manufacturer under this scenario. [3] 

 

Another option is to use a “bring scheme” in which the customer transports the used 

product to a collection point. This would eliminate the transportation costs for the 

manufacturer and would eliminate much of the hassle required in collecting from various 

customers but may limit the number of returns based on the inconvenience it could 

impose on the customer. [5] 

 

Depending on the channel of sale for the product, the manufacturer could charge the 

retailer with the recollection. The retailer would take responsibility for collection of cores 

from the customer and the manufacturer would see reduced costs in setting up collection 

sites. This scenario may be combined with the “bring scheme” where customers return 

products to the retailer. This would eliminate transportation costs for the retailer and 

eliminate setup costs for the manufacturer by utilizing the retailer as the collection point. 

A disadvantage to this system is that the manufacturer may not want to lose control over 

the product acquisition process. [12] 

 

Finally, there is the option of a third party collector. This would free the manufacturer of 

the complications involved in the recollection while ensuring that the process is in the 

hands of a capable organization equipped for such operations. Again, the drawback here 

is the manufacturer may not want to lose control of the product acquisition process. [5], 

[10] 

 

The collection process is a very difficult step and must be thoroughly planned for and 

carefully implemented. As mentioned, companies are sometimes passive in their product 

acquisition activities and do not actively manage the process. This can cause problems 

when the third party logistics companies or the retailers do not have business strategies 

that are aligned with the manufacturers. Another common issue is that the consumer must 

be willing to give up the product in order for the company to perform remanufacturing. 

As a result, the supply-driven flow of products creates a great deal of uncertain in quality, 
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quantity, and timing. To avoid this uncertainty, management can encourage consumers to 

return used products by creating cooperative agreements involving deposits or leases or 

may impose economic penalties for disposal of reusable industrial goods in landfills [3, 6, 

11]. 

 

In developing a reverse logistics system, there are three key issues which must be 

considered as identified by the Council of Logistics Management: (1) the structure of the 

network, (2) the planning for material flows, and (3) the classification and routing of 

materials [11]. Another issue for companies to recognize and understand is that the input 

material is usually out of the control of the company. As previously mentioned, the 

uncertainty and variability with a supply-driven flow can present challenges for the 

remanufacturer. In order to encourage customers to return used products, businesses 

should make collection locations convenient and accessible and may even want to require 

customers to return products if they want to get a new item or an upgrade. The REVLOG 

model addresses some of these issues and helps to appropriately plan for a closed-loop 

logistics system. [3] 

 

REVLOG Model 

Jayaraman, Guide, and Srivastava [3] introduce a mathematical programming model 

which addresses the issue of reverse logistics in a logical and quantifiable way. The 

model, known as REVLOG for “reverse logistics”, incorporates a number of the key 

factors which must be considered when developing a reverse logistics system. The key 

factors determined by the model are:  

1. The location of distribution or remanufacturing facilities to open and operate and 

which are important in the determination of transportation costs to those facilities 

2. The products to remanufacture and stock in the facilities at the decided locations 

3. The quantities of products to stock 

4. The distribution pattern for remanufactured products to customer zones with 

demand 
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The cores are returned from various customer zones. Once collected, it would be ideal if 

products travelled a short distance to a nearby facility to be remanufactured and then 

redistributed to nearby customer markets. Close proximity to both supply and demand 

areas is ideal since the objective function of the model is to minimize the total cost of the 

system at all points from start to finish. The objective function minimizes the cost of 

acquisition of the core, the transportation cost to the remanufacturing facility, the cost to 

remanufacture the core, the transportation cost back to the customer, the holding cost of 

the cores, the holding cost of the remanufactured product, and the cost to open and 

operate the facilities. There are a number of constraints for the model which include 

accurate storage capacities, a balance between supply and demand, and prevention of 

overproduction of remanufactured goods. [3] 

 

The REVLOG model is a management tool which requires the judgment of management 

when formulating the model. The maximum number of facilities to open and use as 

remanufacturing sites is a decision variable whose value is predetermined by the 

management team. Multiple optimal solutions can be determined and compared by 

changing this value of this decision variable. In this way, companies looking to 

implement a recoverable product environment can find the right balance which would 

satisfy their unique set of needs. [3] 

 

The model output tracks the collection and distribution of the cores from different 

collection zones to different remanufacturing facilities and then displays the distribution 

pattern back to customer demand zones once the cores are remanufactured. As 

management changes the values for the maximum number of facilities to be opened, so 

does the optimal solution. Therefore, management must carefully examine the results to 

understand the cost-benefit tradeoff of each remanufacturing site. Furthermore, managers 

must ensure that cores will be available for remanufacture. This can be done through 

cooperative agreements such as deposits or leases with the customers or also economic 

penalties for disposal of reusable and industrial goods in landfills. For the REVLOG 

model to work as intended and to be used as a useful tool in a recoverable product 

environment, the input data must be as accurate as possible. If accurately formulated, the 
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REVLOG model can be a successful tool in identifying the parameters that influence 

system design and development a closed-loop system. [3] 

 

Testing, Sorting, and Disposition 

In an article on automotive parts remanufacturing, a survey was distributed to a number 

of companies asking them to identify the major issues affecting remanufacturing. 

Remanufactured automotive products include A/C compressors, alternators, engines, fuel 

system components, rack and pinion steering, starters, steering gear boxes, transmissions, 

turbochargers, and water pumps. Each industry has unique difficulties but the information 

shown below will give a clearer picture into issues that all remanufacturers may 

encounter. The questions were very open ended to facilitate the broadest range of 

responses. With regard to disassembly, testing, sorting, cleaning, and disposition, the 

questions that were asked were (1) what makes disassembly most difficult, (2) what 

makes cleaning most difficult, and (3) what makes inspection most difficult [13]. The 

results of 28 surveys were organized to identify the leading causes for each question.  

 

In Figure 3, the disassembly process is hindered not by the complexity of the product, the 

need for special tools, or the OEM techniques for assembly but rather by the wear on the 

parts. Corrosion and rust were by far the biggest contributors to the difficulty in 

disassembly. In the automotive industry, however, this is somewhat expected with the 

corrosive effect road salt has on bolts and fasteners. Corrosion will frequently cause 

adjacent parts to stick together, severe impact to electrical components by degrading the 

performance of electrical contacts, and render components unidentifiable from extreme 

corrosion. 



  

17 
 

 

Figure 3: Automotive Disassembly Challenges [13] 

 

With regard to cleaning in Figure 4, the challenges with corrosion and rust in disassembly 

didn’t impact the cleaning process but rather the new challenge here was complying with 

legislation created by the Environmental Protection Agency (EPA) and other 

environmentally-oriented groups. The regulations here apply to the types of cleaners that 

can be used such as solvent-based, detergent-based, or baking [13].  

 

 

Figure 4: Automotive Cleaning Challenges [13] 
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Lastly, the difficulties surrounding inspection are seen in Figure 5. The greatest 

contributor to inspection difficulty is the limited inspector knowledge on the large variety 

of automotive products that are received. This is worsened by automobile manufacturers 

who purposely make variations of the same products that differ only in one or two minor 

areas. This technique is known as “parts proliferation.” It’s a tactic used by OEM’s to 

hinder the effect of third-party remanufacturers which are seen as competition. This 

practice by OEMs cause third-party remanufacturers to hold a large inventory of 

replacement parts and it limits their knowledge on how to remanufacture the wide variety 

of parts. In addition, it causes numerous process set-ups that reduce throughput. As it 

relates to inspection, adequate employee training on the different parts and processes at 

remanufacturers becomes a serious challenge. [13] 

 

 

Figure 5: Automotive Inspection Challenges [13] 

 

Remanufacturing and Refurbishing 

The biggest contributor to difficulty in remanufacturing and refurbishing automotive 

components was part availability shown in Figure 6. This is likely an extension or 

resulting effect of the parts proliferation tactic used by OEMs and mentioned in the 

previous section. Altering parts in one or two minor ways will present greater challenges 

to remanufacturers. Remanufacturers will either have to hold a great deal of inventory on 

hand to ensure they have all of the possible parts required or else this tactic will force 
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remanufacturers to spend valuable time searching for the correct part and allocating it to 

their facility. To locate and receive a rare part could take a substantial amount of non-

value adding time; a cost the customer will be unlikely to pay.  

 

 

Figure 6: Automotive Remanufacturing Challenges [13] 

 

Refurbishing is defined in this article as direct reuse, repair, remanufacturing, recycling, 

or disposal. From the results of the survey shown in Figure 7, performing any of these 

processing operations is highly impacted by the skill of the workers. This does not 

necessarily mean these workers lack capability or knowledge in automotive 

manufacturing. However, these workers are likely to lack the specific and precise training 

that OEM employees are required to learn. OEM workers are highly trained in the 

manufacture of specific parts, components, and OEM methods whereas automotive 

remanufacturers have a much broader skill set on a variety of parts, components, and 

methods but do not have significant depth of skill in any particular area.  
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Figure 7: Automotive Refurbishing Challenges [13] 

 

Figure 8 reveals that the skill of the employee is the greatest contributor to difficulty in 

the reassembly process. This is likely because of the same reasons mentioned in the 

challenges of refurbishing; worker skill is diverse but shallow leading to 

misunderstanding and confusion when reassembling complex products. This argument is 

further verified by the second and third contributors to reassembly which are product 

diversity and complexity of design. Workers must be knowledgeable on a wide variety of 

products causing confusion in what methods are the correct ones for specific designs and 

products. Again, because remanufacturing workers have such an extensive knowledge 

base, they are likely to lack depth in any particular area making complex designs beyond 

their capabilities and causing frequent problems.  
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Figure 8: Automotive Reassembly Challenges [13] 

 

Remarketing 

Remarketing for remanufactured products of a closed-loop supply chain varies across 

industries. Depending on the types of products, consumers perceive remanufactured 

goods quite differently. Sometimes these goods are viewed positively and other times 

they are viewed as inadequate. For the automotive remanufacturing industry, the outlook 

is quite optimistic. 

 

Global Industry Analysts, Inc. (GIA) is a market research company who provides a 

comprehensive review of market trends, conceptual overviews, product overviews, 

product launches, and industry activity for more than 180 major industries and more than 

8,500 different companies [14], [15]. GIA has projected the automotive remanufacturing 

industry to reach $104.8 billion by 2015. A few reasons for this growth have been 

attributed to tough environmental regulations that require eco-friendly production and the 

rising average life of vehicles. However, the remarketing stage of the closed-loop system 

depends more upon the customers who will be purchasing the product. GIA attributes the 

industry growth as it relates to the consumers as being caused by the recession induced 

decline in new automobile purchases and the growing interest in economic and 
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environmental benefits that technology has offered [15]. This may also be the reason 

behind the growing popularity of remanufacturing in other industries. 

 

Given the relative high cost of automobiles to consumers, they are more willing to switch 

to alternative products in order to save money; particularly during the recession of 

today’s economy. For other lower cost items such as consumer electronics, 

remanufactured items have found it difficult to gain a foothold in the industry because of 

the unfounded perception that they lack quality. Also, given the rise of environmental 

concerns, consumers are likely to see their vehicles as a greater contributor to issues such 

as global warming and air pollution. Therefore, they are more willing to switch to 

remanufactured vehicles as opposed to consumer electronics where the environmental 

impact is less threatening.  

 

Remarketing of remanufactured products is highly variable across industries. Each 

industry, product, and remanufacturing company will face unique challenges in 

marketing their products. The examples discussed show how remanufactured automobiles 

have seen growth whereas refurbished consumer electronics have struggled.  

 

3. Summary and Contribution 

Remanufacturing and closed-loop supply chains have many benefits for companies 

relating to sustainability in the supply chain. Among the many benefits, the primary 

drivers are material conservation, value conservation, energy savings, reduced 

manufacturing costs, and an environmentally-conscious reputation leading to improved 

customer perception. Research and discussion has been conducted which shows the 

stages of a closed-loop system from product acquisition, reverse logistics, testing, 

remanufacturing, and remarketing. Each stage has its unique challenges which vary 

greatly between industries and which must be overcome. 

 

Each industry has unique challenges relating to some or all of these issues. The objectives 

of this thesis are: 
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 To find the key issues of CLSCs within certain industries and understand how 

business address these issues. 

 To identify the critical factors that determine remanufacturing success with regard 

to product, company, and industry characteristics. 

