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Abstract 
 
The current manufacturing model for most corporations, born out of the 
Industrial Revolution, results in a production process that burdens raw 
material resources and creates significant waste streams, both during 
manufacturing and at the end of a product’s life. An alternative model, “cradle 
to cradle” design and manufacturing, seeks to address these challenges by 
making the manufacturing process a closed loop system. In this approach, 
materials are perpetually circulated within a cyclical supply chain, with all 
waste products being recycled or reused as material inputs in the supply chain.  
 
This paper explains the benefits and challenges of cradle to cradle 
manufacturing, using two case studies—Fuji Xerox’s remanufacturing 
program and the carpet industry’s recycling initiative—as examples. The 
authors present a framework for implementing cradle to cradle processes, 
recommending a phased approach to implementation.  
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I.  Executive Summary 
 
The continued utilization of a manufacturing model that focuses only on the end product is myopic 
and has resulted in dwindling raw material sources (clean water, fossil fuels, and minerals), 
increased pollution, and a tremendous build up of industrial and consumer waste.  A new paradigm 
exists for manufacturing, and this has the potential to turn the manufacturing industry on its head, 
resulting in a product life-cycle perspective that runs from “cradle to cradle.”  This process reduces 
costs for the manufacturer, improves the environment, and benefits the consumer by producing 
products that mirror the lessons learned from nature. 
 

II. The Problem:  Current Manufacturing Models 
 
The current manufacturing model, which exists to some degree in all developed and developing 
countries around the world, was born out of the Industrial Revolution and started in motion a 
process for building products which does not match the current supply of global resources 
available to the world’s growing population of 6 billion people. 
 
The current model is based on a product-centric view: the most important engineering 
challenges involve the creation of the product.  For this reason, engineers are not incentivized to 
think about the inputs or the by-products of the production process.  This system results in a 
production process that burdens precious raw materials sources, releases toxic pollution into 
bodies of water, and requires consumers to dispose of the product when it reaches the end of its 
useful life.  At the very least, this model results in the rapid build up of municipal landfills, and 
at the extreme it results in toxic chemicals and/or potential future inputs taking up huge 
amounts of land, affecting society, the environment, and the local communities that have to 
store this waste.  
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Introduction: Historical Perspective 
The Industrial Revolution began in the early 1800’s, at a time when science and engineering skills 
were growing at a tremendous rate.  The result of this new level of understanding was the 
development of steam driven locomotives, mass 
production capabilities, and the explosion of 
gadgets, ornaments, and domestic clutter.1 
 
Instead of relying on individual artisans to make 
products at the town or village level, mass 
production facilities could be set up in urban 
centers, and products could be shipped across the 
globe.  In addition to the scientific knowledge 
available at this time, two other key factors 
influenced the development of this model of 
manufacturing: abundant raw materials and low 
population levels.  In 1800, nearly 60% of exports 
from the UK crossed the Atlantic.2  On the return 
trip home, those same ships were full of raw 
materials from the U.S.  In 1800, the U.S. population was 5.3 million people.  On a per capita basis, 
the cotton, water, grain, and wood available for manufacturing must have seemed endless.  Even on 
a global scale, the world population in 1800 was only 980 million.  The manufacturing model 
developed under those conditions could not possibly anticipate the needs of a modern world with a 
population of over 6 billion people. 
 
The traditional manufacturing system is a product of the Industrial Revolution framework where 
the raw materials are extracted from the earth, products are made in the factory, and the waste is 
dumped in landfills.  Consequently, our environment is spoiled and the costs to society are 
prohibitively high.  
 

III. The Solution: Cradle to Cradle Manufacturing 

 General Description 
Cradle to cradle (C2C) manufacturing is a model that mimics the raw material use observed in the 
Earth’s natural ecosystems.  In nature, raw materials are constantly built up and broken down in 
diverse production processes, but few of the by-products of these processes end up as waste.  
Instead, organisms tend to cluster, and utilize the by-products of one process for other distinct 
processes in the same vicinity.  By learning from the more efficient manufacturing processes found 
in nature, industrial manufacturing can reduce both raw material use and waste. 
 
