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Industrial ecology is a field of study that encourages the use of closed-loop 

material cycles to achieve sustainability.  Loop closing requires the movement of 

materials over space, and has long been practiced in the iron and steel industry.  Iron 

and steel (ferrous) scrap generated in the U.S. is increasingly exported to countries in 

Asia, lengthening the transportation distance associated with closing the loop on the 

iron and steel life cycle.  In order to understand the environmental cost of transporting 

this commodity, an activity-based maritime transportation model and a theoretical in-

land transportation model are used to estimate emissions generated.  Results indicate 

that 10.4 mmt of total emissions were generated, and emissions increased by 136 

percent from 2004 to 2009.  Increases in the amount of emissions generated are due to 

increases in the amount of scrap exported and distance it is transported.  
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INTRODUCTION 

Sustainability is a concept that has been in existence for just over two decades, 

but its roots can be said to reach back to the 18th and 19th centuries (Lumley and 

Armstrong 2004).  The definition of sustainable development has evolved over time, and 

it has generally come to mean: economic development that takes into account equity for 

current and future generations; humanity’s reliance on ecosystem services; and limits 

for both the extraction of resources and the release of wastes (Opschoor and Reijnders 

1991).  Industrial ecology (IE) is a multidisciplinary field promoting the idea that 

sustainable development can be achieved by arranging economic activity (mainly the 

production and consumption of goods and services) in a manner similar to the nutrient 

cycles found in natural ecosystems.  This proposed arrangement focuses on the cycling 

of wastes into raw materials, or closing the loop, so that environmental pressures and 

impacts associated with raw material extraction and waste disposal are greatly reduced 

(Frosch and Gallopoulos 1989; Frosch 1995; Lowe and Evans 1995; Sagar and Frosch 

1997; Cohen-Rosenthal et al. 2000).   

Industrial ecologists use an ecosystem metaphor as a conceptual framework for 

analyzing material flows through an economy and through life cycle stages, including 

extraction, processing, manufacturing, consumption, and end-of-life.  Wastes generated 

during various life cycle stages should be redirected back to earlier life cycle stages to 

close the loop, a geographic process that is dictated by the physical properties of the 

material in question and economic logic of the exchange (Lyons 2007).  Loop closing is 

an integral process in the iron and steel industry.  It has evolved both physical and 

social networks to collect, sell, and transport ferrous scrap; therefore it is an excellent 
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case study of loop closing activities.  For a material like ferrous (iron-containing) scrap, 

loop closing takes place regionally and internationally.   

Steel, an alloy of iron and other minerals, is a vital material for modern 

economies, providing a foundation for urban infrastructure.  According to the United 

States Geological Survey (USGS) (2007) iron ore and ferrous scrap are the two sources 

of iron for crude steel production.  A country’s stocks of iron and steel increase as iron-

containing infrastructure and goods accumulate.  As infrastructure and goods become 

obsolete, ferrous scrap is generated and becomes available for recycling.  Although 

U.S. ferrous scrap flows have been internationalized since 1932 (Carlson and Gow 

1936), the geography of these flows has recently shifted and intensified due to rapid 

industrialization of many Asian countries (Van Beukering 2004; Wang, Mueller, and 

Graedel 2007; Weisz and Schandl 2008).  Large stocks of ferrous scrap are 

concentrated in industrialized nations, while increasing demand for ferrous scrap is 

located in rapidly industrializing nations (Wang, Mueller, and Graedel 2007).    

Due to the importance of iron and steel, it has been the subject of many studies, 

including life cycle analysis (Melanen et al. 2000; Li et al. 2002; World Steel Association 

(WSA) 2002), material flow analyses (Wang, Mueller, and Graedel 2007), and 

geographic studies (Lyons, Rice, and Wachal 2009).  While industrial ecologists assert 

that increased recycling will reduce environmental impact, there remains a lack of focus 

on the world's most mature recycling industry and the environmental cost of transporting 

ferrous scrap, a globalized commodity.  Life cycle analysis (LCA) is an accounting 

technique that uses scientific models to quantify environmental impact generated during 

life cycle stages, including extraction, production, consumption, and disposal (Seuring 
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and von Ossietzky 2004).  The use of scrap in steel production is widely viewed as 

environmentally benign.  However, there is a gap in knowledge between the assumed 

environmental benefits of recycling steel and an accounting of environmental costs 

generated when ferrous scrap is aggregated from geographically diffuse locations and 

transported to the location where it is smelted (Melanen et al. 2000).       

The purpose of this thesis is to explore the relationship between the geography 

of ferrous scrap export flows and the environmental impact of transporting this 

commodity.  U.S. ferrous scrap export flows from 2004 to 2009 were analyzed to 

determine prominent destinations and classify regional routes through which materials 

flow.  The ton-miles of scrap shipped via three transportation modes, ocean-going 

vessel, rail, and truck, were determined and used to calculate the suite of air pollutants 

generated, including carbon dioxide (CO2), carbon monoxide (CO), sulfur oxides (SOX), 

nitrogen oxides (NOX), and particulate matter 10 microns and less (PM10).  Using the 

methodology outlined in this thesis, it is estimated that 10.4 million metric tons (mmt) of 

total emissions were generated over the time period, of which 9.96 mmt were composed 

of CO2.  Emission levels and trends are related to the geography of export flows, the 

broader iron and steel life cycle, and significance to industrial ecology and sustainability 

in general. 
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REVIEW OF LITERATURE   

Ferrous Scrap 

Ferrous scrap contains iron and steel, which has been referred to as “one of the 

main nutrients of the global industrial ecology” (Davis et al. 2006).  Iron and steel (an 

alloy of iron and other minerals) has historically been one of the most widely utilized 

substances, composing 90 percent of metals produced globally (Mueller 2006). It is 

recycled more than all other materials combined, including glass, paper, plastics, and 

aluminum (World Steel Association (WSA) 2008).  Apart from being the largest, it is also 

the world’s oldest recycling sector, whose longevity may be attributed to the economic 

incentives, such as cost and energy savings; rather than environmental benefits (Aylen 

and Albertson 2006).  The long history of recycling iron and steel is also due, in part, to 

two physical characteristics: the ability to be recycled infinitely without change to 

physical properties; and magnetism, making it easy to separate from the solid waste 

stream.   

Iron and steel scrap is classified as either home, prompt (new), or old (United 

States Geological Survey (USGS) 2000, 2007).  Home scrap is generated during 

smelting and casting in steel mills.  It has known chemical compositions and is 

immediately recycled.  Prompt scrap is generated during the manufacturing stage and 

consists of, for example, cuttings and trimmings of shaped metal (USGS 2000, 2007).  

Prompt scrap is easily recycled due to its known composition and the ease with which it 

can be gathered and transported back to the smelter (Gomez, Guzman, and Tilton 

2007; Lyons, Rice, and Wachal 2009).  Old scrap is generated as infrastructure and 

goods reach the end of their useful lives and become obsolete (USGS 2000, 2007; 
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Gomez, Guzman, and Tilton 2007).  Old scrap, such as obsolete industrial machinery, 

rebar from demolished infrastructure, junked automobiles, used jet engine blades, and 

used appliances, is often composed of a collection of heterogeneous substances and 

has a wide geographic distribution (USGS 2000; Lyons, Rice, and Wachal 2009).  Old 

scrap is more difficult to recycle because it must be collected, transported, sorted, and 

processed before it is suitable for use as a raw material (USGS 2000).  From 2005 to 

2008 the ratio of scrap to pig iron (the product of smelting iron ore) used in steel 

production worldwide has hovered around 40:60; however in 2009 scrap use decreased 

to 37.6 percent (Bureau of International Recycling (BIR) 2005-9).  Of this, new scrap 

comprises 32.8 percent of total scrap used and old scrap comprises 67.2 percent of 

total scrap used (BIR 2005-9).  However, in the U.S. old scrap composes a smaller 

portion of ferrous scrap slated for recycling.  Over half (55 percent) of ferrous scrap in 

the U.S. has a post-consumer origin, while prompt and home scrap accounted for the 

remaining 23 and 22 percent (USGS 2010).  In the U.S. from 2005 to 2009, 

consumption of domestically generated ferrous scrap ranged from 45 to 62 million tons 

(USGS 2010), and the amount of ferrous scrap exports ranged from around 12 to 20.5 

million tons (USA Trade® Online).   