 To develop a framework and suggest a business model for successful CLSCs with 

remanufacturing

4. Research Methods 

To answer the research questions identified in section 3, case studies of three major 

industries where remanufacturing is present are identified, discussed, and their unique 

challenges addressed. These industries are consumer electronics, heavy equipment 

manufacturing, and industrial process control. Companies within these industries have 

been researched and analyzed to identify successful practices that result in effective 

remanufacturing operations. Kodak, Xerox, and Gazelle represent the consumer 

electronics industry; Caterpillar Inc. represents the heavy equipment manufacturing 

industry; and McGrath Manufacturing represents the process control industry. 

 

The case studies were performed through extensive research of industries and companies. 

Information was obtained from periodicals, journals, magazines, and news articles. 

Company profiles, documents, and reports were also used in the study. A phone interview 

was conducted and a vast amount of information was obtained from an expert in the field 

of remanufacturing. Other sources of information included textbooks related to 

engineering, design, manufacturing, and management. From these sources, the critical 

success factors have been identified and are organized into a logical framework. 
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5. Case Studies 

5.1 Consumer Electronics 

For most people, consumer electronics is probably the most well-known remanufacturing 

industry. These products typically include televisions, radios, cameras, DVD players, CD 

players, phones, computers, printers, and many others. These products are often sold at a 

reduced price which is one of the primary advantages of remanufactured products. Most 

consumers have seen these refurbished products in stores such as Best Buy, Target, Wal-

Mart, or any other similar consumer product retail chains. They are usually displayed 

with a label that identifies them as used. Products are often resold under the distinction of 

being “refurbished”, “repaired”, or “pre-owned”. These consumer product chains will sell 

these products alongside their new products in order to appeal to the low-cost customers. 

 

The consumer electronics market is unique in that it has an incredibly fast industry 

clockspeed for most products. This means the products in this industry are rapidly 

evolving and new models are constantly being released to the market. This is great for 

consumers because it offers a wide variety of products but it presents many challenges to 

businesses as they balance between creating new innovative products and managing old 

obsolete products. Frequently, remanufactured products are outdated by the time they 

return to market [11]. The consumer electronics industry will be analyzed by providing 

relatively brief examples of companies that have successfully created a closed-loop 

logistics network that either remanufacturers products or redistributes them to high 

demand marketplaces. These companies are Kodak, Xerox, and Gazelle. Each company 

has developed a unique process of recollection, remanufacturing, or redistribution.  

 

5.1.1 Kodak 

Kodak entered the photography business in 1888 when George Eastman introduced a 

camera to consumers. Since then, the Eastman Kodak Company has continually released 

new products and processes to make photography easy, fun, and useful to photographers 

of all skill levels. It was in 1987 that the company introduced the one-time-use camera 

[16]. This disposable camera allowed consumers the ability to get great photographs 

without investing in an expensive, durable camera. Building off the initial success of the 
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disposable camera, Kodak introduced the Single Use Camera program in 1990 to reuse 

components of the camera for multiple lifetimes [16]. The disposable camera is a great 

example of a returnable container.  

 

The essence of returnable containers is that the customer is only interested in the contents 

and not the container itself. In this case, the customer is only interested in the 

photographs that are developed from the film inside the camera rather than the camera or 

its internal components. At the time the single-use camera was introduced by Kodak, 

their supply chain and distribution network was already established and conducive for a 

closed-loop system. Disposable cameras are sold at many different locations. Once a 

customer has purchased and taken their photographs, they return the camera to a 

photofinishing outlet to have the film developed. This creates a closed-loop network 

where the variability in supply of the core is greatly reduced since consumers must return 

the camera in order to get their pictures. This also saves Kodak transportation costs. 

 

Kodak’s competitors like Fuji and Konica also make single-use cameras. Photofinishing 

outlets will collect cameras of all types and develop their film for customers. Kodak’s 

Single Use Camera exchange program pays these outlets a fee to ship all collected 

cameras to their site in Rochester, New York where the different brands of cameras are 

sorted. Through mutual agreements, the competitors’ cameras are routed to their 

respective OEM locations while all Kodak cameras end up back at the factory in Mexico 

where they undergo remanufacturing [17]. This closed-loop system allows the 

components of the camera to be used for multiple lifetimes resulting in minimized 

expenditures and greater material conservation. 

 

Furthermore, Kodak’s design of single-use cameras has incorporated reusability, ease of 

disassembly, and recoverability. Kodak has established a design for recycling philosophy 

that promotes dismantling and assists the recycling process by using compatible 

components and materials [17]. Over the years, Kodak has found ways to develop their 

single-use cameras in such a way that as much as 90% of the product weight may be 

remanufactured [18]. The plastic shell is ground and remanufactured resulting in many of 
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the new single-use cameras today being made from used camera bodies [17]. The only 

new parts required in most recycled disposable cameras are the lens, the battery, and of 

course, the film [12]. 

 

The result of these efforts is 1.5 billion single-use cameras recycled since 1990; one 

billion of which were Kodak brand [17]. According to Kodak’s findings, remanufactured 

single-use cameras were substantially leading other recycled consumer products in 2008. 

The comparison of recycling rates for various products is seen in Figure 9. 

 

 

Figure 9: Recycling Rates for Products [17] 

 

Competition in this market is abundant. This competition doesn’t comes from Kodak’s 

major competitors like Fuji and Konica but rather from third-party companies who use 

components from all of these major camera manufacturers in their own remanufacturing 

of single use cameras. Kodak refers to the products produced by these third-party 

companies as “reloaded cameras”. The third-party will obtain the shell and its 

components from a photofinishing outlet and then assembles the products with low-
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quality film, used lenses, and drained batteries [19]. The products are then resold to 

consumers who misinterpret these products as being able to produce the high quality 

photos that one would expect from Kodak and other major photo businesses.  The result 

of poorly remanufactured cameras by third-party companies without access to the proper 

materials and components leads to low quality photographs, customer dissatisfaction, 

non-repeat purchases, and a loss of photofinishing sales [18]. Therefore, it is important 

that customers become aware of the shortcomings associated with purchasing third-party 

remanufactured products. 

 

5.1.2 Xerox 

Another company which has its roots in the photographic business is Xerox. Xerox got its 

start in the photocopying business and today is a worldwide organization in process and 

document management. The company manufactures printers, multifunction devices, and 

production publishing systems as well as offering support in managed print service and 

other related software. Xerox is a giant in their industry with $22 billion in sales, 

operations in 160 countries, and a leader in technology and service [20]. 

 

Xerox was an early adopter of environmental business practices. In 1967, the company 

began recovering metals from used photoreceptor drums for use in new products. This 

was intended to improve the reuse of natural resources and to lower the amount of 

hazardous heavy metals bought, handled, and processed. A few years later, Xerox began 

producing copiers with energy saving standards [21]. These initiatives were only the 

beginning of what would become a world-renowned environmental organization. 

 

Xerox’s sustainability efforts really took off in the 1990s. Beginning in 1990, the 

company initiated their Environmental Leadership program to drive resource 

conservation, waste reduction, and design for environment projects. Xerox first began 

collecting and recycling copier cartridges and began producing a recycled paper line. 

This was followed by their design for environment process which allowed customers to 

return their end-of-life products for remanufacture and reuse. The company’s early 
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commitment to sustainability earned many awards and certifications becoming 

recognized as one of the leaders in environmental sustainability. [21] 

 

Today, Xerox’s continued success in driving environmentally-sound business practices is 

centered on four challenges that have received the company’s complete attention. [22] 

 

1. Reducing Energy Use and Protecting the Climate 

o This challenge is being addressed in a variety of ways. Xerox set a goal to 

reduced greenhouse gas emissions by 25% by 2012 from their 2002 levels 

and has already achieved this target by reducing emissions by 31% in 

2009. Other printing technologies and system innovations have 

significantly reduced energy consumption and are in line with the 

company aim of being carbon-neutral. 

2. Preserving biodiversity and the world’s forests 

o Xerox enforces compliance from their suppliers to tough standards for 

how paper is sourced and produced which drives improvements in forest 

management and protection of endangered forests. Xerox also abides by 

sustainable forest management standards set by various agencies and 

councils. A partnership with The Nature Conservancy adds to these 

preservation efforts. 

3. Preserving clean air and water 

o Similar to Xerox’s efforts on reducing greenhouse gas emissions to protect 

the climate, the company has also reduced emissions of particulates and 

toxics into the air by 95% since 1991.  

4. Preventing and managing waste 

o Xerox has responsibly managed the disposal of waste through reuse and 

recycling options. Remanufacturing of office equipment began in the 

1990s. Returns of toner cartridges and containers have totaled 

approximately 2.2 million units per year along with 1.3 million pounds of 

reused post-consumer waste toner.  
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These four areas of sustainability have helped Xerox maintain a company-wide focus on 

environmental improvement. Setting goals and having a measureable way of tracking 

improvements helps quantify gains and losses with respect to those goals. Xerox can then 

understand and learn from their successful practices and apply those methods to trouble 

areas that may require additional work and resources.  

 

Xerox partnered with “Close the Loop” in 2010 and tasked them with collecting and 

managing returns from customers. Today, Xerox offers three methods of collection: 

individual unit returns in which Xerox sends the customer a pre-paid return label, the Eco 

Box return program, and pallet returns. The Eco Box method provides the customer with 

free Eco Boxes that hold 5-12 cartridges whereas the pallet returns can hold 30 or more 

cartridges; both of these methods simplify the customers’ role by enabling a wider variety 

of returned items in a more cost effective method [23]. For larger items such as copiers, 

Xerox will collect them directly from the point-of-use when new, replacement copiers are 

installed. As discussed by Savaskan, Bhattacharya, and Van Wassenhove [12], this is 

done because Xerox owns the distribution channel by providing the transportation to and 

installation at the point-of-use and will therefore benefit the most from collecting the 

cores themselves [12]. This theory is supported by Xerox’s report that approximately 

95% of their direct distribution channel products in the United States return for end-of-

life disposition [23].  

 

Once collected, suitable products are cleaned, inspected, and then remanufactured. This 

process is aided by considering remanufacturing in the design phase of new products. For 

instance, Xerox machines are designed with a minimum number of required parts and 

with high durability and reuse capability. Once returned for end-of-life reprocessing or 

recycling, parts are coded with disposal instructions to minimize misunderstanding and 

maximize effectiveness. Remanufacturing has been very successful at Xerox resulting in 

cartridges containing an average of 90% reused/recycled parts and 25% of new toner 

weight having been reclaimed. Both of these achievements are attained while meeting the 

same performance specifications of new products and without compromising toner 

functionality. [23] 
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The enormous success of Xerox’s remanufacturing operations is attributable to their 

design for remanufacturing consideration in the design phase of new product 

introductions. From this consideration comes a high level of commonality between 

product families and enables maximum reuse. This commonality also allows 

remanufactured products to be easily converted into newer-generation products or parts. 

This process of maximizing commonality between product components and families will 

be discussed in detail in the next case study on Caterpillar. At Xerox, same-as-new 

performance specifications are achieved while reusing 70-90% of the machine 

components by weight. Approximately 40% of Xerox’s returned machines are 

remanufactured in one way or another and all products are backed with the same 

guarantees, warranties, and service agreements as new products. [23] 

 

One can see that Xerox’s extensive remanufacturing network has allowed the company to 

stay aligned with their sustainability mission. Cost productivity in excess of $1 million, 

nearly 300 metric tons of waste avoidance, and a carbon footprint reduction of almost 

two million kg of CO2 compared to virgin materials are a few of the benefits to date as 

Xerox’s pushes forward in meeting the four challenges presented earlier [23]. The 

success achieved today can be credited to commitment to sustainability tracked by 

precise and quantifiable goals, partnerships with recollection and nature organizations, 

and designing for remanufacturing in new product development. 

 

5.1.3 Gazelle 

Gazelle is a recommerce company that was first established under the name “Second 

Rotation” in 2006 and later changed to “Gazelle” in 2008. Recommerce is a growing 

service that utilizes the internet to help people upgrade their consumer electronic devices 

by trading in or recycling their old devices for cash [24]. The idea for Gazelle came from 

Rousseau Aurelien who teamed with eBay and PayPal executive Israel Ganot and 

technologist James McElhiney to co-found Gazelle. Gazelle is the United States’ largest 

electronics recommerce company with more than 175,000 customers [25], [26]. Since its 

creation, Gazelle has collected old cell phones, laptops, digital cameras, camcorders, GPS 
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devices, game systems, calculators, e-readers, LCD monitors, tablets, and many other 

obsolete products [26]. 