The C2C model could transform the manufacturing industry by developing processes where the end 
products are created within a closed-loop system, i.e., materials are perpetually circulated within a 
cyclic supply chain.  Maintaining the raw materials in a closed loop system instead of a linear 
system maximizes material value while protecting the environment; traditional waste products 
remain within the production facility rather than ending up in a landfill.  The C2C manufacturing 
paradigm has the potential of spawning the next industrial revolution.3   This new model offers a 
compelling alternative to the traditional manufacturing system. 
 

 New Metrics: Triple Top Line 
The most successful businesses are, by design, innovative, proactive, and strategic. 
 

                                                             
1 MacLeod, C., Industry and Invention.  www.bbc.co.uk, 2001. 
2 Ibid. 
3 McDonough Braungart Design Chemistry, LLC, http://www.mbdc.com/c2c_home.htm. 
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Triple-Bottom-Line Triple-Top-Line 
“End of Pipe” Design Design for Sustainability 

Mitigating Liabilities 

Balances Compromises 

Slows Down Impact  

Create restorative products 

Wholly positive processes 

Increase Regeneration 

Traditional thought about manufacturing, to date, has often placed financial goals at odds with 
environmental stewardship and social equity.  Businesses have evolved in their treatment of non-
financial issues. With regard to the environment, that evolution has moved from post-industrial 
apathy, to regulation compliance, to eco-efficiency.  The latest guiding principle is that of the “triple-
bottom-line” whereby businesses measure the merits of their decisions, products, processes 
according to how they 
perform financially, 
environmentally, and 
socially. The “triple-bottom-
line” framework is an 
important tool for discussing 
the interaction between 
financial, environmental, 
and social spheres. 
However, even operating 
from the perspective of the 
triple-bottom-line, 
businesses usually seek to maximize their economic gain while trying to minimize their impact on 
the environment.  The result is that the “triple-bottom-line” becomes a tool to balance compromises 
and mitigate impacts, rather than eliminate them. 
 
What if you could produce products that were wholly positive – products that enhance the well 
being of nature and culture while generating economic value?  This is the basis of the “Triple-Top-
Line” paradigm.  Design for the triple top line follows the laws of nature to give industry the tools to 
develop systems that safely generate prosperity. In these new human systems, materials become 
food for the soil or flow back to industry forever. Value and quality are embodied in products, 
processes and facilities so intelligently designed, they leave footprints to delight in rather than 
lament. When the principles of ecologically intelligent design are widely applied, both nature and 
commerce can thrive and grow.4   This idea of the “Triple-Top-Line” helps fuel innovation in design 
and is key for the successful design of cradle-to-cradle products. 
 

 New Business Model: Service Business 
One of the challenges of cradle-to-
cradle production is how to 
encourage businesses to take 
responsibility of their products 
from the beginning to the end of the 
product life cycle.  Traditional 
linear manufacturing practices do 
not account for the cost of disposal, 
pushing those costs down the chain 
of users until they rest squarely on 
the shoulders of society.  Is there a 
way in which businesses can take 
responsibility of disposal and reap the benefits of maximizing the utility of the product they create?   
 
A new logic is shaping business thinking.  Instead of providing products many businesses are 
providing services defined directly by customer needs, and taking advantage of the improved 
efficiencies they create in producing those services. 
 
One example is Carrier, the world’s leading manufacturer of air-conditioners.  Rather than just 
producing air-conditioners, Carrier is experimenting with providing “air cooling services.”  Their 
reasoning is that customers do not want a product as much as they want the service that product 

                                                             
4 http://www.mcdonough.com/writings/design_for_triple.htm 
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offers.  Carrier guarantees that it will maintain ambient air temperature with in comfortable range.  
Any efficiency gained in providing that service goes directly to Carrier’s bottom line, encouraging 
the company to be as sustainable as possible.  Furthermore, Carrier is partnering with other service 
providers to retrofit buildings so that they need less air-conditioning.  In doing so Carrier is 
redefining its product from air-conditioners to “comfort services.”     
 