The U.S. plays an important role in international iron and steel flows.  Trade of 

iron and steel scrap in the U.S. became internationalized in 1932 (Carlson and Gow 

1936), due to rapid buildup of the economy and infrastructure in the 1920’s, leading to 

surpluses of scrap.  Low domestic demand during the Great Depression followed by 

increased demand abroad in Japan and Germany in preparation for World War II helped 

drive ferrous scrap exports (Zimring 2005).   More recently, the U.S. has become a net 
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importer of pre-consumer iron-containing commodities, including ore, pig iron, raw steel, 

parts, and finished goods (Mueller 2006).  Additionally, the U.S. is the world’s largest 

consumer of iron-containing finished goods, imported from Japan, China and South 

Korea (Wang, Mueller, and Graedel 2007).  These imports are added to the U.S.’s 

stocks of iron and steel. 

When imported and domestic iron and steel products become integrated into a 

country’s infrastructure, they become stocks of iron and steel (Wang, Muller, and 

Graedel 2007).  Iron and steel stocks represent a source of scrap that may be utilized at 

some point in the future (Mueller 2006).  In industrialized nations, iron and steel stocks 

have been accumulating since the dawn of the industrial revolution, and a large portion 

of the metal mined in the last century remains concentrated in today’s industrialized 

cities (Matthias 1995).  Cities and their aging infrastructure are important sources of iron 

and steel scrap, partially due to the continually decreasing iron concentration in ores 

(Matthias 1995; Mueller 2006).  The accumulation of aging infrastructure in 

industrialized nations is a large factor in their status as net exporters of ferrous scrap. 

When stocks of ferrous materials meet the end of their useful lives, they become 

scrap and are transported, sorted, manipulated, and sold as raw materials in either 

domestic or foreign markets (Mueller 2006; Wang, Mueller, and Graedel 2007).  The 

amount of scrap generated in the U.S. is expected to increase in the next few decades.  

According to Mueller (2006), the amount of metals available for recycling in the U.S. will 

increase over the next two decades as demolitions of existing infrastructure increases.  

Additionally, the next quarter century of automobile production is expected to outweigh 

that of the history of the industry until 2008 (USGS 2009).  Turnover in the auto industry 
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will augment the supply of old scrap in the U.S.  The amount of scrap generated 

annually in the U.S. from 2004 to 2009 is discussed in the next paragraph.     

It is difficult to determine the exact amount of ferrous scrap generated on an 

annual basis in the U.S.  This is because available data represents the amount of scrap 

sold, and an undetermined amount remains out of circulation and scrap yards can retain 

inventory until favorable prices emerge.  The amount of scrap generated can be 

approximated by adding U.S. consumption of ferrous scrap to exports of ferrous scrap 

and subtracting imports of ferrous scrap for consumption.  Table 1 details the amount of 

scrap generated from 2004 to 2009 and the information used to calculate this value.  

The amount of ferrous scrap generated in the U.S. from 2004 to 2009 ranged from 72 to 

85 million tons.  This data indicates that the amount of ferrous scrap domestically 

consumed in the U.S. has decreased by 26 percent, while the amount exported has 

increased by 45 percent.  Demand for ferrous scrap is derived demand, affected by the 

demand for construction and goods, such as cars and appliances (Aylen and Albertson 

2006).  The recent economic recession, which has had a drastic negative affect on new 

construction demand, is likely the primary factor for the decrease in domestic 

consumption.  The other main factor is the trend in offshoring the manufacturing and 

production processes of goods, as illustrated by the 45 percent increase in exports, 

reflecting an increase in foreign demand for ferrous scrap.  

Table 1  Ferrous scrap summary for the U.S., 2004-2009 
Ferrous Scrap  (mmt)  
Indicators 2004 2005 2006 2007 2008 2009 % change 
Apparent Consumptiona 67 66 64 64 67 53 -26 
Exportsa 12 13 15 17 22 22 45 
Imports for Consumptiona 5 4 5 4 4 3 -67 
Domestic Generationb 74 75 74 77 85 72 -3 
a. Data from USGS Iron and Steel Mineral Commodity Summaries, 2009-2011. 
b. Calculated by author using USGS Iron and Steel Mineral Commodity Summaries, 2009-2011. 
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Figure 1  U.S. ferrous scrap exports and average price per ton ferrous scrap (USGS, 
2009-2011) 

 
Derived demand for ferrous scrap is also illustrated in the relationship between 

scrap exports and average price for ferrous scrap.  Figure 1 shows that as the price of 

scrap increases the amount of exports also increase.  While prices fell sharply from 

2008 to 2009, exports remained flat due to continued demand in Asian economies.   

Industrializing nations, especially those with high rates of economic growth, act 

as focal points of ferrous scrap demand.  In these nations, ferrous scrap demand is 

driven by increases in manufacturing and buildup of infrastructure.  This high demand 

for ferrous metals is coupled with an insufficient domestic supply.  The insufficient 

domestic supply stems from a limited amount of domestic iron and steel stocks coupled 

with a weak recycling infrastructure and a lag in time until metals recently added to 

stocks become available for use as scrap (Wang, Mueller, and Graedel 2007).  

Additionally, imported scrap is more attractive because its quality exceeds that of 

domestic scrap (Beihai and Ying 2002).  Since a high demand for ferrous metals 
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outstrip domestic supply of scrap and ore, these nations are net importers of ferrous 

scrap.   

The prime example of such a country is China, which has recently ascended as 

the world’s most prominent producer of steel, exceeding 600 million tons in 2010 

(Turner n.d.).  This historical level of steel production arises from two sources of 

demand for steel, mainly high levels of manufacturing and construction.  Currently, 

China is the global leader in goods exported ($521.7 billion) (Field 2009).  Also, 

Friedman (2009) reports that China will increase real estate infrastructure by 

constructing 550 billion square feet, almost double the current amount in the U.S., in the 

next two decades.  China must import ferrous scrap and iron ore to meet demand for 

iron and steel due to its inability to generate effective quantities of domestic scrap and 

virgin ore (Terazono et al. 2004; Kojima 2005; Wang, Mueller, and Graedel 2007).  

China is currently the largest importer of ferrous scrap from the U.S. (Terazono et al. 

2004).  In a reciprocal relationship, China was reported to be one of the U.S.’s largest 

suppliers of iron and steel-containing goods (Wang, Mueller, and Graedel 2007).  

Turkey is another important country in terms of global ferrous scrap flows.  It is one of 

the primary importers of U.S. ferrous scrap. Turkey is highly dependent upon ferrous 

scrap because its steel industry is dominated by electric arc furnaces, which can use up 

to 90 percent scrap inputs (Yayan 2010). 

With respect to iron and steel flows, the U.S. economy is intricately linked with 

industrializing nations, especially China and followed by Turkey.  The life cycle of iron 

and steel is distributed globally, with industrialized nations playing the role scrap 

providers to industrializing nations, who reciprocate in trade with finished and semi-
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finished products.  The next section will discuss industrial ecology and conceptual tools 

within the discipline, specifically life cycle analysis.  The following section will discuss 

life cycle analysis with respect to iron and steel and the significance of iron and steel’s 

globalized life cycle.      

Industrial Ecology and Closing the Loop 

Industrial ecology (IE) is a young field of study that promotes resource 

optimization in industrial systems as method of pursuing sustainable development 

(Center for Industrial Ecology (CIE) n.d).  Inspired by the nutrient cycling in natural 

ecosystems, industrial ecologists suggest the raw materials for producing goods can be 

found in the various by-products and scrap that society disposes of as waste (Frosch 

and Gallopoulos 1989).  By-products are understood to encompass any materials that 

result from a manufacturing process and are not the primary goods being produced, 

whereas scrap is understood to be a post-consumer waste that becomes available as 

goods and infrastructure meet the end of their useful lives.  Restructuring industry into 

“ecosystems” that cycle the majority of waste and byproducts into new and different 

production processes can displace some need for virgin resources and simultaneously 

reduce the amount of waste released to the environment (Allenby and Cooper 1994; 

Ehrenfeld 1997; Erkman 1997; Frosch 1997).   