 

With the rapid evolution of technology, there is a fast pace and demanding market for the 

latest electronics. When a new product is released, consumers typically want to upgrade 

at the earliest chance. Their older products of phones, computers, cameras, and music 

players are in fine working condition but are no longer used. If the products don’t end up 

in landfills, they are usually stored in dresser drawers, closets, or basements where they 

gather dust. These are the products that Gazelle has targeted in its business model. In 

exchange for these products, Gazelle has paid its customers more than $25 million USD 

and prevented more than 300 tons of electronic waste out of landfills [26]. In addition, 

recommerce businesses like Gazelle can serve as a useful insight into U.S. consumer 

electronics consumption habits; products that are in high demand in the resell market will 

typically find their new models being in high demand as well [27]. OEMs can use this to 

their advantage by identifying which products see continued success and popularity in the 

resell market and apply the success factors of those devices to their new product 

development.  

 

Gazelle is a straightforward and easy-to-use process. The process begins when consumers 

with old devices wishing to get rid of them will go to Gazelle’s website 

(www.gazelle.com). Originally, consumers could enter nearly any consumer electronic 

item into the search field.  Today, however, Gazelle visitors will find the company has 

focused its efforts on specific items that have been identified as high demand products 

and which will bring customers the greatest value. After selecting a product and 

answering questions about its physical condition and included accessories, the value of 

the product is calculated and a dollar amount is offered to the customer. Gazelle sends 

packaging with pre-paid shipping to the customer who boxes the item up and mails it 

back to Gazelle’s facility. Once the product is received, inspected, and data wiped, the 

customer will be paid with a check, through PayPal, or they will receive an Amazon gift 

card [26]. Gazelle’s products are then refurbished if necessary and resold to secondary 

markets like eBay, Amazon, wholesale channels, and international buyers. 
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During the past two years Gazelle has greatly expanded its business and brought its name 

to the mass market through strategic partnerships with Wal-Mart, Costco, Office Depot, 

and others. The trade-in and recycling programs on these company websites will often be 

labeled as “powered by Gazelle” leading to greater recognition and more inventory for 

Gazelle to sell. Other companies are offering their own trade-in programs such as Best 

Buy’s Buy Back Program. Gazelle, however, sees this competition from retailers and e-

commerce vendors as a good thing since the greatest challenge for the recommerce and 

remanufacturing business is awareness [26]. Awareness of remanufacturing and its 

widespread benefits is a giant obstacle to overcome and will be a recurring theme 

throughout the other case studies. 

 

5.2 Heavy Equipment Manufacturing – Caterpillar, Inc.  

5.2.1 Company Overview 

Caterpillar is one of the world’s leading manufacturers of construction and mining 

equipment, diesel and natural gas engines, industrial gas turbines, and diesel electric 

locomotives. Caterpillar is also a leading services provider in areas such as financial, 

remanufacturing, logistics, and progress rail, generating $42.588 billion in sales in 2010.  

 

Headquartered in the town of Peoria, IL, Caterpillar Inc. can trace its beginnings to two 

California-based agricultural equipment companies in the late 19
th

 century. These two 

companies, the Holt Manufacturing Company and the C.L. Best Tractor Company, were 

in the business of manufacturing steam-driven wheeled tractors and harvesters which 

were intended to replace horse-drawn machines on large farms. In 1906, the Holt 

Manufacturing Company created the familiar “caterpillar” tractor which ran on a 

continuous metal-belted track instead of wheels.  

 

In 1925, the two companies merged to form the new Caterpillar Tractor Company. Soon 

after the merger, the company developed a tractor driven by a diesel engine rather than a 

gasoline engine and the new diesel became standard for all types of heavy-duty vehicles. 

This engine gained further success and popularity during World War II when it was used 
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in all Allied Sherman tanks. Following the war, the company’s sales skyrocketed as their 

machines were needed for reconstruction projects all across the world. The Caterpillar 

brand became instantly recognized and linked with bulldozers and other heavy equipment 

because of these projects. Following a number of labor conflicts, the company continued 

to grow throughout the rest of the 20
th

 century, changing its name to the current 

Caterpillar Inc. in 1986. [28], [29] 

 

Remanufacturing Operations 

In 1973, Caterpillar began a small operation at the request of a customer to meet the 

product support needs of its truck engine customers. This operation was the beginning of 

Caterpillar’s remanufacturing business. Since then, they have continued to remanufacture 

diesel engines and components for their own machines and power systems. The small 

initial operation has today expanded to include more than 700 products such as 

hydraulics, drivetrain systems, fuel systems, and tires. Caterpillar has created 18 facilities 

with 4,000 team members worldwide to support their remanufacturing business. The 

Remanufacturing and Sustainable Solutions division is centered on concepts intended to 

reduce, reuse, recycle, and reclaim old worn out products. The company’s determined 

approach and success with this business has helped position itself as a global leader in the 

remanufacturing business. [30], [31] 

 

The great success of Caterpillar’s remanufacturing program is due to the consistent 

reliability offered by these remanufactured products. Caterpillar is constantly searching 

for new methods of remanufacturing and testing to ensure that their “reman” products 

meet the specifications of new products. After using advanced salvage techniques in 

remanufacturing, the components and products are tested to ensure that they meet the 

strict Caterpillar specifications of the initial design. These tests guarantee the same 

quality and reliability. Caterpillar takes their reliability promise one step further by 

backing all of their remanufactured products with same-as-new warranties [31]. 

Caterpillar’s success with remanufacturing can be attributed to a number of factors.  

 

 



  

34 
 

5.2.2 Commitment to Sustainability 

Caterpillar has come to be recognized as one of the leading remanufacturers in the world. 

Their remanufacturing business is approaching its 40
th

 anniversary and has continued to 

grow steadily throughout that time. Its success is attributable not only to sound 

remanufacturing practices but to the widespread commitment within Caterpillar to 

sustainability in its business.  

 

In 2005, Caterpillar publicly announced a refocused strategy. The company identified a 

new direction for future business operations in sustainability. Recognizing that society 

must alter its approach so that resources and capacities are available for people tomorrow 

as well as today, Caterpillar announced that sustainable development had been chosen as 

a strategic area of improvement in the new enterprise strategy. With a new focus on 

sustainable development, Caterpillar aggressively pursued many business ventures 

relating to sustainability such as more energy efficient engines, lower greenhouse gas 

emissions from Caterpillar products and facilities, and acquisitions of related companies 

[32]. 

 

In 2007, Caterpillar solidified their sustainable development vision by setting lofty long-

term goals for the entire company. The goals, which are to be achieved by 2020 and are 

relative to performance in 2006, would impact operations (safety, emissions, waste, 

efficiencies, and regulations) and products, services, and solutions (emissions, material 

efficiency, and energy efficiency). The goals are listed here [33]: 

 Operations 

o Reduce recordable workplace injury rate to 0.6 and lost-time case rate due 

to injury to 0.15 

o Increase energy efficiency by 25% 

o Reduce absolute greenhouse gas emissions from existing facilities by 25% 

o Use alternative/renewable resources to meet 20% of energy needs 

o Send zero waste to landfills by reducing, reusing, and recycling waste 

o Hold water consumption flat 
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o Design all new construction to meet Leadership in Energy and 

Environmental Design (LEED) – or comparable – green building criteria 

 Products, Services, and Solutions 

o Reduce customer greenhouse gas emissions by 20% 

o Increase customer energy efficiency by 20% 

o Increase customer material efficiency by 20% 

 

By quantifying goals and creating a baseline for performance analysis, Caterpillar now 

has a measurable way of maintaining their pursuit of sustainability in all of their business 

operations, not just in remanufacturing. Creating numerous targets related to 

sustainability ensures that the entire business is aware and focused on the goals to be 

achieved. If only one isolated goal had been created in a certain business unit, it would be 

easy for it to become overlooked, ignored, neglected, or forgotten. Rather, by creating 

widespread targets that are applicable to the entire organization, Caterpillar has 

established a culture where sustainability is paramount.  

 

The goals, created not just for an individual business unit but rather the entire 

organization, maintain the enterprise-wide focus on sustainable development. As of 2010, 

the goals above continue to drive Caterpillar’s business and operations with six sigma 

projects focused on achieving those marks. Injury rates and lost-time cases continue to 

decrease on their way towards the 2020 goal and reducing absolute greenhouse gas 

emissions, holding water consumption level, and sending zero waste to landfills are all 

ahead of their 2010 targets. [28] 

 

Today, Caterpillar remains as committed to sustainability as they were in 2005. Their 

vision continues to see “a world in which all people’s basic requirements – such as 

shelter, clean water, sanitation and reliable power – are fulfilled in a way that sustains our 

environment”. And their mission maintains focus on enabling “economic growth through 

infrastructure and energy development, and [providing] solutions that protect people and 

preserve the planet”. The repeated use of words like ‘sustain’, ‘environment’, and 

‘preserve’ in both the vision and the mission statements in addition to many other 
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documents related to Caterpillar’s new strategy leave little room for misinterpretation on 

the world that Caterpillar wants to contribute towards in the future. [34] 

 

5.2.3 Design for Remanufacturing 

Since Caterpillar has been remanufacturing for nearly 40 years, many obstacles have 

been overcome and lessons learned as a result. Caterpillar has recognized that many 

complications in future remanufacturing can be simplified or eliminated all together if the 

product is initially designed with remanufacturing in mind. This concept is known as 

design for remanufacturing and a substantial amount of literature has been conducted in 

this field. Caterpillar, in their new sustainability mission, has focused much attention on 

this topic.  

 

In the first edition of the Sustainability Report, released in 2005, Caterpillar reported that 

they had incorporated design for remanufacturability into their new product introduction 

(NPI) process to ensure that components were developed so that they could be 

economically reused. For all products completing the NPI concept phase in 2005, it was 

required that remanufacturability had been considered in the design phase of the product 

[32]. 

 

Product Platform Planning 

Design for remanufacturing has ties to product platform planning. When companies 

design their products to share common components and common production steps, they 

are able to then develop their products faster and cheaper. Platform planning is an 

approach that is frequently encouraged and put into practice by many businesses whether 

they participate in remanufacturing or not. The benefits of sharing components and 

production processes include the ability to develop differentiated products efficiently 

while maintaining flexibility and responsiveness in the manufacturing processes. It’s a 

way to achieve mass customization – products can be produced in high volume while also 

being readily tailored to meet the needs of individual customers. It allows for highly 

differentiated products to be delivered to the market without consuming excess resources.  
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The challenge in developing products with shared components and production steps lies 

in finding a balance between commonality of products and distinctiveness of products. 

The problem lies in the fact that customers tend to prefer distinctiveness in their products 

whereas manufacturers want to increase commonality in their products for cost reduction 

purposes. In other words, a product with numerous unique parts does not bother the 

customer so long as the product continues to perform the specific tasks that are required 

of it. On the other hand, the manufacturer is driven by costs and is looking for ways to 

minimize expenditures through commonality without sacrificing the differentiating 

attributes that the customer desires. 

 

A differentiating attribute is one or more characteristics of a product that the customer 

uses to distinguish one product from another and is often times the driver behind a 

customer’s purchasing decision. In contrast to this, chunks are the parts of a product such 

as the major physical elements, the common components, or the subassemblies that are 

found among many different products but which do not significantly impact the 

customer’s preference [35]. The trade-off between commonality and distinctiveness is 

shown in Figure 10.  