Benefits to the Provider: 
 

• Bottom line gains from maximizing efficiency  
• Reduced volatility in sales 
• Novel business solutions driven by service relationships  
• Quicker, more direct connection to customer needs 
• Opportunities for innovative partnering 

 
 
Benefits to the Client:5 
 

• Payments are with pretax dollars 
• Frees up bank credit for other investments 
• Expenditures are more steady, consistent, and predictable  
• Easier to adjust service according to changing needs 
• Eliminate "Hidden Costs” of installation and disposal   
• Interest Rate Stability 
• Lower assets and capital investments improve ROA and ROI measurements.  

 

 C2C in action: Case Studies 
 
Fuji Xerox 
Fuji Xerox is a manufacturing company based in Tokyo, Japan.  It has research facilities in both Palo 
Alto, CA and Nakia, Japan.  In addition to these R&D centers, the company has manufacturing 
facilities in the People’s Republic of China and Taiwan.  The sales and marketing offices are in the 
U.S., Southeastern Asia, China, Taiwan, Japan, Australia, New Zealand and South Korea. 
 
Fuji Xerox, also known as “the Document Company,” manufactures most office equipment.  The 
company is considered a poster child for corporate social responsibility — especially with respect to 
the environment.  In fact, Fuji Xerox was the first company in Japan to achieve the status of zero 
landfill use for their used products.6 
 
Remanufacturing within Fuji Xerox started in the 1980’s when the company began to lease office 
equipment to customers and take back used machines at the end of their useful life.  Xerox would 
then disassemble these machines and sell the used parts to independent contractors who would then 
resell them to customers.  However, as the quality of these parts deteriorated, Fuji Xerox decided to 
bring everything in-house.7  The new program was called the “asset recovery” process.  In this 
process, the used parts were combined with some brand new components to rebuild machines to the 
original product specification.  The quality of these remanufactured products was comparable to 
that of the new ones. 
 
This invention at Fuji Xerox was dubbed the “Cyclic Supply Chain.”  Figure 1 demonstrates the 
invention.  The success of Fuji Xerox’s program could be attributed to the integration of its 
information systems.  The recovery rate of products is currently at 98 percent and the efficiency of 
stock replenishment for distributors and consumers is also improved.  The integration of 

                                                             
5 http://www.interfaceinc.com/us/services/Leasing 
6 Fuji Xerox, http://www.fujixerox.com.au/environment/eco_manufacturing.jsp 
7 Ayers, R, Ferrer, G, and Leynseele, T.Y., 1997 “Eco-Efficiency, Asset Recovery and Remanufacturing”, European 

Management Journal, vol.115, no. 5, pp. 557-574. 
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information system not only was critical to the recovery process, but also played an important role 
in facilitating knowledge sharing within the supply chain.  According to the Fuji Xerox 
management, the benefits of the cradle to cradle manufacturing technique include: 
 

• Reduction in waste; lower disposal costs. 
• Improved communication with stakeholders. 
• Improving existing manufacturing systems after studying stress on earlier manufactured 

components. 
 
The innovative capability was a pleasant by-product of adopting the cradle to cradle design 
technique.  For example, the R&D group at Fuji Xerox has improved BOM costs by redesigning a 15-
cent spring on a roller that now saves the U.S. affiliate $40 million annually. 
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Engineering
Development
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Figure 1: Fuji Xerox Cyclic Supply Chain
 

 
The Carpet Industry 
The evidence supporting the need to recycle carpet waste is overwhelming. Every year, 4 billion 
pounds of carpet are discarded in the United States, of which only about 1 percent is recycled.  
Carpet waste is especially problematic because it consumes enormous amounts of landfill space due 
to its bulk. The incineration of discarded carpet releases toxic chemicals, including dioxin, into the 
air.8  Carpet and its production processes are highly petrochemical intensive.  It takes two pounds of 
fossil fuel to turn one pound of feedstock into carpet.9   
 
Various players in the carpet industry are redefining manufacturing and business processes to 
utilize cradle-to-cradle production and business models that are more sustainable.  