Industrial ecology incorporates many approaches to the primary goal of closing 

the loop on material cycles in order to reduce the environmental impact of economic 

activity.  One method to promote loop closing between firms is the creation of eco-

industrial parks (EIPs).  The definition of EIPs has been debated, but has generally 

come to mean a collection of locally agglomerated and socially networked firms that 
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participate in waste and byproduct exchanges (Gibbs and Deutz 2007).  A great amount 

of research has centered on EIPs, ranging from design strategies (Côté and Cohen-

Rosenthal 1998), input- output-matching schemes (described in Chertow 2000), to 

arguments for incremental and social approaches (Gibbs and Deutz 2007).  Some 

industrial ecologists have begun to acknowledge the gap between academic aspiration 

and implementation in this arena (Sterr and Ott 2004; Gibbs and Deutz 2007).  It has 

been argued that a local geographic scale is too small and research should be directed 

to regional and even global geographic scales (Sterr and Ott 2004; Lyons, Rice, and 

Wachal 2009).  A constricted focus on achieving loop closing at the local scale is 

limiting to the field as a whole, leaving broader topics inadequately addressed.  The 

inclusion of social science tools and addressing the impacts of consumption and 

globalized material product chains are important aspects of the future of industrial 

ecology (Gibbs and Deutz 2007; McManus and Gibbs 2008).  

The practice of using byproducts or scrap as inputs for producing new goods 

gives rise to material flows between networked economic actors, or as Harper and 

Graedel (2004) put it “circulating stocks […] that are transformed repeatedly into various 

products”.  As materials are transformed and consumed, they progress through various 

life cycle stages, each resulting in environmental impacts.  Life cycle stages can have 

geographies organized at the global scale, including: the extraction of virgin materials; 

processing virgin materials; manufacturing of semi-finished and finished goods; 

consumption; waste disposal; recycling; and transportation between each stage.  To 

quantify the environmental impacts of these stages, industrial ecologists use a tool 

called life cycle assessment (LCA).   
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LCA is an accounting methodology that utilizes various scientific modeling 

techniques to estimate the material resources and energy used, as well as wastes 

generated, during the life cycle of a good or service (Seuring and von Ossietzky 2004).  

However, a problem exists in defining the boundaries of the system.  LCA studies have 

a narrowly bounded focus, including a limited selection of life cycle phases, on one 

product or process that does not take into account broader macro-level processes (Birat 

and Thomas n.d.).  In each analysis, the determination of where to draw the system 

boundary will exclude some upstream and downstream life cycle stages, thus assuming 

they are unimportant as inputs to the analysis (Hendrickson et al. 1998).  However the 

impact of the same life cycle stage varies among industrial sectors of the economy 

(Vanek and Morlock 2000).  This makes it unadvisable to make ad hoc decisions on 

where to put the system boundary for an LCA, which has been an issue with iron and 

steel LCAs.      

Life Cycle Analysis of Iron and Steel 

 Industrial ecologists use life cycle analysis (LCA) to quantify the environmental 

impact of producing and consuming goods so that the material and energy efficiency of 

various life cycle stages may be improved.  In this manner LCA is used in green design 

and pollution prevention efforts (Hendrickson et al. 1998).  The types of inputs (virgin 

and recycled), their locations and transportation requirements, processes used to 

transform raw materials, manufacturing processes, recycling strategies, and waste 

disposal options are all factors used to determine environmental impact.   Similarly, life 

cycle thinking has been used in respect to the iron and steel industry to analyze the 

emissions generated and energy intensity for the industry and its various life cycle 
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stages (Matthias 1995; Melanen et al. 2000; Kim and Worrell 2002; Davis et al. 2006; 

Johnson et al. 2008).  In order to better understand the iron and steel LCA literature 

review, the processes involved in creating steel are discussed in the next paragraph. 

 The two primary process methods for steel making are identified by the type of 

furnace used in the process.  They are the basic oxygen furnace (BOF) and the electric 

arc furnace (EAF).  If the use of each furnace type is thought of as a route, then each 

route varies in complexity, energy intensity, and material requirements.  The BOF route 

is commonly referred to as primary production, because it requires virgin resources, 

including large amounts of iron ore, coke (coal that has been heated to use as a source 

of carbon), and limestone.  These materials must be melted in a blast furnace to make 

pig iron, a brittle metal with 4 percent carbon content.  The pig iron is then fed into a 

BOF, where scrap and minerals are added to make steel (Grimes, Donaldson, and 

Gomez 2008; WSA 2011).  The BOF route is more energy intensive than the EAF route 

due to higher temperatures and the use of blast and coke furnaces (Li et al. 2002).  The 

EAF route uses scrap and direct reduced iron (DRI) to make steel.  DRI is made by 

heating, but not melting, iron ore and exposing it to a mix of combustible gasses 

(Grimes, Donaldson, and Gomez 2008; WSA 2011).     

 A common theme in iron and steel LCA literature is to compare energy use or 

emissions generated during the smelting of scrap or virgin iron ore.  For example, Li et 

al. (2002) use LCA to compare the environmental impact of iron smelting technology, 

finding that EAF that use up to 90 percent scrap inputs are more energy efficient than 

the basic oxygen furnaces (BOF) that use 70 percent pig iron from virgin ore.  Mueller 

(2006) also found that smelting ferrous scrap requires 75 percent less energy than 
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smelting virgin iron ore.  Comparisons of the inputs, scrap and virgin ore, used to make 

raw steel clearly indicate the use of scrap is the ecologically superior choice. 

There have been some differences among the life cycle concepts of ferrous 

scrap presented in literature; although all authors are unified in agreeing that recycling 

ferrous scrap reduces net environmental impact.  Melanen et al. (2000) assert that the 

comparison (scrap vs. ore) is an inappropriate view of life cycle thinking.  They claim the 

only life cycle comparison that can be made is either recycling ferrous scrap or 

landfilling ferrous scrap.  This argument may be valid when used to make the decision 

to use scrap as an input to steel making; however it omits scenarios that adhere more 

closely to reality.  On the other hand, Johnson et al. (2008) make their contribution by 

quantifying the energy and carbon intensity of producing one ton of austenitic stainless 

steel1 slab under three different scenarios (early 2000’s levels of recycling or “current”, 

100% recycling, and 100% virgin ore).  Notably, Johnson et al. (2008) acknowledge the 

improbability of exclusively using scrap or virgin ore as an input.  Their LCA found that 

the 100 percent recycling scenario to be the least carbon- and energy-intensive, at 1.6 

metric tons of CO2  and 53 GJ of energy per metric ton of stainless steel slab, followed 

by the early 2000’s level of recycling and 100 percent virgin ore scenarios.  Additionally, 

the results of their sensitivity analysis on the “current” scenario indicates that a 25 

percent increase in transportation distances or ocean-going vessel energy intensity will 

result in, respectively, a 1.9 and 1.5 percent increase in total primary energy needed to 

produce one ton of stainless steel slab, raising the energy required to just over 54GJ.  

                                            
1 A common type of stainless steel alloy made from iron, chromium, nickel, and molybdenum (Johnson et 
al. 2008). 
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This suggests that transportation distances and ship power are important factors for 

accurate LCAs in the iron and steel industry.   

As illustrated by previous LCAs of other industries, transportation is an important 

component to include.  For the U.S. food industry, Weber and Matthews (2008) 

conducted a comparative study that focused on the transportation and production 

phases in order to understand which life cycle stages incur the most environmental 

impact.  Similar to ferrous studies, Weber and Matthews (2008) found that the 

production phase is a more significant vector for environmental impact than 

transportation.  Their findings suggest that inland trucking is responsible for more CO2 

emissions than ocean shipping, although a larger amount of ton-km of food is 

transported over international waters.  Recognizing freight transport as an important life 

cycle stage, Vanek and Morlok (2000) compare freight transportation energy use in 

various economic sectors of the U.S. by using transportation mode and commodity 

group as breakouts for comparisons.  An LCA comparison of energy use suggests that 

the relative importance of transportation energy varies by sector.  Although there are 

mixed treatments of transportation in LCA studies, it is generally agreed that it should 

be included in the analysis. 