 

The typical curve on which many companies find themselves is similar to path A. Path A 

fluctuates between paths B and C depending on the product, components, customer 

requirements, or many other influences. Companies must find a balance between 

distinctiveness and commonality that suits their products and services. The ideal product 

architecture that we see in Figure 10 is path C where high levels of both commonality and 

distinctiveness are achieved. On path C, the customer will have a wide range of distinct 

products that will satisfy their varying needs while the company will be able to minimize 

costs by using interchangeable components between different products. Of course, path C 

is difficult to achieve but there are some clever techniques that can be used in the design 

of products that will more closely represent path C.  
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Figure 10: Product Design – Commonality vs. Distinctiveness [35] 

 

As discussed previously, there are differentiating attributes and chunks that make up a 

product. Both are designed carefully by the product design team of an organization. Seen 

in Figure 11 is a product known as the Switch Modular pocket knife and serves as a great 

example of how design for remanufacture can work. It utilizes a modular product design 

that can be easily upgraded to meet any requirements. The knife utilizes a common 

support structure that allows for different blades and tools to be interchangeable. This 

support structure is a chunk which the customer is indifferent towards and which brings 

increased commonality into the design of the product. The blades and tools, which are the 

differentiating attributes in this example, are easily replaced to meet new needs. The 

customer gets their distinctiveness between the blades and tools while the manufacturer 

gets commonality among the support structures. Caterpillar uses this same concept in 

new product design. Commonality between products is desired and achieved when 

possible but they are designed in such a way that allows for future upgrades to maximize 

both usefulness and reuse.  
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Figure 11: Switch Modular Pocket Knife [36] 

 

The converse of the modular architecture is the integral architecture which eliminates 

commonality between products but the differentiating attributes remain intact. This is 

shown by product design path B in Figure 10. This design is not ideal when designing for 

remanufacture and should be avoided if possible. There are some instances when an 

integral structure may allow for an increased level of safety in the product. In this case, it 

should absolutely be incorporated into the design regardless of the excess costs associated 

with its inclusion. A thorough evaluation of the safety issues involved in product use 

should be examined and measures intended to address these safety issues should be 

integrated into the design. [35] 

 

5.2.4 Sustainable Project Portfolio 

Caterpillar has a strong commitment to sustainable development. We learned earlier that 

their mission, vision, and enterprise strategy is centered on creating a world where the 

environment is sustained to meet the needs of today and future generations. To achieve 

this, many projects have been initiated in recent years to contribute to this future world 

where the planet is preserved. These projects are diverse and have many different 

applications. Some are directed specifically at remanufacturing whereas others are 

indirectly intertwined with remanufacturing operations and products.  
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Material Conservation 

New developments in technology are rapid and Caterpillar is striving continuously to 

implement new remanufacturing methods to improve their operations. One example of 

these advanced methods is a thermal spraying process that was introduced in 2010. This 

process uses sophisticated technology which makes it possible to salvage engine blocks 

by replacing worn material and refinishing to original engineering specifications. Without 

this technology, the engine blocks would otherwise be scrapped. Validation testing has 

shown that this thermal spraying process improves power output of the engines, reduces 

oil consumption, and will improve the long-term cylinder wear characteristics. This 

advanced process allows the company to salvage over 2.8 million pounds of cast iron 

cylinder blocks alone. [28] 

 

Energy Efficiency and Emission Reductions 

Remanufacturing costs less money and less energy compared with creating a new product 

from virgin materials.  At Caterpillar, a remanufactured component requires 

approximately 85-90% less energy and material than manufacturing the same component 

as if it was new [28]. However, one criticism of remanufacturing as cited in an MIT study 

is that the resulting remanufactured product is less energy efficient and emits more 

pollutants into the atmosphere than new products. In the study, a life cycle analysis of a 

product showed that the total energy is virtually the same for a remanufactured product 

and a new product. New products incorporate the newest technology and therefore tend to 

be more energy efficient and environmentally-friendly which cancels out the benefits of 

remanufacturing [37]. However, Caterpillar has been able to avoid this disadvantage.  

 

An extensive array of projects have been initiated with the sustainability strategy that 

center on fuel efficient engines and reduced greenhouse gas (GHG) emissions from 

facilities and Caterpillar machines. The details of these projects are well-documented and 

quantified in each annual edition of the sustainability report. These breakthroughs 

combined with Caterpillar’s extensive knowledge and commitment to 

remanufacturability in the design phase of product development have allowed these 
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improved engines to be placed in remanufactured products. Thus, Caterpillar’s 

remanufactured products are more fuel efficient and thereby save on total energy costs of 

a product over the lifetime of the product with the added bonus of fewer emissions of 

greenhouse gases. This is a direct result of the combined benefits of diverse sustainability 

projects and designing for remanufacturing in new product development using modular 

product architectures. 

 

Supporting Projects as a Marketing Strategy 

From a marketing standpoint, engaging in numerous sustainability projects is effective in 

creating a competitive advantage over other competitors in the marketplace. While it is 

openly stated that sustainability is the direction Caterpillar intends to take its business in 

the future, it is a relatively generic goal. There are many different ways in which a 

company can pursue sustainability in its business model.  

 

Since Caterpillar is pursuing many different projects (e.g. material conservation, fuel 

efficiency, reduced GHG emissions, design for remanufacturability, etc.), it is creating 

many different alternative objectives along the way towards its goal of sustainability. By 

aggressively pursuing different objectives en route to its overall strategic goal of 

sustainability, it leaves the competition unsure of how to properly defend or counter these 

moves. For example, a competitor might gain a strategic advantage by focusing in one 

area such as fuel efficiency but will lose out on other objectives that Caterpillar has 

achieved like design for remanufacturing or reduced emissions. This indirect approach is 

important in upsetting a competitor’s balance. A direct approach to one specific objective 

is likely to bring about increased resistance from competitors and result in no significant 

competitive advantage for either company [38]. 

 

Another advantage of these alternative objectives is that it creates more options and thus, 

more flexibility for Caterpillar in navigating this market. If Caterpillar begins to 

encounter strong resistance from competitors in gaining an advantage in one area, it can 

easily shift its focus on other alternatives [38]. The long-term goal of the company is to 

be a leader in sustainability. By overwhelming the competition with multiple projects, it 
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has the ability to sacrifice one objective in order to achieve others and still gain the 

recognition as a leader in sustainable development.  

 

5.2.5 Customer Perception in the Resell Market 

While the heavy equipment industry fares better than other industries as far as customer 

perception of remanufactured goods goes, struggles still remain that need to be overcome 

in raising awareness for this growing business. Caterpillar customers seem to be aware of 

the high quality goods they can receive at lower costs from CAT’s reman division. Given 

the four decades of successful production in remanufacturing, Caterpillar has earned itself 

a deserving spot as one of the premier remanufacturers in the world and many of its 

customers are aware of the benefits. However, the greatest challenge Caterpillar faces in 

regards to how remanufactured goods are perceived in the market comes from foreign 

countries.  

 

Outlined in the 2005 Sustainability Report, Caterpillar identified early on in their 

sustainable development strategy that expansion into various world markets would 

encounter obstacles. Market-access barriers on remanufactured goods range from higher 

tariffs and fees, to strict regulations, certifications, and inspection requirements, and in 

some cases a complete ban on their importation in certain countries. The reason for these 

barriers is typically due to a misunderstanding of what they truly are. The lack of 

knowledge on remanufacturing leads many governments to view them as used goods or 

even waste. 

 

Tariffs are one of the most common ways of limiting the importation of remanufactured 

goods into foreign and developing countries. The intention of imposing tariffs is to allow 

domestic businesses to develop products and technology without being threatened by 

foreign competition.  The Encyclopedia Britannica identifies a number of advantages and 

disadvantages to this method.  

 

The advantages of tariffs are that they allow developing countries in particular to grow 

domestic businesses into internationally competitive companies. This is beneficial to 
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growing the economies and improving the quality of life in third-world countries and 

enhances the global marketplace of today. The disadvantages are that tariffs can 

sometimes allow businesses and governments to become complacent and satisfied with 

the status quo of production and service, spending little time developing their products 

and processes into more competitive global offerings. Also, limited importation of goods 

will provide fewer offerings to the consumers of that country and can allow monopolies 

to develop where business and governments gain increased revenue while the consumers 

pay excessive amount of money on goods [39]. 

 

The reality is that remanufactured products can be extremely beneficial in these parts of 

the world if people are made aware of their advantages. With Caterpillar’s business in 

particular, remanufactured construction equipment can offer developing countries a low 

cost alternative to new construction equipment as they build roads, power plants, and 

extensive infrastructure to aid the development of their nation. In developing countries, 

infrastructure created by Caterpillar machines lifts millions of people out of poverty and 

gives them access to many commodities [32]. In addition, the use of remanufactured 

products in developing countries may encourage these countries and their domestic 

companies to integrate a similar reman process in their start-up businesses which will 

create jobs, increase worker skill set, conserve energy consumption, increase product 

mix, and lower prices along with preserving many of the natural resources of their 

country that contribute to their livelihood. All of these benefits will contribute to growing 

an economy and strengthening a nation in the eyes of the world.  

 

Consequently, the use of bans, strict requirements, and tariffs and fees can prevent these 

positive impacts from occurring. Caterpillar has put in great effort towards raising 

awareness of these benefits and overcoming the obstacles of market-access barriers. 

Caterpillar’s correspondence and work with the U.S. Trade Representative’s office, the 

U.S. Department of Commerce, and the World Trade Organization (WTO) has shown 

progress in overcoming these awareness challenges.  
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5.2.6 Financial Performance and Acquisitions 

Caterpillar’s ambitious goals for sustainability in their business require investments. To 

support the sustainability projects mentioned earlier, profit must be generated through 

expansion and growth of the business. Over the past decade, major events in Caterpillar’s 

history such as acquisitions and projects have steadily grown the business. 

 

In the book Financial Analysis: Tools and Techniques: A Guide for Managers [40], 

author Erich Helfert establishes a primary concept in his book that “the basic obligation 

of the management of any company is to make investment, operating, and financing 

decisions that will enhance shareholder value over the long term”. Helfert also points out 

the growing number of corporate managers who are placing more emphasis on creating 

shareholder value by reevaluating the structure and function of their companies and the 

way in which their companies make decisions based on sound economic tradeoffs [40]. 

Caterpillar has done this by refocusing their efforts on sustainable development and has 

made important decisions that are aligned with this new business function. 

 

Since the first edition of the Sustainability Report released in 2005, Caterpillar has 

diligently reported the amount of growth in its reman business unit each year. The 

amount of growth is reported as a percentage of revenue in a given year over sales in 

2001. Using 2001 sales as a baseline, the business growth over the past decade is more 

clearly shown. Growth comparison of the Caterpillar and its Reman business can be seen 

in Figure 12. 

 

Most noticeable in the graph is the similarity in growth patterns for the reman business 

and Caterpillar. From 2004 until 2008, the remanufacturing business unit was less of a 

contributor to Caterpillar as a whole since the percent revenue increase was below the 

average growth of the company overall. However, the past few years have shown 

Caterpillar’s reman business to be one of the more profitable operations within the 

company. Given the recent recession, it is safe to assume that customers facing their own 

financial woes have opted for Caterpillar’s remanufactured products as an alternative to 

achieve cost reduction.  
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Figure 12: Caterpillar and CAT Reman Business Growth [28], [41] 

 

One major acquisition during the past decade has been Progress Rail in 2006. Progress 

Rail remanufacturers, repairs, and recycles used railcars, locomotives, rail, and track. 

This merger has expanded Caterpillar’s customer base by 7,000 and has broadened 

CAT’s remanufacturing focus to include rail-related products and new, unique salvage 

techniques. Together, Caterpillar and Progress Rail are expanding into new markets in 

China, Europe, India, Russia, and other parts of the world with relative ease and have 

recycled over 2.7 billion pounds of end-of-life products each year [41]. This acquisition 

has allowed Caterpillar to take advantage of the growing business opportunity in 

remanufacturing locomotive engines.  

 

Although Caterpillar has only recently declared sustainability as a primary focus in its 

business model, the company made a step into the renewable energy business back in 

1981. In this year, Caterpillar purchased the assets of Solar Turbines from the 

International Harvester Company [42]. Solar Turbines products are used in oil, natural 

gas, and power generation projects across the world. The products are used in the 
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production, processing, and pipeline transmission of natural gas and crude oil and are 

used to generate electricity and thermal energy to manufacture chemicals, 

pharmaceuticals, and food products [43]. Caterpillar has incorporated remanufacturing 

into the lifecycle of Solar Turbines products and virtually all products can be 

remanufactured which is a key differentiator for customers. The remanufactured products 

are capable of power output, fuel efficiency, and durability that can be superior to 

original products [41]. This is the result of Caterpillar’s practice of incorporating design 

for remanufacturing into its NPI concept phase. This topic was discussed earlier and 

showed how outdated products can be upgraded to include the newest technology 

available to achieve greater performance. 