                                                             
8 http://www.informinc.org/fact_CWPcarpet.php#note13 
9 Hawkins, P; Lovins, A; Lovins, L. H. Natural Capitalism 1999, p. 139 
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In the past five years Shaw Industries, one of the largest carpet manufacturers in the United States, 
found ways to recycle old carpet retrieved from its own customers. The recycled material is now 
cheaper than an equivalent amount of new raw material.  In order to take advantage of the cheaper 
inputs Shaw Industries redesigned its $150-
million-a-year business of carpet tiles. Its entire 
carpet tile business is now made of material that 
can be recycled. The company also guarantees 
buyers that it will recycle all carpet squares, and 
an 800-number is stamped on the back of each 
tile for customers to call to have the tiles picked 
up.10  
 
One of the problems with the recycling process, 
however, is that many recyclable materials get 
downgraded into products of lesser value.  This 
is called downcycling.  Downcycled products 
ultimately end up in landfills.  In answer to this 
problem BASF created a product called Nylon 6 
which is highly stable and easily depolymerized 
into its precursor, caprolactum.  
 
Much of the heat used in the process can be recovered, and caprolactum can be re-polymerized and 
made again into Nylon 6. The entire process recovers more than 99 percent of the energy and 
materials used to make nylon 6 carpet yarn.11   In 1999, AlliedSignal (now part of Honeywell 
International, Inc.) invested over $80 million in a carpet recycling plant that turns Nylon 6 into 
caprolactam. Honeywell claims that its carpet-to-carpet recycling program "will reduce oil use by 
700,000 barrels, energy use by 4.4 trillion BTUs, and greenhouse gas emissions by 67 percent" each 
year.12  More importantly, partnerships between BASF, carpet manufacturers and recyclers like 
Honeywell could create closed-loop systems for the carpet industry.  
  
Interface Inc. is taking advantage of such systems and reaping the benefits of improved efficiencies 
through two business models.  One is a leasing program in which Interface takes responsibility for 
the full lifecycle – installation, maintenance, and recovery – of the carpet for a monthly fee.13  The 
second is the ReEntry Program in which Interface reclaims existing carpet tile or broadloom and 
either recycles, downcycles, or repurposes it. Interface guarantees that the old carpet will not end up 
in a landfill and will reclaim any brand whether or not it is an Interface carpet.14 
 

 Cost-Benefit of Cradle to Cradle Manufacturing 
The number one goal for manufacturers worldwide is to produce quality products at the lowest 
possible cost.  Included in these costs are the cost of raw material acquisition and the cost of waste 
disposal — costs which are more significant today with increasingly strict legislation.  According to 
one research study, in the U.S., there are over 70,000 remanufacture firms with total sales of $53 
billion and average profit margins exceed 20%.15  An additional benefit of using cradle to cradle 
design as indicated by the Fuji Xerox story is employee creativity.  In fact, companies utilizing this 
model enjoy a competitive advantage from increased employee creativity.  In Fuji Xerox’s case, the 
staff in the eco-manufacturing unit of the company perfected the cradle to cradle design process 
through trial-and-error.  As a result, the company gained valuable insights on the usability and life 

                                                             
10 Smith, Rebecca. Beyond Recycling: Manufacturers Embrace 'C2C' Design; Wall Street Journal.  Mar 3, 2005. pg. B.1 
11 http://www.mcdonough.com/writings/promise_nylon.htm 
12 http://www.informinc.org/fact_CWPcarpet.php#note13 
13 Hawkins, P; Lovins, A; Lovins, L. H. Natural Capitalism 1999, p. 140 
14 http://www.interfaceinc.com/us/services/Reclamation/ 
15 Lund, R., 1998 :Remanufacturing: An American resource,” Proceedings of the Fifth International Congress for 

Environmentally Conscious Design and Manufacturing, June 16 and 17, Rochester Institute of Technology, 
Rochester, New York. 

Carpet Industry Ecosystem 

Carpet Companies 
•Design for recycling 
•Service providers 
•Reclamation services  

Recycling 
Companies 
•Honeywell’s Nylon 6 
Recycling Plant 

Up-cyclable Inputs 
•BASF Nylon 6 
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