Attention to transportation is often over looked or is a small component of the 

larger analysis in iron and steel studies.  For example, in their comparison of 

transportation energy and production energy in the primary metals sector, Vanek and 

Morlock (2000) exclude the transportation of waste and scrap, noting that distances are 

likely too small.  Very few, notably Melanen et al. (2000) and Johnson et al. (2008) 

integrate transportation of scrap as a vector for environmental impacts in the steel 
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industry, rather than assuming recycling is unproblematic.  Melanen et al. (2000) 

calculate the number of tons of scrap imported and recycled within Finland.  They use 

this data to take a detailed inventory of the ecological cost of recycling metals as 

opposed to landfilling them.  They gauge inland scrap movements and processing (i.e. 

crushing, baling, and shredding) in detail by auditing five licensed scrap dealers.  

Although Melanen et al. (2000) mention scrap exports; their inventory does not address 

the ecological consequences of transporting ferrous scrap internationally.  On the other 

hand, Johnson et al. (2008) include international transportation as a factor for energy 

consumption and carbon output in their comparative model.   However, they use 

constant values for the distance scrap is transported via truck (180 mi), rail (160 mi), 

and ship (2,100 mi) then applied estimates for energy use and CO2 emission factors.   

The use of constant values for distance may be a limitation, especially when the 

sensitivity analysis in this study revealed that a 25 percent change in distance can 

increase total energy use over the entire life cycle by almost two percent.   

Transportation has been insufficiently addressed in iron and steel LCAs.  This 

gap in knowledge can be addressed by obtaining more accurate values for the routes 

and distances of maritime ferrous scrap shipments and by using more detailed 

information concerning the type of ocean-going vessel used to transport this commodity.  

There is also a need to view the transportation of iron steel from a geographic 

perspective to provide new insight.  The purpose of this thesis is to address the gap in 

knowledge by determining the geography of iron and steel scrap export flows from the 

U.S. and estimating the environmental impact of these flows in order to supplement the 

iron and steel LCA literature.  The following paragraphs contain discussions of the 
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specific research questions that guide this study and the methodology used to 

determine routes of ferrous scrap flows and the air emissions generated.   
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RESEARCH QUESTIONS 

Although it has been identified as a vector of environmental impact and included 

in previous iron and steel studies; transportation of scrap, especially the increase in 

international flows, has not been the central focus of an iron and steel study.  In order to 

gain a clearer understanding of the environmental costs and benefits of recycling 

ferrous scrap, emissions generated during transportation of scrap exports should be 

quantified. Two factors make this knowledge especially important.  First, the material 

product chain (also referred to as life cycle) of iron and steel has an integrated global 

geography that changes over time, with the flows shifting from core countries to 

industrializing countries in the periphery.  This shift leads to longer shipping distances 

and greater air emissions.  The second important point is that U.S. steel industry has 

advanced to become more efficient than that of any other country by consuming less 

energy per ton of steel produced (Steel Recycling Institute (SRI) 2011).  This means 

that exports to less advanced countries leads to larger amounts of air emissions from 

less efficient production systems.  The goal of this thesis is not to conduct a full Life 

Cycle Analysis of an iron and steel product; rather to focus solely on the transportation 

stage of ferrous scrap bound for export in order to evaluate the ecological costs 

generated during this phase.  To define the parameters of the analysis, only ferrous 

scrap exported from the U.S. to destination countries abroad was included.     

To accomplish this task, three questions were answered by this research.  First, 

what amount of ferrous scrap, by four-digit HS code, is exported and where is it going?  

This question was answered by determining to which countries U.S. ferrous scrap is 

exported.  The place of departure in the U.S., a specific inland or sea port, combined 
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with the destination is needed to determine the mode of transport and distance traveled, 

which are essential elements in answering the next research question.   

The second research question is: what are the environmental costs associated 

with the transport of ferrous scrap (at the four-digit Harmonized System code) between 

the U.S. and the top sixteen2 destination countries for U.S. ferrous scrap exports?  

Distance traveled per shipping mode, ocean-going vessel, rail, and truck, were used in 

modeling air emissions generated by each.  The overseas shipment of ferrous scrap 

requires the use of specific vessels, including container ships and handy to handy-max 

bulk carriers (Stopford, 2009).  Rather than using a general emissions intensity for 

cargo ships that includes ship types that are not utilized to move this commodity, 

accuracy is increased by using a scrap-specific maritime emissions model.    

Finally, once the maritime emissions are estimated, is there any evidence that 

they can be reduced?  In other words, is there any inefficiency apparent in the 

international trade patterns of ferrous scrap and do they adhere to an ecological logic?  

In order to answer this question, the quantity of scrap shipped along aggregated 

regional routes is analyzed to determine if shipments departing from ports on the East 

and West coasts of the U.S. are arriving at Middle East/Southwest Asian and South 

Asian ports, respectively.   

 

 

 

 

                                            
2 The top sixteen destination countries were chosen to simplify calculations and because they encompass 
just over 95% of the ferrous scrap flow during the study period.  
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METHODOLOGY 

Scrap Data 

The ferrous scrap data was downloaded from USA Trade® Online, a web portal 

used to access archived data for more than 18,000 export commodities and 24,000 

import commodities.  The U.S. government gathers and aggregates data for virtually all 

imports and exports.  Automated forms are used by the U.S. Customs Automated 

Commercial System (imports) and by the Census Bureau, which mandates carriers of 

exports to file Electronic Export Information reports.  This trade data resource is created 

by a partnership between STAT-USA and the Foreign Trade Division of the U.S. 

Census Bureau (USA Trade® Online (USATO) 2009).   

Trade data is organized and presented using the Harmonized System (HS), 

which was created and is maintained by the World Customs Organization (WCO) in 

order to standardize the names and numbers that are used to classify internationally 

traded products.  The HS employs a standardized 6-digit code where the first four digits 

compose a heading and the remaining digits compose a subheading to allow a more 

detailed classification of trade goods (Lyons, Rice, and Wachal 2009).  For example, 

7204 indicates the heading ferrous waste & scrap; remelt scrap iron/steel ingot, and the 

10-digit code 7204490060 represents cut plate and structural steel scrap.  Individual 

countries that have agreed to employ the HS cannot change the first six digits or 

descriptions associated with them, but they may add two to four additional digits for 

further differentiation.  Iron and steel scrap is subdivided into fourteen separate 
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categories for the U.S.’s 10-digit HS code.  The appendix, provides a listing of the 10-

digit codes and a description of each ferrous scrap type3.      

The variables retrieved from USA Trade® Online include: weight of ferrous scrap 

exports by 10- and 4-digit HS code aggregated by port of departure in the U.S. and 

destination country; weight of the U.S.’s annual ferrous scrap exports by 10- and 4-digit 

HS code and destination country.  It should be noted that some countries were not 

included in the later years of the time period while aggregating the data.  These 

countries received negligible amounts of scrap4  and were represented in less than one 

third of the study period.  The countries that were omitted from the initial analysis of top 

importing countries are listed by name and year in the appendix5.  This data represents 

the entirety of the known ferrous scrap imports and exports for the U.S. during the study 

period (2004-2009).  The presence of unregulated trade is a possible confounding factor 

in this research.  However, since it cannot be accounted for, these flows will be omitted. 