 

New and remanufactured renewable energy products from Solar Turbines are operating 

on land and offshore to provide much needed power and electricity in an 

environmentally-conscious way. Similarly, remanufactured products from Progress Rail 

have continued to expand Caterpillar’s remanufacturing expertise and contributed to a 

sustainable world. Both subsidiaries have had an impact on the growth and success of 

Caterpillar’s Reman business and its sustainability mission.  

 

5.3 Industrial Process Control – McGrath Manufacturing’s RENEW program 

McGrath Manufacturing
1
 is a global manufacturing and technology company. It has five 

primary business segments in appliances and tools, climate technologies, industrial 

automation, network power, and process management. In the early 1990s, a company 

known as HC Controls (HC) was acquired by McGrath Manufacturing for more than a 

billion dollars and it became a part of the process management division at McGrath 

Manufacturing. It was at HC Controls that a remanufacturing program known as RENEW 

was established just prior to the acquisition by McGrath Manufacturing.
2
 

 

                                                           
1
 The true names of the company and its affiliates have been replaced at the request of experts interviewed. 

2
 The RENEW and HC Controls (HC) names will be used interchangeably in describing the efforts and 

practices by McGrath Manufacturing in the remanufacturing business of this industry. 
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5.3.1 Company Overview 

HC Controls can trace its beginnings back to a young engineer and inventor. In the late 

19
th

 century, this man invented a constant pressure pump governor to solve a process 

control problem. After receiving a patent on the pump governor and forming a 

partnership with a machinist who owned a machine shop in the Midwest they began 

manufacturing these pump governors in greater quantities. 

 

Throughout the early 20
th

 century, the company that the two men established continued to 

grow through new product introductions and acquisitions. In the 1930s, their product line 

had expanded to include not only pump governors but also a wide variety of regulators 

and valves, traps, drainers, strainers, liquid level controllers, auxiliary actuated pressure 

controllers, and a range of specialties for application in power plants, the oil industry, and 

gas industry. Sales offices were established throughout the United States and Canada.  

 

The onset of World War II brought a great business opportunity for the company with the 

demand for valves increasing for use in the production of ships and planes. HC was so 

highly respected for their expertise that they received a high-priority, top-secret project 

from the U.S. Government in 1943. The Manhattan Project was to build the world’s first 

full-scale nuclear reactor and a massive chemical complex to extract plutonium. HC 

employees were challenged to work quickly and secretly as they created new designs 

with new materials for an application never tried nor fully understood. The result of their 

efforts was the HC butterfly valve which played an important role in the development of 

the plutonium-producing complex. Less than two years after the project began, scientists 

assembled and tested the world’s first atomic bomb, owing their success to the 

contributions made by HC.  

 

During the remainder of the 20
th

 century, HC expanded globally by opening many 

foreign offices in multiple countries. By the early 1990s, HC had several thousand 

employees, annual sales of nearly a billion dollars, offices in 75 countries, 23 

manufacturing plants in 13 countries, and 60 training, manufacturing, and service centers 

in 22 countries. Their expertise during that time reached even greater heights as they 
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achieved a number of ‘firsts’. These included being the first to use new types of valves, 

diagnostic techniques, high-tech scanning evaluations, and N-stamp valve certifications 

for nuclear power plant applications. All of these achievements helped HC lead the 

industry in innovation and quality. 

 

RENEW Remanufacturing 

The RENEW program was created by HC Controls in the early 1990s just prior to being 

acquired by McGrath Manufacturing. The RENEW program was created in response to 

the growing number of remanufactured devices (instrumentation, valves, etc.) in the 

chemical business throughout the 1970s and 1980s. HC Controls had been dominant in 

the industry throughout the late 20
th

 century - controlling approximately 50% of the 

market share. Remanufactured devices, however, were gaining popularity as an 

alternative to new products which cost as little as half the price of a new device. To 

prevent remanufacturers in the business from eroding HC’s market share of new 

products, the RENEW program was created. 

 

McGrath Manufacturing has a wide range of business segments including process control 

management. Within the process control division is a service branch where the RENEW 

program can be found. While the service branch has many different functions and has 

locations throughout much of the world, there are only two RENEW facilities which are 

designated to perform remanufacturing and testing; one facility is located in the United 

States near the Gulf of Mexico coast and the other facility is located in northern Alberta, 

Canada. It is these two locations that receive all used products that undergo 

remanufacturing. The reason being that sites have been established in these locations is 

because of the heavy presence of oil in these areas. The instrumentation and valves which 

are remanufactured by RENEW are frequently used in plants related to the oil industry 

such as chemical plants, oil rigs, and oil refineries but can also be found in paper mills as 

well. 
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5.3.2 Operations Overview 

Product Acquisition & Reverse Logistics 

HC Controls faces an enormous amount of competition in the remanufacturing business. 

The competition ranges from companies with a great deal of high-tech capital to perform 

extensive recollection and precise remanufacturing operations to small repair shops with 

very limited knowledge and capabilities. The most common ways that RENEW and its 

competition alike will obtain used devices is during a process similar to that of an auction 

following the demolition of a used plant, by placing a depository container at a working 

plant site, through day-to-day repairs and business relations with a plant, or as part of an 

exchange program.  

 

When an old plant is torn down, its components will frequently be auctioned off. Plants 

usually have many thousands of devices that are removed during a demolition. The 

variety of devices range from instrumentation, control valves, gate valves, shot valves, 

and many others. The demolition team will collect all the used devices within the plant 

and then resell them to a remanufacturing outfit. To limit the complexity of the resell, the 

demolition company prefers to sell as much of the lot as possible to a single buyer.  

 

The depository container method is when a remanufacturing business will negotiate with 

a plant to place a large container at the plant site to collect any devices that the plant no 

longer needs. Through daily plant operations, components frequently wear out and need 

to be discarded. Rather than dispose of these, the plant will place them in this depository 

container which will be emptied by a designated remanufacturing company on a regular 

basis. When the remanufacturer collects these items, they will pay the plant directly or 

will issue a credit to the plant on future purchases of remanufactured valves. 

 

Another common practice is for the purchasing or maintenance departments to deal with 

remanufacturing outfits during day-to-day operations. In this case, there frequently arises 

a competition between the two departments on who gets to sell the used device. Each 

department within a company is typically given a budget. When the maintenance 

department needs to replace a valve they will usually go to a local repair or small-scale 
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remanufacturing shop and exchange the device for a discounted good. In this way, the 

maintenance department will save on their budget by purchasing a remanufactured device 

at a discounted price from this shop. On the other hand, the procurement department may 

collect these used devices and at certain intervals throughout the year will allow 

remanufacturing outfits to make a bid on their offerings. In this scenario, the procurement 

department will get the payment and thus add to their budget.  

 

In addition to these collection methods mentioned above, there is also the case in which a 

manufacturer or remanufacturer will ask that a customer return their used devices 

whenever they purchase a new or remanufactured device. The customer will often be 

rewarded for this return by receiving a discount on their new purchase. This method and 

the methods mentioned previously are typically used in combination with each other 

resulting in a very dynamic collection operation by any remanufacturer. 

 

RENEW prefers to collect used HC devices but given the thousands of devices used in a 

plant and the preference among plant owners to sell their devices in bulk, RENEW will 

often times collect devices which are made by other manufacturers. Rather than losing 

the sale, RENEW will collect a variety of devices made by many different brands and see 

to it that they reach the proper owner or are disposed of properly. This collaboration with 

competitors is similar to Kodak’s collection method of single-use cameras which are 

collected in bulk, sorted, and then routed to their respective OEM locations. Given the 

complications that can arise with careless remanufacturing, RENEW does not 

remanufacture devices with which they are unfamiliar. These complications of careless 

remanufacturing will be discussed in later sections.  

 

Testing, Remanufacturing, and Inspection 

RENEW has a core yard which contains approximately 12,000 various units which are 

filed in a HC Controls database. Every unit contains a serial number which is maintained 

in this database. When a customer orders an RENEW valve, a representative will search 

this database to find the best solution to each customer’s specific application. Since the 

core yard contains so many units that are explicitly documented in the database, each 
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customer can be sure that they will get a valve that will meet their needs even if the valve 

is rare or has become obsolete.  

 

Once a valve is located, they are disassembled and blasted down to bare metal at which 

point Positive Material Identification (PMI) testing is performed on all wetted parts (the 

material that comes in direct contact with the gas/liquid medium) by a trained evaluator. 

PMI is a non-destructive testing method used to verify alloys, recover lost material 

traceability, isolate finished welds to validate filler material composition and dilution 

rates, and confirm the integrity of process piping, valves, and reaction vessels [44]. 

Ultrasound technology is also used to verify the thickness of the body wall is compliant 

with HC Controls design specifications. HC’s valve designs are engineered to meet the 

ASME B16.34 standard. 

 

The American Society of Mechanical Engineers (ASME) is the organization which has 

set the standards for control valves. Any new valve produced by an OEM must meet the 

requirements as specified by the ASME B16.34 standard. This B16.34 standard falls 

under the category B16 – Standards of Pipes and Fittings. It applies to new construction 

of valves and covers pressure-temperature ratings, dimensions, tolerances, materials, non-

destructive examination requirements, testing, and markings. It applies to valves made of 

steel, nickel-base or other alloys that are cast, forged, and fabricated flanged, threaded, 

and welding end as well as wafer or flangeless valves [45]. Any product found to have 

deviations from these precise ASME standards or from HC Controls design specifications 

will be remanufactured accordingly to become compliant. 

 

The remanufacturing process strictly adheres to a quality control program that ensures 

each unit produced meets industry and regulatory standards. HC has long been focused 

on establishing itself as a leader of quality in the industry. The introduction of a quality 

improvement process (QIP) in the 1980s set HC on the path towards a world-class quality 

program receiving a citation for “Significant Progress in Total Quality” and a supplier 

appreciation award for outstanding service provided as part of a QIP partnership. This 

quality excellence continues to apply today to new products from HC Controls and 
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remanufactured products from RENEW. All RENEW remanufactured products must 

meet the same quality standards as new devices from HC Controls.  

 

The biggest challenges in this industry and for RENEW lie in addressing the safety and 

reliability issues that come with remanufacturing. Both issues are intertwined with each 

other. A reliability issue is likely to cause a safety concern in the same way that a safety 

issue is likely caused by a shortcoming in reliability. Two sections have been devoted to 

these areas of concern. Safety will be discussed first to establish a sense of the strict 

standards and certifications that must be met and the dangers that come with violation of 

these regulations. Once an understanding of the product safety requirements is 

established, reliability issues will be discussed to show the efforts and practices in 

remanufacturing that either meet or fall short of the safety regulations. As a result, it will 

be shown that safety and reliability challenges can be attributed to an overall lack of 

awareness within the industry about remanufactured devices. Once a greater level of 

awareness is achieved, steps by OSHA and others can be taken to increase regulations 

and standards on remanufactured devices to mitigate the extreme risks and reliability 

limitations that come with improper remanufacturing.  

 

5.3.3 Safety 

OSHA’s Nationally Recognized Testing Laboratory (NRTL) Program 

The safety risks in this industry are tremendous. The Occupational Safety and Health 

Administration (OSHA) has created a number of standards which frequently require the 

devices made by HC and other manufacturers to comply with if they are to be used in 

various plant environments. To comply, new devices must become certified by an OSHA 

approved testing laboratory. OSHA has designated these laboratories as part of their 

1910.7 Nationally Recognized Testing Laboratory (NRTL) Program. The purpose of the 

NRTL program is to evaluate specific equipment and materials to ensure they meet 

standards of safety required by OSHA to be capable of safe use in the U.S. workplace. 

NRTLs are private sector organizations that have met all necessary qualifications 

specified in the program regulations and are thereby recognized by OSHA as a NRTL. 

For McGrath Manufacturing Process Management products, two NRTLs qualify new 
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products: FM Approvals LLC (previously known as Factory Mutual Research 

Corporation) and Canadian Standards Association (CSA). [46], [47] 

 

There are a number of categories for which a device could become approved such as 

explosion-proof, non-incendiary, or many others. Each approval category has its own 

specific tests that must be performed; often times including destructive testing. When a 

device is submitted to an NRTL lab for approval, the manufacturer must submit all 

relevant documents, designs, and physical specimens. This information is intellectual 

property and proprietary knowledge that is only available to the OEM who designed and 

manufactured the device and the NRTL which will provide the approval being sought. 

There is absolutely no access to this information outside of these two organizations and 

the information is kept extremely classified by both organizations. When the device 

becomes approved, it is then given a certification for use in its designated application. For 

HC Controls, a certification label from either FM Approvals or CSA is placed on the 

device to identify it as meeting the requirements specified by OSHA. When the approval 

is obtained, the manufacturer then begins manufacturing the device to the approved 

design specifications. The NRTL will routinely audit the OEM to ensure that all devices 

are being developed to proper specifications and that no changes have occurred in the 

design since the certification was awarded. If the NRTL is incapable of performing the 

audit for any reason, OSHA will still perform the review as scheduled; typically on a 

quarterly basis. [47] 

 

Safety Violations 

Once a device is manufactured by HC Controls or other OEMs and put into service in the 

industry, it is common for it to undergo routine maintenance. This is where the issue of 

safety becomes very prominent. When a device malfunctions or requires repairs, the 

maintenance department of the plant will typically perform the repair. Nearly all plants 

have a maintenance department that ensures production stays up and running and 

problems are remedied as quickly as possible with minimal time lost. Therefore, when an 

HC device or any other OEM device requires a repair, the maintenance department takes 

it upon themselves to repair it. This is typically done with the help of the device’s 
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instruction manual which includes direction on how to make a device functional again 

and rarely, if ever, makes any mention of specifications and tolerances. That is because 

this information, as mentioned early, is proprietary knowledge of the OEM. Hence, 

without access to the intellectual property which defines the specifications and tolerances 

of the device, there is no way the maintenance workers can be sure that they haven’t 

altered the device during the repair work. The only way for a device to be repaired and 

remain safe for use in the environment where it has received certification for application 

is to have the OEM perform the fix. This would require the device to be removed from 

use and sent to the OEM where it could possibly take a substantial amount of time to 

return. This is often a nuisance for many plants resulting in excess costs and valuable 

time lost. It is much easier for the maintenance workers to perform the repair and they 

frequently have a misconception that they are fully capable to perform a quality repair.  

 

The responsibility to maintain certified devices once they are in use in a plant falls on the 

owner of that factory. OSHA will typically perform audits on a regular basis each year. If 

any discrepancies are found within the plant such as devices that no longer meet 

approvals or certifications for which they are designated, the plant is then subject to 

severe penalties, fines, or both. The problem for the factories and their maintenance 

departments, as already discussed, is that they are completely unaware when they have 

damaged or made any changes to a device that will no longer make it compliant with the 

classifications for which it has been approved. An example of this might be an accidental 

cross threading of two components on an instrumentation device during routine 

maintenance resulting in damaged threads and burs. A maintenance worker will likely 

take a file to the threads to remove the burs but will unknowingly change the dimensions 

of the threads. Although the components may appear to be properly threaded afterwards, 

the damage has already occurred and depending on the certification and application of the 

device, that instrument may no longer meet code. This damage becomes all the more 

dangerous if the instrument is in use in locations designated as hazardous. Depending on 

the severity of the damage to the threads, an electrical spark during operation may 

propagate between the threaded components and could ignite a potentially flammable 

environment outside of the instrument resulting in a catastrophic explosion.  
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In the event that a similar malfunction occurs with a control valve, the problem that arises 

is a loss of containment (LOC) issue. A loss of containment on a control valve may result 

in toxic or flammable materials escaping from the control valve. This situation not only 

presents potential onsite safety issues but also offsite health, safety, and environmental 

issues if hazardous gases or materials are carried beyond the confines of the plant.  

 

These safety issues and code violations are a potential problem with new devices; 

however, the matter persists in the remanufacturing industry and can be even more 

widespread. Used devices, or cores, typically come from demolished plants or from one 

of the other collection methods discussed earlier. Nearly all of these devices have at some 

point in time received a maintenance repair or procedure or else the devices are being 

discarded because they have failed in one way or another. When a third-party 

remanufacturer collects these devices, they don’t have access to the OEM’s intellectual 

property documents to verify any measurements and therefore, they are unable to make 

any conclusive evaluation of the cores. As a result, there is no way for the third-party to 

perform acceptable remanufacturing.  

 

Furthermore, devices remanufactured by a third-party will frequently keep the original 

nameplate on the device during remanufacturing or else have it reapplied before reselling. 

The original nameplate will contain the NRTL ratings that were issued at initial testing 

prior to service in the industry. Usually, the third-party believes it has remanufactured to 

stringent specifications through reverse engineering and will replace the certification tag 

on the device thereby falsely awarding the remanufactured device the same approval 

ratings as a new device from the OEM. This practice results in a misconception in the 

industry that the remanufactured device maintains continued compliance with approvals. 

While this may seem like an egregious violation, OSHA’s regulations and standards 

apply only to new devices. With regards to remanufacturing, OSHA has not created nor 

enforced regulations applicable to remanufactured devices. Instead, OSHA passively 

regulates devices in violation of code by placing responsibility upon the customer to 

ensure that they have proper approvals and certifications for their instrumentation, valves, 
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and other devices. OSHA has released minor notices and disclaimers to plant owners and 

the industry as warnings of the potential dangers but have not taken aggressive actions to 

prevent improper remanufacturing.  

 

5.3.4 Reliability 

Remanufacturing in this industry got its start in the late 1970s and early 1980s. It was 

during this time that offshore oil platforms in the Gulf of Mexico found that they could 

use low-cost remanufactured instrumentation in their operations and seemingly get the 

same performance as new devices. This instrumentation was pneumatic which meant it 

didn’t require lab approval for use in these hazardous environments; only electrical 

devices required approval for use in locations classified as hazardous that may be 

explosive. Therefore, without having to seek an OSHA approval, third-parties found a 

niche in remanufacturing for the oil industry which was exploited rapidly.  

 

These remanufactured devices worked quite well and began to earn a reputation as such. 

As plants began to encounter greater challenges throughout the 1980s to make a profit, 

they began turning to low cost third-party remanufacturers more often to save money. As 

a result of this growth, third-party remanufacturers began to expand their business by 

starting reman operations on electric and electro-pneumatic instrumentation for sale in 

“safe” environments that didn’t require lab approval. This is when safety became a major 

concern. Oil businesses which had previously purchased pneumatic instrumentation from 

third-parties had a misconception that electric and electro-pneumatic devices with 

reapplied approval nameplates retained their certification for safe use in hazardous 

locations.  

 

The popularity of remanufactured devices as an alternative to higher priced new products 

has continued. However, the increased use of third-party remanufactured devices in 

hazardous (classified) locations has resulted in a growing risk of catastrophic failure. 

Products that are marked as NRTL approved when they have actually become 

noncompliant through design alterations are being installed frequently in hazardous 

locations. These devices have not been remanufactured to OEM specifications and 



  

57 
 

therefore, do not have the same reliability performance of new, NRTL approved devices. 

Thus, noncompliant devices with reliability shortcomings are being unknowingly 

installed in plants and reliability weaknesses are compounding. Although no incidents of 

disaster have been directly attributed to noncompliant remanufactured instruments as of 

yet, the risk is present and a combination of situations required to cause an incident could 

very well occur [48]. 

 

Swiss Cheese Model of Failure 

Safety experts agree that as the number of unreliable remanufactured devices increases, 

so does the risk of a combination of events leading to disaster [48]. This concept is shown 

in the “Swiss Cheese Model” developed by James Reason. The model uses slices of 

Swiss cheese with a randomly scattered pattern of holes in each slice. A light is place at 

one end of the row of cheese slices. The cheese slices as a whole represent a system or a 

process. Each individual slice represents a component of that system with its own unique 

weakness represented by the holes. If one part of the system fails, another part in the 

process would prevent a failure through redundancy thus giving the impression of a safe, 

reliable process. However, the increased use of remanufactured devices with a greater 

number of reliability “holes”, the greater the chance of a situation in which all the 

reliability “holes” line up. Once aligned, the process results in a complete failure where 

the light passes through the entire row of cheese slices. This model is shown in Figure 13.  

 

An example of an incident involving an abnormal sequence of events leading to 

catastrophe is the 2005 BP Texas City explosion. A unit which had been down for repairs 

was in the process of re-starting when a tower full of gasoline began to overflow. The 

excess gas flowed into a backup overflow unit. The excess gas continued to flow and the 

backup unit also began to overflow. This sent a geyser of gasoline into the air which 

formed a vapor cloud on the ground. A truck idling nearby eventually ignited the fumes 

causing a massive explosion which killed 15 workers and injured 170 others. Many 

factors contributed to this disaster including three instrumentation devices which had not 

been repaired properly, inaccurate level indicators, faulty valves, critical safety devices 

known as flares which BP chose not to install, and other critical safety mechanisms [49]. 
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While this example of failure is not directly attributable to remanufactured devices, it 

shows the magnitude of risk that is present in this industry. The reliability weaknesses of 

devices combined with human error can align abnormally and result in a catastrophic 

failure.  

 

Figure 13: Swiss Cheese Model of Failure 

 

Reverse Engineering 

Reverse Engineering (RE) is a very common practice among third-party remanufacturers 

in this industry. Some third-party remanufacturers have built their entire business around 

reverse engineering new valves created by companies like HC Controls. Advances in 

technology have allowed these companies to expertly RE competitor products through 

the use of 3D laser scanners. Scanning technology can allow companies to obtain 

measurement data of an entire surface of an object and create their own CAD models for 

remanufacturing. With this information, third-party remanufacturers feel confident that 

their reman processes are capable of producing “like-new” specifications of products. 

Wall thickness measurements obtained through 3D scans along with pressure testing 

methods are steps in the right direction for proper remanufacturing of control valves but 

there are still shortcomings with this methodology.  
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Once the third-party obtains a CAD model of a new product they feel confident that any 

salvaged products remanufactured to those specifications will satisfactorily meet 

industrial process requirements. One immediate problem with this assumption, 

particularly with control valves, is that the salvager often times has no idea what 

chemical process the valve had been in or how long it had been in service prior to 

recovery. This application information is critical when determining the pressure 

containment integrity of a valve. OEM’s will have this data available. Using a database 

like RENEW, an OEM will be able to enter the serial number on a device and be able to 

identify when it was produced and who bought the product. While the specific service 

application information may remain unknown by the OEM, the information in the 

database will answer the question of age and goes a long way in narrowing the scope of 

the service application of the device by knowing what company originally purchased the 

device [50]. Further correspondence with the customer may reveal the exact application 

to which the device was exposed. 

 

Third-parties, on the other hand, will typically consult the ASME B16.34 standard for 

information on the wall thickness measurements and pressure test requirements for new 

valves. This standard gives new valve design requirements to meet a specific pressure-

temperature rating. However, when third-parties consult the requirements specified in the 

standard and compare it to their CAD model obtained through reverse engineering they 

typically assume that if the wall thickness is greater than that given in the ASME 

specification, then the remanufactured valve is equivalent to the pressure ratings for a 

new valve of that size and pressure class. This is incorrect and/or incomplete in that the 

information in the ASME table and appendix applies to cylindrical shapes. Most control 

valves are not cylindrical throughout so abiding by the requirements in the standard is 

only half the battle. “Additional Metal Thickness” as stated in paragraphs 6.1.1 and 6.1.7 

of the ASME standard ensure that the stress levels of the non-cylindrical valve body will 

not approach the failure point of the material when applied and functioning in a process. 

Since the process application, the assembly loads, actuating loads, and stress 

concentrations vary so widely in industry, the OEM is the only party that is capable of 
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remanufacturing to these additional metal thicknesses to produce a reliable control valve. 