Analysis of ferrous scrap exports by 4-digit HS code, port of departure, and 

destination country revealed that, during the study period, 99 percent of the flows 

emanate from nineteen U.S. port districts.  All flows were aggregated to the primary port 

in each district and these are displayed below in Figure 2, which illustrates the relative 

importance of ports in the continental U.S.  The largest amounts are exported through 

Los Angeles and New York, with exports throughout the time period reaching 21.3 and 

13.6 Mt, respectively.  Any U.S. port district that exported less 500,000 tons for the 

study period was excluded from the study.  Just over 95 percent of U.S. ferrous scrap 

exports arrive at sixteen destination countries.   In order to simplify the flows without 

                                            
3 This information can be found in Table A.1. 
4 The largest quantity excluded is for Nepal, which received 0.009% of the total exports in 2009.   
5 This information can be found in Table A.2. 
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relinquishing too much accuracy, the following port districts and destination countries, 

detailed in Table 2, were chosen to be the focus of this study.  Figure 3 shows the 

differing amounts of scrap imported by the top sixteen importers of U.S. ferrous scrap, 

where China and Turkey are the two most dominant importers.   

 
Figure 2  Ferrous scrap exports (tons) by U.S. port district,2004-2009    
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Figure 3  U.S. ferrous scrap exports (metric tons) by destination country 

 
 

Table 2  Percentage of U.S. ferrous scrap exports by exporting port district and 
importing country  

Departure  Destination 

U.S. Port District Exports % Cumulative 
% 

 Country Export % Cumulative 
% 

Los Angeles, California 26.7 26.7  China 21.4 21.4 
New York City, New York 17.0 43.7  Turkey 16.2 37.6 
San Francisco, California 9.7 53.4  South Korea 10.9 48.5 
Boston, Massachusetts 7.1 60.5  Canada 9.8 58.3 
Seattle, Washington 6.2 66.7  Taiwan 7.9 66.1 
Philadelphia, Pennsylvania 5.8 72.5  Mexico 6.8 72.9 
Portland, Oregon 5.0 77.5  Malaysia 5.1 78.0 
New Orleans, Louisiana 4.8 82.3  India 4.9 82.9 
Providence, Rhode Island 2.6 84.9  Thailand 4.1 87.0 
Tampa, Florida 2.6 87.5  Egypt 2.5 89.5 
Houston, Texas 2.0 89.5  Indonesia 1.3 90.8 
Norfolk, Virginia 1.8 91.4  Vietnam 1.3 92.0 
Savannah, Georgia 1.7 93.1  Greece 1.1 93.1 
Miami, Florida 1.3 94.3  Japan 0.9 94.1 
Honolulu, Hawaii 1.2 95.5  Pakistan 0.9 94.9 
Portland, Maine 1.0 96.4  Hong Kong 0.8 95.7 
Charleston, South Carolina 0.9 97.4     Baltimore, Maryland 0.9 98.3     San Juan,  Puerto Rico 0.7 99.0     Source: USA Trade® Online  
a. Values represent exports for HS code 7204 for the years 2004-2009. 
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Emissions Models 

 Determining the amount of emissions generated by transporting ferrous scrap 

exports from the interior of the U.S., where they are generated, to the port of arrival in 

the importing country requires the following factors: the amount of scrap transported via 

ship, rail, and truck; the distance scrap is transported per mode; and the emission 

factors for freight transport per mode.  The systematic uses of these factors are 

displayed in Figure 4, which maps out a simplified methodology for estimating the 

transportation emissions generated by exporting ferrous scrap.  The next section details 

the methodology used to estimate the emissions generated from over-land transport of 

this commodity, which is followed by details concerning the estimation of emissions 

generated by ocean-going vessels. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  Methodology flow chart for emissions modeling of ferrous scrap freight 
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In-land Transportation 

Estimating the emissions generated from the transportation of ferrous scrap 

exports is not limited to calculating those generated during the ocean transport phase.    

The transportation necessary to funnel ferrous scrap from the rather geographically 

dispersed locations of where it is generated within the U.S. to the sea ports where it is 

exported is included within this analysis.   Truck and rail are also utilized to transport 

ferrous scrap exports to Canada and Mexico, the only countries where exports may be 

delivered in this manner.  Canada and Mexico are the fourth and sixth, respectively, top 

importers of ferrous scrap from the U.S., and significant portions are transported over 

land.  According to the data, 98 percent of exports to Canada are transported over land 

and 52 percent of exports to Mexico are transported over land.  The next section will 

contain a discussion concerning the theoretical model of in-land transportation that 

occurs within the U.S.  This theoretical model was developed to allocate scrap 

movements to either truck or rail transportation modes and determine distances 

traveled.  Following this is the discussion of in-land transport between the North 

American Countries.  

 

Theoretical In-land Transportation to US Ports 

There is no public data that details the movement of ferrous scrap from scrap 

yards to sea ports for export.  Past studies have employed surveys to determine the 

amount and distance of ferrous scrap freight movements via truck or rail (Johnson et al. 

2008; Melanen et al. 2000).  A different methodology is employed in this study to both 

allocate scrap to either truck or rail transport and determine the distance it is 
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transported.  This theoretical model combines industry knowledge about ferrous scrap 

shipments and the amount of scrap (in tons) exported from each of the major port 

districts to extrapolate service districts, which would act as a catchment area to provide 

scrap to each port.  Each port’s service district is potentially composed of truck and rail 

service areas which are used to determine the mode and distance of shipments.    

Emissions modeling for in-land transportation of ferrous scrap include those 

generated by truck and rail transportation modes.  The method utilized to estimate 

emissions during this phase involves a novel process to arrive at the ton-miles 

transported by each mode within the U.S.  The amount of ton-miles per mode is then 

combined with modal emission factors of freight transport to generate an emissions 

portfolio for in-land transportation.  Emissions factors for land-based transport modes 

are discussed at the end of the next section. 

The first step was to create the truck service areas. Trucking dominates as the 

preferable mode of shipping along hauls less than 200 miles when scrap prices are 

below $500 per ton (United States Department of Transportation (USDOT) 2000).  This 

idea is supported in an interview with George Adams, chairman of the Institute of Scrap 

Recycling Industries, who claimed prices greater than $500 per ton of ferrous scrap 

would be required to overcome distances exceeding 200 miles (2011).  The average 

unit price of ferrous scrap exports never exceeded the $500 threshold, ranging from 

$248-484 over the study period (United States Geological Survey (USGS) 2007, 2009).  

Therefore, to create truck service areas, a buffer with a 200-mile radius, which had flat 

edges when touching adjacent buffers, was generated around each port, displayed in 

Figure 5.  The density of ports on the East coast has a larger impact on the service 



27 
 

areas than those on the Gulf or West coasts.  For example, due to the high number of 

ports in close proximity on the East Coast, Providence, Rhode Island, has a truck 

service area that is just over seven thousand square miles, while the port district of Los 

Angles, sharing the West Coast with only three other port districts, has a truck service 

area of almost seventy nine thousand square miles.  The area within the 200-mile 

buffer, serving as truck service areas, and the potential scrap generated within it were 

allocated to truck transportation.  The remaining area of the continental U.S. and 

corresponding scrap stocks are then assigned to ports and allocated to rail transport. 

The exceptions to this were the islands of Puerto Rico and Hawaii, which were only 

assigned truck service areas because they were either completely within or very close 

to being entirely within the 200-mile buffer.  

 
Figure 5  200-mile buffer for truck service areas of study ports in the continental U.S. 
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The next step was to create a rail service area, which was generated using an 

interaction model.  This interaction model is an altered version of the gravity model 

commonly used in geographic analysis.  Geographers have adopted and modified the 

Newtonian model of gravitational attraction between two masses to quantify the 

attractive force between two cities (Stewart 1948; Hesse 2010).  In the Newtonian 

model, as the mass of two objects increases and the distance between them decreases, 

their gravitational force increases.  The gravity model, as used by geographers, shows 

that as the population of two cities increases and the distance between them decreases 

the movement of people, money, and goods between them increases.  Stewart’s 

demographic gravity model calculates attraction as the population of city A multiplied by 

the population of city B and divided by the distance squared between A and B.   