The complexity of valve shapes and contours cause a variety of stress locations and 

magnitudes in areas that may be unknown to a third-party. [50] 

 

The other method employed by some third-party remanufacturers is the shell test. This is 

also known as “hydrostatic testing” or simply “hydrotest”. Third-parties will frequently 

use this test to overcome the challenges discussed concerning the additional metal 

thickness measurements.  The shell test attempts to ensure the pressure boundary is 

capable of pressure containment and that there is no loss of containment (LOC) under 

static conditions. According to the ASME B16.34 standard, the valve is pressurized to 1.5 

times the rated maximum cold working pressure. Third-parties mistakenly assume that if 

the wall thickness matches their CAD drawings and if their remanufactured devices pass 

the shell test, then the valve has the same reliability as a new valve and is suitable for the 

pressure-temperature rating for which it was originally designed. Without access to 

original and most current revisions of OEM design specifications, manufacturing 

methods, and test documents, these are risky assumptions. [50] 

 

The fact of the matter remains that the third-party does not have access to the proprietary 

knowledge created by the OEM which defines exact specifications and tolerances and is 

only available to a NRTL. A third-party may remanufacture to the generic ASME B16.34 

specifications and develop CAD models through scanners that estimate the original 

design of the device, but it is impossible for them to guarantee that their information is 

identical to the OEM design specifications and test documents. Therefore, they cannot 

guarantee the same reliability and approval ratings or satisfactorily meet the requirements 

of the application.   

 

The devices remanufactured by RENEW have the same reliability as a brand new device 

produced by HC Controls. Therefore, RENEW devices are incredibly reliable. Since 

RENEW is a program within McGrath Manufacturing’s Process Management division, 

its remanufacturing processes have access to all engineering documents, design 

specifications and tolerances, material, production equipment, processes, testing methods, 
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and inspection equipment to create products that are equivalent to new devices. Major 

reliability concerns are caused by improper remanufacturing by third-parties.  

 

5.3.5 Perception and Marketing 

Throughout the 1970s and 1980s, the frequency of remanufacturing in this industry was 

increasing. Third-parties found it to be a profitable operation when instrumentation was 

pneumatic and didn’t require certification to be used in hazardous locations. Customers 

alike found remanufactured devices to be an excellent alternative to the new devices 

allowing them to save on the cost of products while being able to get the same 

performance. In the early 1990s, the growing popularity of remanufactured products 

began to undercut HC’s new products and the company saw their dominant market share 

start to erode as more and more customers turned to these alternatives. It was at this time 

that HC Controls decided to introduce the RENEW program. 

 

RENEW was created as a marketing strategy to serve the cost-driven customers who 

preferred low product prices while at the same time allowing HC to maintain the prices 

set for new products. In this way, HC could aggressively compete with the third-party 

remanufacturers by offering low cost remanufactured products that offered the highest 

level of safety and reliability without sacrificing the prices of their new devices. The 

RENEW program proved itself to be a great success and has continued to grow since its 

formation. Informed customers who understand the risks of careless remanufacturing by 

third-parties can be certain that their RENEW device meets all the same specifications, 

requirements, and performance expected of a new device.  

 

To build and enhance the reputation that was developing for RENEW products, HC 

Controls decided in the early 2000s to place a RENEW nameplate on their devices along 

with the other certification marks for which the device was approved. This label made all 

RENEW products instantly recognizable and customers knew they could expect the same 

safety, reliability, and performance of a new device from HC Controls. Prior to this, 

RENEW devices were identified through the serial number on all HC products. This 

serial number was essentially meaningless to most customers resulting in RENEW 
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products being unnoticed. During this time, there was no way for a customer to 

distinguish between a new product, an RENEW product, and a third-party’s product. The 

initiation of an RENEW nameplate placed on all remanufactured devices has made it 

possible to leverage the reputation established by HC Controls and the RENEW program. 

Also included on all new and remanufactured devices from HC are the HC Controls 

Certified tags assuring customers that the product meets all OEM specifications and 

industry compliance requirements addressing OSHA 1910.119 – “correction of any 

deficiency outside of acceptable limits”. It is impossible for third-party remanufacturers 

to make this same claim.  

 

In addition to the HC Certified tag and the RENEW tag, McGrath Manufacturing has 

taken extra steps in overcoming the misperception of products caused by third-parties. 

There have been a number of cases of litigation against third-party remanufacturers of 

HC devices. The result of some of these lawsuits has been a requirement that these third-

parties place disclaimers on their remanufactured products that state they “do not have 

access to OEM specifications”, that they “cannot guarantee the device retains its approval 

rating as specified on the nameplate”, or a number of other similar statements. Through 

these actions, HC has not only protected its own products with recognizable name tags 

but has taken the battle to their competitors by revealing their inability to satisfactorily 

remanufacture products. These disclaimers not only expose the limitations of third-parties 

but also places more responsibility on customers and plant owners to ensure that the 

products they purchase meet appropriate certification and requirements specified by 

OSHA. 

 

While McGrath Manufacturing has taken the initiative against some remanufacturers by 

filing lawsuits against misrepresentation or illegal remanufacturing, there is only so much 

they are able to do. There is a vast amount of repair and small-scale remanufacturing 

shops in operation that it is impossible to address all of these businesses. In addition, each 

lawsuit is quite expensive which adds to the difficulty in pursuing these third-parties. As 

the situation stands right now, there is no law by OSHA that thoroughly addresses the 

operations of these third-party remanufacturers. There is no law that makes it illegal for 
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third-parties to reattach nameplates that may or may not be void after remanufacturing. 

The responsibility falls upon the plant owners to maintain compliant devices. The experts 

interviewed in this industry have found that the lack of action by OSHA is that the 

organization believes the industry is not receptive to additional constraints at this time. 

The responsibility therefore, falls upon the customers to ensure that the products they 

purchase are fully certified for their intended application. 

 

5.3.6 Awareness and Summary 

The greatest challenge to overcome in this industry is the general lack of awareness of 

remanufacturing. There is a lack of awareness by third-party remanufacturers, by 

maintenance workers, by the customers in the marketplace, and by OSHA and other 

regulatory associations. The potential risks in this industry are not fully realized by these 

parties. Third-parties are not aware of their own shortcomings that make them incapable 

of producing safe and reliable products that are equivalent to new OEM products or 

qualified remanufacturers like RENEW. Maintenance workers are almost always 

unaware when they have altered a device or that the discounted remanufactured devices 

they buy from repair shops do not meet the certification label that may be attached. 

Customers mistakenly take approval certification stamps on devices at face value and 

typically do not look more in depth at the remanufacturer’s processes and capabilities. 

And because there have been no catastrophic accidents that have resulted in fatalities 

attributed to the failure of remanufactured devices, OSHA and others have placed little 

priority on enacting new regulations to prevent improper remanufacturing.  

 

On the upside, OSHA has placed greater emphasis and responsibility on plants and 

customers in the marketplace to be more vigilant about certified devices. But one of the 

main reasons there is difficulty in raising awareness is because of the opposition from 

smaller manufacturers and almost all remanufacturers. HC Controls is one of the 

dominant businesses in the marketplace. With the large amount of resources available at 

McGrath Manufacturing’s disposal, any additional constraints in the industry are likely to 

run the smaller parties out of business. For this reason, there are many advocates who 

strongly discourage the limitations McGrath Manufacturing would like to see put on its 
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competitors and the industry. To overcome this resistance, a complete understanding of 

the dangers in the industry needs to be realized. 

 

6. Findings and Analysis 

The case studies presented are examples of successful closed-loop supply chains with 

remanufacturing in various industry environments. Many lessons can be learned from 

these companies as well as many other companies that were not presented. Each company 

faces challenges that are unique to their industry and market; however, from these case 

studies, there begins to develop a few linking trends that are the foundation of a 

successful CLSC. These trends have been assembled into a brief logical discussion that 

summarizes the important lessons learned and which are present in closed-loop supply 

chains with remanufacturing. 

 

6.1 Company Characteristics 

6.1.1 Sustainability Mission and Vision 

Successful remanufacturing companies studied in this research have shown a dedication 

to sustainability in the core values of the company. Companies such as Kodak, Xerox, 

and Caterpillar all have a broad environmental awareness that is deeply embedded in 

what the company holds as their guiding principles. 

 

For example, Caterpillar’s vision, mission, and strategy explicitly discuss the future 

world they wish to create: a vision of the world in which “all people’s basic 

requirements… are fulfilled in a way that sustains the environment”; a mission “to enable 

economic growth… and provide solutions that protect people and preserve the planet; a 

strategy that makes “efficient use of the world’s natural resources and reduces impacts on 

people, the environment, and the economy”. These statements are alive, vibrant, and 

meaningful. They define a purpose and help provide an overall direction for work and 

often translate into action [51].  
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Companies wishing to create closed-loop supply chains with an effective 

remanufacturing operation must commit fully to sustainable business practices. Kodak, 

Xerox, Caterpillar, and Gazelle all have a driving environmental standard at the core of 

their business foundation that impacts all of their operating decisions. To be successful in 

using a CLSC, a company must take time to deeply contemplate their customers, their 

products, their industry, and their future state to create similar mission and vision 

statements that drive all of their business decisions.  

 

6.1.2 Sustainable Project Portfolio 

Typically by clearly defining the mission, the core values, and guiding principles of a 

company, the future direction of the company is effectively guided. To avoid shying 

away from the mission and creating confusion in decision making, supporting projects 

need to be initiated in line with the company statements [52]. These projects can create 

many avenues of growth and build the company’s competitive advantages. 

 

As revealed in the cases, successful remanufacturing companies initiate sustainable 

projects to support their core values. Both Kodak and Caterpillar release annual 

sustainability reports that thoroughly document all efforts of the previous year. Usually, 

the first editions of these reports define a baseline of performance and establish goals and 

target values to be achieved at some point in the future. To achieve these goals, various 

projects related to or directly contributing to sustainability are initiated. Those projects 

aim at improving material conservation, preserving value, reducing emissions of toxic 

particles, reducing emissions of greenhouse gases, lowering energy consumption, 

improving energy efficiency, driving toward zero landfill waste, and limiting the 

consumption of water - all of them are to minimize the environmental impact of the 

company in numerous ways.  

 

In addition to being a great support to the company’s mission, having a variety of 

sustainable projects also serves as a business strategy. The strategy lessons proposed by 

Hart [38] can be applied to business scenarios in that project variety allows an extreme 

adaptability and initiative in navigating a new, treacherous marketplace. The endeavor of 
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achieving sustainability, like any new business venture, requires a company to extend its 

resources and allocate its capital into a new, unknown marketplace. By nature, this is a 

risky endeavor since it deviates from the familiar practices of a company. To succeed, a 

company must boldly enter the new market while also guarding against the possibility of 

failure. To mitigate the risk, it is wise to disperse resources to a variety of projects in 

which each has a probability of success and return on investment.  Once a project 

succeeds, it may create a situation where more successes will be achieved one after 

another. It may even open doors to future goals that are presently unseen.  In addition, for 

a competitor who closely watches and responds to the company’s move, the variety of 

projects that the company has towards different objectives can be confusing and 

distracting. This may force the competitor to divide their own resources in order to 

defend.  

 

6.1.3 Dealing with Related Companies 

Successful remanufacturing companies do business with their own. Partnerships, 

acquisitions, and mutual agreements are present among all of the case studies discussed. 

Each company teams with other organizations that help them achieve their goals in one 

way or another. The distinction between these different types of relationships is clear 

when they are analyzed together. 

 An acquisition is a move that grows a currently established remanufacturing 

operation. Caterpillar’s acquisition of Progress Rail expanded their customer base 

by several thousand and increased their level of proprietary knowledge which 

improved their competitive advantage. 

 A partnership is a relationship that is typically with a business outside of one’s 

industry but which can aid in operating a closed-loop network. Gazelle has 

partnered with major retail outlets to raise brand recognition and thereby increase 

inventory of used consumer electronic devices and add to their profits. Xerox 

partnered with a logistical company called Close the Loop that assisted in their 

product acquisition and reverse logistics operations.  

 A mutual agreement is established between competitors within an industry to 

simplify operations. Kodak worked with their competitors to establish mutual 
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agreements for the collection and routing of single-use cameras. HC Controls 

pursued the same sort of mutual agreements with their competitors to ensure that 

proper remanufacturing occurred on used instrumentation and control valves.  

 

Business relationships of these types should be pursued whenever possible to minimize 

the complexity of operating a CLSC and avoid cost drive-ups. It is important, however, 

that these relationships do not disclose proprietary knowledge and intellectual property 

that enhance the company’s competitive advantages.  

 

6.2 Product Characteristics 

6.2.1 Intellectual Property (IP) of the Product Design 

The degree of proprietary knowledge involved in the product design determines the 

degree of difficulty for third-parties performing the remanufacturing effectively and 

safely.  The case studies in this research involved a wide range of products from simple 

but rapidly-evolving consumer electronics to complex but long-lasting control valves. 