The attractive forces modeled in this thesis are between U.S. port districts and 

the ferrous scrap stocks in the U.S.  These forces were modeled by adapting the gravity 

model by replacing the population of cities with the amount of scrap exported by port 

districts and scrap stocks in the U.S.  Since the exact density of scrap stocks across the 

U.S. is unavailable, the 2009 population of each county in the U.S. was obtained from 

the U.S. Census Bureau and used as a proxy.  Population is a reasonable proxy due to 

the close relationship between the distribution of population and ferrous scrap stocks 

(Gruver and Giarratani 2005).  The infrastructure and goods in urban areas that support 

high populations represent stocks of ferrous scrap.  Attraction between the port and the 

ferrous scrap in the surrounding area is calculated using equation 1, below, where: xi is 

the amount of scrap exported during the study period from the port; Pj is the population 
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of the county, used as a proxy for ferrous scrap stocks; and Dij is the Euclidean distance 

between the port and county centroids.   

Equation 1:        

Equation 1 was calculated for all port districts and counties in the U.S. using 

PostGis 1.5.3, an open source software that is a spatial extension to the PostgreSQL 

database.  Each county was assigned to the port with the highest interaction value.  For 

example, consider the comparative interaction values between El Paso County, Texas, 

and the Los Angeles (LA) and Houston Port Districts.  The El Paso/Houston interaction 

value is 2.6 million, while the El Paso/LA interaction value is 32.7 million, resulting in the 

allocation of El Paso County to the LA Port District.  El Paso is closer to Houston, but 

Los Angeles exports a higher quantity of scrap, making the interaction value higher. 

Therefore, allocation is dependent upon population (ferrous scrap stock proxy) and 

importance of the port in relation in to quantity of scrap exports.  This is congruent with 

the idea that dynamics of scrap transportation will not be the same in disparate regions 

that have varying concentrations of ferrous scrap stocks, port density, and proximity to 

ports. All counties in the continental U.S. were allocated to the ports with which they 

have the highest interaction value, and the boundaries between the counties were 

dissolved to create one homogenous interaction polygon for each port in the continental 

U.S., shown in Figure 6.  These polygons were then clipped using the truck service 

areas, so that no overlap in service areas occurred, to create the discreet rail and truck 

service areas, shown in Figure 7.  If a port’s rail service area was completely contained 

within its 200-mile buffer, then that port was only assigned a truck service area.   
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Figure 6  Polygons derived from interaction equation 

 
Figure 7  Rail service areas for study ports in the continental U.S. 
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 Once the discreet truck and rail service areas for the ports were completed, they 

were used to allocate exported scrap to either truck or rail transportation.  This 

allocation was determined using the percentage of land area devoted to each type of 

service area (truck or rail) for each port.  Table 3 details the size of each port’s service 

districts and the percentage composed of truck or rail areas.  Ports such as Los Angeles 

and New York have the highest percentage of scrap allocated to rail transport, due to 

the large area of land assigned to them from the interaction model.  The ports with little 

influence have small service areas that do not extend beyond the 200-mile buffer, so 

the entireties of their exports are allocated to truck transport.   

Table 3  Transportation mode allocation and average distance per mode by 
port district 
 Service Area (sq. mi)  Average Distance (mi) 
Port Name Trucka % Railb %  Truckc  Railb 
New York City 25,142 4 537,318 96  180 661 
Los Angeles 59,969 5 1,122,405 95  180 957 
New Orleans 61,140 26 177,400 74  180 348 
Seattle 41,590 38 68,321 62  180 288 
Houston 78,670 55 64,014 45  180 248 
San Francisco 63,594 61 40,389 39  180 240 
Portland, OR 61,652 65 33,497 35  180 231 
Boston 14,722 79 3,879 21  180 318 
Savannah 49,536 93 3,614 7  180 212 
Tampa 29,394 94 1,993 6  180 226 
Baltimore 50,398 100 - -  180 - 
Norfolk 38,486 100 - -  180 - 
Portland, ME 38,266 100 - -  180 - 
Charleston 32,769 100 - -  180 - 
Philadelphia 16,837 100 - -  180 - 
Miami 11,720 100 - -  180 - 
Providence 7,326 100 - -  180 - 
Honolulud - 100 - -  180 - 
Puerto Ricod - 100 - -  180 - 
Sources: 
a. Calculated by author using 200-mile trucking buffers. 
b. Calculated by author using interaction polygons and rail nodes within them. 
c. Johnson et al. (2008). 
d. Islands are assigned only truck transportation. 
 
The next step was to find the average distance traveled by each mode.  This 

analysis will employ previous findings for the average distance ferrous scrap is 

transported via truck.  According to Johnson et al. (2008), in the U.S., ferrous scrap is 
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transported an average of 180 miles by truck before it reaches domestic smelters.  This 

is within the assumed 200 mile maximum distance for truck transport of ferrous scrap.  It 

also accounts for the fact that scrap yards are usually located well outside city centers, 

because they pose a possible nuisance to residential development and require larger 

tracts of land to store scrap until fluctuations in the market allow proprietors to sell it for 

an acceptable price.  The average distance for rail transport was calculated using the 

Euclidean distance from each rail node to its assigned port (Federal Railroad 

Administration 2010).  Figure 8 shows the rail nodes in the conterminous U.S. and the 

ports they have been assigned to.  The average distance shipped by rail for the various 

rail service areas is detailed in Table 3.  Due to the unique geography of each port’s rail 

service area, this distance varies for each port.  Los Angeles and New York have the 

largest rail service areas, and, accordingly, they also have the largest average distance 

from rail node to port.    
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The port service districts created using this methodology divide the continental 

U.S. into discrete catchment areas, funneling scrap to ports.  This presents a 

geographic treatment of ferrous scrap transportation in which the territory served by port 

varies and affects the ton-miles of scrap transported and amount of emissions 

generated.  However, this model contains assumptions that simplify the complex 

movements of this commodity.  The following paragraph contains a discussion of the 

assumptions and simplifications of this model.   

The two main simplifications in this model are the use of Euclidean distance, as 

opposed to network distance, and the use of average distance for truck and rail 

movements.  The distance scrap is shipped by truck and rail remains constant 

Figure 8  Rail nodes by assigned port district 
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throughout the time period in this model because the size and shape of truck and rail 

service areas are static and impermeable in this model.  However, in reality, these 

distances vary through time and among the fourteen scrap types as scrap prices 

fluctuate. The true shape of port service areas is affected by the price of scrap, 

transportation costs, and transactions based on imperfect knowledge between overseas 

parties and domestic scrap yards and wholesalers.   

This model exclusively uses truck and rail transport for the in-land portion of 

transportation to get scrap from the interior of the country to the ports.  No 

transportation on in-land waterways, in smaller vehicles, or by off-road equipment 

during loading is included in this study.  The addition of off-road equipment used for 

loading would increase emission estimates, while the inclusion of less carbon intensive 

inland waterway transport would have the opposite effect.  Additionally, Facanha and 

Horvath (2007) advise the use of correction factors for varying density of freight; 

however, the method of converting the correction factors for the density of shredded 

ferrous scrap (1.12 tons per cubic meter) was not apparent and attempts to contact the 

authors were not successful.  

 

In-land Transportation to Canada and Mexico 

Estimating emissions resulting from the land-based transportation of ferrous 

scrap to Canada and Mexico requires the amount of scrap transported and the distance 

shipped by truck and rail.  However, the U.S. Bureau of Transportation does not keep 

records for the amounts and modes of land-based transport of ferrous scrap exports to 

the member countries of the North American Free Trade Agreement (NAFTA).  
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Therefore, assumptions for breakout per mode and distance travelled will be used to 

complete the estimations. 

The following assumptions for percentage of scrap and distance shipped per 

mode were adopted from a combination of literature review and government agency 

database.  The amount of scrap (metric tons) transported to Canada and Mexico via 

land-based modes was determined by subtracting the amount of scrap exported to each 

country via ocean vessel from the total amount of scrap exported to each country, both 

of which were obtained from USA Trade® Online.  This value for Canada and Mexico 

was 9.2 and 3.4 million metric tons, respectively, indicating the amount of exports 

carried by land-based transportation. Land-based transportation is the primary way 

scrap is sent to each country.  For the remaining fourteen countries, there were small 

differences in the export values aggregated by destination country or U.S. port district, 

ranging from +0.02 to -0.22 percent of total exports for the time period.  This is likely 

due to decision to use only the top nineteen port districts in the U.S.  However, these 

values were not deemed large enough to greatly affect the outcome of the study. 

The amount of scrap exported overland was assigned to either truck or rail 

modes using the modal share for exports of all types from the U.S. to Canada and 

Mexico.  Based on OECD data for land-based freight, exports to Canada are 

transported by truck 66.3 percent of the time and by rail 33.7 percent of the time; while 

exports to Mexico are transported by truck 59.6 percent of the time and by rail 40.4 

percent of the time (Woodburn et al. 2008)6.  Finally, the distance transported was 

based on different estimations for each mode.  The assumed average distance for truck 

transportation was 180 miles (Johnson et al. 2007), based on the prohibitive cost of 
                                            
6 These percentages are based solely on truck and rail transport, excluding any inland water options. 
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trucking such a dense and heavy material greater than 200 miles.  The assumed 

average distance for rail transport (662 miles) was adopted from the average length of 

haul for U.S. rail freight shipments in 2002 (Bureau of Transportation Statistics (BTS) 

2002).  This average includes shipments to Canada and Mexico, as well as shipments 

within the U.S.  It is the best estimation for rail that includes exports to North American 

countries available (BTS 2002).   

Once the ton-miles of scrap transported per mode within the U.S. and to Canada 

and Mexico are estimated, the next step was to calculate the emissions generated by 

each mode annually.  Truck and rail transportation emissions are calculated as the 

product of the ton-miles of scrap transported and the life cycle emissions factors, 

expresses as grams per ton-mile, established by Facanha and Horvath (2007).  Their 

emissions factors account for a range of emissions sources, including the production, 

use, maintenance, and end of life for vehicles, fuels, and required infrastructure in the 

continental U.S.  The assumed parameters for transporting freight via truck use a model 

2000 class 8B heavy-duty diesel truck with a capacity of 22.3 tons, where 75 percent of 

the vehicle use is full capacity and 25 percent is empty return trips, traveling at 50 miles 

per hour along a leveled four-lane asphalt highway (Facanha and Horvath 2007).  

Transportation parameters for rail freight involve the use of a 4,000 horse-power diesel-

electric locomotive pulling 70 double-stacked cars (both adhering to tier 0 standards7).  

Facanha and Horvath’s (2007) emission factors for truck and rail freight transport are 

detailed in Table 4. 

                                            
7 Tier 0 standards are emission standards for diesel locomotives, and include all locomotives 
manufactured after 1972, and also pertain to remanufactures after 1972.  Emission standards progress 
through tier 4, becoming stricter as the year the locomotive is manufactured or re-manufactured increases 
(USEAP, 2011). 
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Table 4  Life cycle emission factors for land-based 
transport 
  Pollutant (g/ton-mile) 

Mode CO2 NOX PM10 CO SO2 
Truck 187 2.57 0.35 0.6 0.15 
Rail 40 0.74 0.05 0.42 0.12 

Source: Facanha and Horvath, 2007. 
 

 

Maritime Transportation Model 

In order to estimate the environmental impact of shipments via ocean-going 

vessels (OGV’s), a the activity-based model used by Corbett et al. (2007) and Corbett 

and Koehler (2003) was employed to estimate emissions generated for scrap 

shipments.  An activity-based model utilizes the number of hours spent at sea, energy 

expenditures, and fuel type to estimate the quantity of emissions produced (Neef n.d.; 

Corbett and Koehler 2003; Endresen et al. 2008).  In this case, the Corbett et al. (2007) 

and Corbett and Koehler (2003) activity-based model was used to determine the 

amount of emissions per metric ton-kilometer for the vessel types that transport ferrous 

scrap.  The emissions per metric ton-km will be used as a multiplier, or an emissions 

factor, that will be applied to the ton-kilometers of scrap shipped.  The activity-based 

model, its components, and sources of data are detailed below. 

The activity-based emissions model is expressed in equation 2, which was 

repeated for main and auxiliary engines.   

Equation 2:         

Where E is total emissions for a criteria pollutant; x is the quantity in ton-km of 

ferrous scrap transported; MCR represents maximum continuous rated engine power, 

expressed in kW; LF represents load factor, expressed as a percentage; A represents 

activity, expressed in hours; and ep represents the emissions factor for pollutant p.   
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The methodology utilized by Corbett and Koehler (2003) and Corbett et al. (2007) 

is summarized in the following steps: 

 “Step 1: Identify the vessel(s) to be modeled, and engines in service 

Step 2: Estimate the engine service hours for the voyage or voyage 

segment 

Step 3: Determine the engine load profiles, including power and duty cycle 

Step 4: Apply emissions or fuel consumption rates for specific engine/fuel 

combination 

Step 5: Estimate emissions or fuel consumption for the voyage or voyage 

segment” (Corbett et al. 2007). 

Each of these steps is detailed below, including additional steps or explanations for this 

study and sources of data. 

 

Step 1: Identify Vessels to Be Modeled 

The two types of vessels utilized to carry ferrous scrap are dry-bulk carriers and 

container ships (Fox 2006; Deniz Endüstrisi n.d.; Stopford 2009).  Dry-bulk carriers are 

OGV’s that have covered holds which can be filled with dry and break bulk cargoes, 

including grain, metal concentrates, iron ore, scrap metal, sugar, and salt.  These ships 

also carry packaged freight or palletized cargo, including steel products, bagged 

cement, and lumber products (Deniz Endüstrisi n.d.; Stopford 2009).  Dry-bulk carriers 

are classified by deadweight tonnage (DWT) and length of the vessel.  DWT is the 

maximum weight of a vessel’s cargo, supplies for crew, fuel, fresh water, passengers, 

and crew.  Cargo capacity it is given in terms of volume (m3) and usually accounts for 
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95 percent of DWT (Stopford 2009).  Scrap metal is classified as a minor bulk that is 

predominantly transported via handy size bulk carriers with a DWT ranging from 10,000 

to 39,999 (Stopford 2009).  According to Stopford (2009), the average handy bulker has 

a DWT around 27,000 and a speed of 14.3 knots, which serves as the assumption for 

this study.    

Container ships are vessels that transport 20- or 40-foot steel shipping 

containers. The cargo capacity of this type of vessel is measured in TEU’s, twenty-foot 

equivalent units, the number of twenty-foot shipping containers the vessel can transport.  

Capacity ranges from less than 1000 up to 15,200 TEU, and is trending towards 18,000 

TEU ships (Mercator Transport Group (MTG) et al. 2005).  Additions to the fleet of 

container vessels have been concentrated in the largest ship size categories, so that, 

annually, average capacity increases (Tozer and Penfold 2007; Stopford 2009).  

Container ships are likely to have a heterogeneous cargo manifest for one voyage.  The 

benefit of containerized shipping is convenience and economy.  According to Fox 

(2006), each year there are millions of empty shipping containers leaving the port of Los 

Angeles and other ports along the west coast of the U.S.  Shipping companies are 

willing to offer use of these containers and return passage to ports in Asia at reduced 

rates.  Containerization gives smaller, inland scrap yards access to overseas markets 

(Fox 2006).   

It is not within the bounds of this study to identify all individual vessels 

transporting ferrous scrap.  Therefore, average characteristics of container and dry-bulk 

vessel are used as parameters for emissions calculations.  According to MTG et al. 

(2005) average container ship size increases annually due to the trend of increasing 
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size of new ships added to the world's fleet of container vessels.  Average container 

vessel size is expected to grow from 3,700 TEU’s to 5,800 TEU’s, from 2004 to 2020.  

Taking into account this expected growth rate, average container vessel size will range 

from 3,700 to just over 4,300 TEU.  The average of the study period is slightly over 

4,000 TEU; therefore this study will assume the characteristics of a 4,000 TEU ship with 

a top speed of 24 knots (MTG et al. 2005).  The handy bulk carrier average 

characteristics employed are a DWT of 27,000 tons and a speed of 14.3 knots. 

 

Step 2: Estimating the Number of Engine Service Hours 

The number of engine service hours required for transporting one metric ton of 

scrap one kilometer, according to the speed and capacity of the assumed bulk and 

container vessels listed in the previous section is calculated in this step.   