Each case study shows that remanufacturing is a viable option regardless of the type of 

the product. However, the more proprietary knowledge that is involved in the product 

design, the more imperative it is that the OEM perform the remanufacturing operation. 

This is shown in the cases of Caterpillar, HC Controls, and Kodak.  

 

The complex design of Caterpillar engines and the intricacies of HC Controls’ 

instrumentation and control valves make it difficult and even dangerous for third-parties 

to perform remanufacturing without the crucial intellectual property. Kodak finds 

competition from third-parties who “reload” their single-use cameras. Customers of 

reloaded cameras will be dissatisfied with their products, perceived as Kodak, because 

third-parties either don’t have the necessary knowledge to produce high-quality film or 

they use low-quality film to save cost. 

 

The HC Controls case study discussed in detail the reliability and safety risks that come 

when the previous industry application of a core is unknown to a third-party 

remanufacturer who does not have product specifications. Remanufacturers have a 
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responsibility to their customers and society to practice remanufacturing safely and to 

meet standards. Remanufacturing an unsafe product, with or without the knowledge of 

doing so, can lead to customer lawsuits and criminal penalties. This is also highly 

unethical—as stated in the Code of Ethics of the American Society of Mechanical 

Engineering, safety, health, and welfare of the public is the paramount responsibility of 

an engineer [53].  

 

The process control industry is an example of a business environment in which product 

safety is highly dependent upon the remanufacturer’s access to product specification. 

Serious injury or death is risked when products are remanufactured without access to 

proprietary knowledge and put into use in hazardous locations. When Kodak’s single-use 

cameras are “reloaded” by unqualified remanufacturers, the consequences are customer 

dissatisfaction, diminished sales, and loss of revenue for Kodak. Though this can bring 

huge financial loss to the OEM, these are viewed as relatively minor consequences when 

compared to the case of HC Controls. 

 

6.2.2 Product Acquisition and Reverse Logistics 

Successful remanufacturing companies exploit networks of established collection 

locations and transportation routes to facilities. The methods of product acquisition and 

reverse logistics of the companies investigated in the case studies are quite unique to their 

specific product, environment, and industry.   Valuable insight into the keen thinking that 

is needed to thrive in a closed-loop system was provided by these companies and the 

various methods are summarized. 

 

 Returnable containers: customers consume the value adding contents within the non-

value adding container.  

o Scenario 1: Customers bring the core to a location, known as the collection 

point, to obtain the desired contents within. The contents are extracted for the 

customer and the core is collected. Owners of the collecting points are paid a 

fee to ship collected cores to a remanufacturing site if necessary. 
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o Scenario 2: Customers consume the contents of the container. Customers are 

provided a prepaid package so empty containers can be returned to the 

company without incurring any costs of their own. 

 Depository container: a collection bin is located at the point-of-use. End-of-life 

products are placed in this container and collected on a scheduled basis. 

 Auction: a cache of end-of-life products is sold to the highest bidder. 

 Exchange program: a customer must return a used product to obtain a new product. 

 Incentive program: a customer receives a discount on new purchases for the return of 

an end-of-life product. 

 

6.2.3 Design for Remanufacturing (DFR) 

Successful remanufacturing companies such as Kodak, Xerox, and Caterpillar design for 

product reuse in the new product development phase through DFR.  DFR minimizes 

reprocessing times and maximizes material and value conservation during 

remanufacturing. Product platform planning is the primary method used to achieve these 

benefits. By sharing common components among a product family, component inventory 

levels can be reduced for both new products and remanufactured products. It also leads to 

simplified assembly and disassembly of products, which promotes remanufacturing. A 

survey of automotive remanufacturers found inspector knowledge of the product, part 

availability, assembly and disassembly procedures, design simplicity, and product 

diversity to be the leading contributors to difficulty in cleaning, inspection, 

remanufacturing, and reassembly [13]. DFR through product platform planning 

eliminates or greatly reduces the negative effects.  

 

Furthermore, DFR allows for technology-upgrades to occur more easily. Newer 

generations of products are typically more energy efficiency and produce fewer GHG 

emissions making remanufactured products restored to their initial state obsolete with 

negligible benefits. DFR with a plan for future upgrades allows the latest technological 

benefits to be utilized while conserving as much of the original product as possible. 

Using a modular design (a common practice in the electronics industry) in the DFR 
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process, the old product can be easily replaced with upgraded components as long as the 

interfaces of the modular components remain unchanged.   

 

6.3 Industry Characteristics 

6.3.1 Industry Clockspeed 

The industry clockspeed impacts the success of product remarketing after remanufacture. 

For example, the control valves produced by HC Controls are more or less unchanged in 

50 years. RENEW may receive cores that have been in use for only a few years while 

others may be 40 or more years old. RENEW products that are returned to market are still 

relevant and can be resold with great success. However, the consumer electronics 

industry is much different with the rapid evolution of technology. The rate of new 

product development for certain products can be as short as only a few months.  

Remanufactured products in this industry are typically obsolete by the time they can 

return to their original market.  

 

As in the case of Gazelle, their inventory is typically obtained from the east and west 

coasts of the United States where demand for the newest products is greatest and 

customers of the remarketed products usually come from the middle regions of the 

United States or foreign countries where consumers are satisfied with older generations 

of products at a more affordable price. Therefore, technology clockspeed impacts the 

perceived value of remanufactured products and the remarketing strategies. Depending 

on the industry clockspeed, remanufacturers must accurately identify their target market 

to deliver the most value to their customers.  

 

6.3.2 Correspondence with Government, Regulatory, and Environmental Agencies 

Successful remanufacturing companies lobby with governmental, regulatory, and 

environmental agencies to help remanufactured products realize their potential. 

Caterpillar has worked extensively with the U.S. Department of Commerce, U.S. Trade 

Representative, and the World Trade Organization to help remanufactured products 

achieve their potential in the marketplace. As the excessive constraints placed on their 
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remanufactured products have limited their potential in many foreign countries, 

Caterpillar took great efforts to overcome the importation barriers of their 

remanufactured products into foreign countries. 

 

HC Controls continues to work with OSHA to place more stringent regulations on third-

party remanufactured devices.  HC Controls has suffered like Kodak due to the issue of 

their products being remanufactured or “reloaded” by unqualified third-parties. This 

earns the OEM a degraded reputation in the marketplace from unsatisfied customers who 

unknowingly perceive their remanufactured devices as OEM products. In the instance of 

HC Controls, extreme liability risks will also incur if a third-party device, perceived as an 

OEM product, is to fail in a hazardous location where serious injury or death might 

occur. For this reason, HC Controls and others continue to communicate with appropriate 

agencies to promote proper remanufacturing. 

 

Many remanufacturing companies have partnered with environmental agencies to raise 

awareness of the benefits provided by material conservation and product reuse. 

Correspondence with environmental agencies is used in an effort to market a company as 

“green” and to fuel the environmental movement that is beginning to take shape. Being 

environmentally-conscious is no longer seen as a cost of doing business but as a way of 

doing business [22]. Collaboration with environmental agencies raises public awareness, 

too. This helps overcome the awareness hurdle in the remanufacturing industry.  

 

6.3.3 Customer Perception 

Successful remanufacturing companies need to identify the key value drivers for their 

target customers. To a greater or lesser degree, all of the companies discussed have met 

challenges to raise awareness and improve the perception surrounding remanufactured 

goods. To be successful, a remanufacturer must correctly identify customer value drivers 

and link their marketing strategy to these drivers. Usually, the value drivers are highly 

dependent on the industry, the type of product offered, and the type of customer the 

product is intended to appeal.  
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In the consumer electronics industry, Gazelle found its inventory to come from 

performance-driven customers who value the best feature sets in their products and desire 

devices that outperform the competition. The newest consumer electronics are innovative 

and contain the best technology available. They can also be viewed as a self image driver. 

Gazelle recognized these drivers and exploited the “throw away mentality” of these 

customers. Once obtaining the cores, Gazelle identified its primary customers as 

economically-driven. The second-hand owners are driven by price sensitivity or a desire 

to be environmentally-conscious. Gazelle’s recognition of these two opposite but 

complementary customer value drivers has helped the company achieve great success. 

 

All of the case studies showed that a primary customer value driver for remanufactured 

products was cost. Customers desire to minimize expenditures. Those customers who are 

informed on the benefits of remanufacturing also realize that these low cost products will 

often deliver same-as-new or even better quality, reliability, durability, and safety as new 

goods. This is further validated by the companies which offer same-as-new warranties 

such as Xerox, Caterpillar, and RENEW. In addition, by focusing on being “green” or 

“environmentally-friendly” as another customer value driver, remanufacturing companies 

can also attract the environmentally-conscious customers.  

 

Although remanufactured goods continue to struggle to become a dominant alternative to 

new products, companies that accurately identify the value drivers of their customer base 

can find great success in any business environment.  All customers are driven in some 

way by economic factors and it is here where many customers will consider 

remanufactured goods. However, the main struggle continues in convincing customers 

that remanufactured products will meet the same performance requirements of new 

products.  

 

The key findings from the analysis of the case studies have been discussed and are 

assembled into a diagram shown in Figure 14. This diagram displays all of the findings 

presently discussed and their relationship to each other with regards to the macro 

environment, the industry environment, and company environment. 
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Figure 14: Business Model Framework for Remanufacturing Organizations 
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7. Conclusion 

7.1 Contributions 

The integration of closed-loop remanufacturing supply chains into current forward-flow 

supply chains will be an increasingly popular practice in the coming years. As more 

businesses shift their focus to conserve limited resources and preserve value of products 

they will be faced with the challenge of developing closed-loop networks into their 

uniquely established product and company structure while remaining competitive in their 

industry. The current literature on reverse-flow supply chains and remanufacturing has 

thoroughly examined the individual steps of the process and their challenges. However, it 

neglected to identify how a closed-loop network is absorbed into a company structure, a 

product line, an industry, and the global environment. The case studies revealed a number 

of key issues, general and specific, that relate to some or all of the industries where 

remanufacturing is present. The key issues are: (a) safety, (b) liability, (c) reliability, (d) 

CLSC network costs, (e) material and value conservation, (f) customer perception, and 

(g) awareness. This research contributed to filling this void in the current literature and 

found critical success factors associated with closed-loop supply chains with 

remanufacturing. Company remanufacturing success was determined by (1) a 

sustainability mission and vision, (2) a sustainable project portfolio, and (3) business 

dealings with related companies. Product remanufacturing success was impacted by (4) 

intellectual property (IP) of product design, (5) product acquisition and reverse logistics, 

and (6) design for remanufacturing. Industry remanufacturing success was dependent 

upon (7) industry clockspeed, (8) correspondence with government, regulatory, and 

environmental agencies and (9) customer perceptions of remanufactured products.  

 

7.2 Limitations 

This research was limited to three industries: consumer electronics, heavy equipment 

manufacturing, and process control. Within these industries, the research was limited to 

several companies with closed-loop networks, remanufacturing or both. These companies 

were Kodak, Xerox, Gazelle, Caterpillar, and McGrath Manufacturing. Conclusions were 

drawn based on similarities between these companies and industries. Many more 
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organizations and industries remain to be investigated to either add to supporting the 

findings presented here or to challenge their validity. 

 

This research was also limited by the methodology used. Information presented in the 

case studies was largely obtained from internet sources such as company websites, 

profiles, news articles, and reports. An assumption was made that this information would 

provide an insightful look into CLSCs with remanufacturing. Further information to 

either support or refute the findings here may certainly be found in the intellectual 

property of these companies under analysis. The information used in this research was 

largely qualitative in nature and has little numerical data to further support these claims.  

 

7.3 Future Research 

This research has contributed a general framework for successful closed-loop networks 

with remanufacturing. Future work would certainly include additional industry and 

company studies to provide a more complete framework that is applicable to a variety of 

circumstances. The industries and companies presented in this research may be 

investigated in more detail to reveal additional findings. Future work may also include 

quantitative analysis of the critical success factors identified to determine the 

relationships between them. Quantitative studies and analysis may show that certain 

factors are greater contributors to remanufacturing success than others and might provide 

a basis for more extensive mathematical understanding. The information and results 

presented in this research are intended to serve as a starting point for a variety of in-depth 

studies aimed at building upon this framework. 
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