 

Step 3: Determine the Engine Load Profiles 

This was obtained for main and auxiliary engines from an established study of 

the fleet of cargo vessels known to operate in the U.S. Exclusive Economic Zone (EEZ), 

this study employs the average engine power (MCR) and load factor (LF) shown in 

Table 5 below. 

Table 5  Summary of engine power and at-sea load profile 
  Main Engines  Auxiliary Engines 

Vessel Type  Average MCR 
(Kw) 

At-sea load  
(% of MCR) 

Average MCR 
(kW) 

At-sea Load 
 (% of MCR) 

Bulk Carrier 7,954 75 1,169 17 

Container Ship 30,885 80 5,746 13 

Source: Corbett and Wang 2006. 
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Step 4: Emissions Rates for Engines 

Application of emissions rates for fuel consumption of specific engine/fuel 

combinations were performed by Corbett, Wang, and Firestone (2006).  Following 

Corbett, Wang, and Firestone (2006), this study uses their results on composite 

emissions factors for the world’s fleet of cargo vessels, listed in Table 6.  Composite 

emission factors for main engines combine slow- and medium-speed engine types, and 

assume heavy fuel oil is the fuel type.  Composite emission factors for auxiliary engines 

assume a combination of marine distillate and heavy fuel oil as the fuel type.  A possible 

limitation of this study is that the activity model will assume constant speeds during the 

entire trip.  This limitation could be remedied with access to Global Positioning System 

tracking of ship movements.  However, these resources are currently unobtainable.  It 

should be noted that both speed and fuel type will affect the total amount of emissions 

generated during operation (Corbett and Koehler 2003).                                 

Table 6  Ocean-going vessel emissions factors for main and auxiliary 
engines 

 Emissions Factors for In-Transit Operations (g/kWh) 
Engine Type  NOX SOX CO2 HC PM CO 

Main  17.9 10.6 622.9 0.6 1.5 1.4 
Auxiliary 14.5 9.1 713 0.4 1.2 1.1 

Source: Corbett, Wang and Firestone 2006. 
 
 

Step 5: Estimate Emissions for the Voyage or Voyage Segment 

For this step, equation 2 was used to determine the emissions generated by main and 

auxiliary engines for transporting one metric ton of scrap one kilometer in an average 

handy bulk and container vessel.  The resulting values are a set of converted emission 

factors in grams per ton-mile, detailed in table 7, for each vessel type.  These values 

were then applied to the ton-miles of scrap shipped along the various routes.  The 

values shown in Table 7 were converted to ton-miles in order to facilitate comparison to 
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truck and rail emission factors.  According to Francis Veys, Director General of Bureau 

of International Recycling (BIR) ON 20 September 2010 via e-mail communication, it is 

generally accepted that 80 percent of the scrap is transported by bulk carriers and the 

remaining 20 percent is transported via container ships.  This percentage was then 

applied to the tons of scrap shipped from each port to determine the amount of scrap 

that would receive the bulk or container emissions intensities. 

Table 7  Converted bulk and container ships emission 
factors  

 Bulk Container 
Pollutant (grams/ton-mi) (grams/ton-mi) 

NOX 0.305588 0.358112 
SOX 0.181247 0.212346 
CO2 10.74954 12.57551 
HC 0.010196 0.011956 
PM 0.025599 0.030001 
CO 0.023882 0.02799 

Source:  Calculated by author using emission factors from 
Corbett, Wang, and Firestone (2006). 

 
The quantity of ton-kilometers shipped is a product of the weight shipped and 

distance of the maritime route.  Weight of scrap shipment and port of departure were 

downloaded from USA Trade® Online.   Netpas Distance© 2.7, a port-to-port distance 

calculator, was used to determine the distance of each shipping segment. Netpas 

Distance© 2.7 uses over 10,000 ports to determine distances along established nautical 

routes.  The port of departure for scrap shipments is known; however the port of 

destination for scrap shipments is unavailable.  Therefore, in order to simplify matters, 

the lengths of shipping segments were measured starting from each of the nineteen port 

districts in the U.S. and ending at the largest port in each of the top 16 countries 

importing U.S. ferrous scrap.  The only exclusions were Canada and Mexico, in which 

the largest port on the east and west coasts were utilized.  In each case, exports leaving 



43 
 

U.S. ports on the east or west coast were assigned to the corresponding ports in 

Canada and Mexico. Domestic and foreign ports in the study are displayed in Figure 9.       

 
Figure 9  Domestic and foreign ports8 used to calculate distance of shipping segments 
 

The steps detailed above include additional steps that were not used in Corbett 

and Koehler’s (2003) methodology, including the use of average ship specifications 

rather than exact characteristics of the entire world fleet, use of direct routes from port 

to port, and using this information to calculate emission intensities per ton-km.  Corbett 

and Koehler (2003) used their activity-based model to estimate the emissions of the 

world’s fleet of OGV’s.  Their model relied on characteristics of the world’s fleet and 

estimations of engine service hours, while this analysis uses assumptions for the 

average ship characteristics for OGV’s likely used to transport scrap and the assumed 

routes detailed above. These assumptions must be made due to the inability, at this 

time, to track the particular vessels that transport ferrous scrap and their exact routes.  
                                            
8 Vector digital data for world ports from Hofstra University. 
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 Uncertainty is an unavoidable component of this model, as it is a simplification of 

real-world events.  Much more data, such as records of ship movements, manifests, 

and specifications, are required to calculate the actual amount of emissions generated 

by OGV’s that transport the U.S.’s ferrous scrap exports.  Researchers involved in 

estimating and modeling emissions of OGV’s are still building models and making 

estimates, and the sophistication of modeling techniques improve as richer information 

is gathered from specific ship movements and at-sea engine emissions and 

performance.  For this model, uncertainty is concentrated in the average ship 

specifications, such as MCR, speed, emissions factors, and cargo capacity that serve 

as elements of the emissions equation.  There is some uncertainty as to whether 

ferrous scrap shipments are limited to the vessel types selected and the port of 

destination that will be assumed.  In actuality, ferrous scrap shipments may make 

multiple port calls before the destination is reached, operate at various speeds during 

the trip, and may arrive at different ports than those selected in destination countries.   

The aim of this methodology is to increase the accuracy of emissions estimations 

for maritime transport of ferrous scrap.  Rather than using average carbon intensity for 

general sea freight, 0.105 lbs CO2 per ton-mile (Carbonfund.org), this analysis uses 

commodity-specific information, namely the limited types and size of vessels that 

transport ferrous scrap overseas to arrive at commodity-specific carbon intensity.  In the 

case of carbon intensities for ocean shipping, a single value is used to represent all 

types of cargo vessels.  When, in actuality, cargo ships vary widely and are suited to 

transport specific types of commodities (Stopford 2009).  Types of cargo ships include 

tankers, refer ships (refrigerated), container ships, dry-bulk carriers, and multi-purpose 
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ships.  Each possesses specific attributes that impact the amount of emissions 

generated, including cargo capacity, engine power, and speed, (Corbett and Koehler 

2003).  Additionally, use of the general carbon intensity for sea freight does not allow for 

the estimation of other constituents of an emissions portfolio, such as criteria pollutants.  

Criteria pollutants, including carbon monoxide, sulfur oxides, nitrogen oxides, and 

particulate matter, contribute to ground-level ozone formation, acid deposition, and 

negative impacts on human health (Corbett, Wang, and Firestone 2006).  Life cycle 

analyses should take into account the amounts of these pollutants in order to gauge 

environmental impact. This analysis will use more detailed inputs to generate more 

accurate information that can be used to ascertain the environmental impact of the 

trans-oceanic shipment of ferrous scrap. 

Efficiency of Trans-oceanic Flows 

In order to assess the efficiency of ferrous scrap flows along the various 

segments from U.S. port districts to foreign ports each segment was assigned to one of 

the following groups: 

• East coast departure to Middle East/South West Asia 
• East coast departure to Asia 
• West coast departure to Middle East/South West Asia 
• West coast departure to Asia 

 
The only exceptions to this classification system are the flows from the U.S. to Canada 

and Mexico.  These countries were excluded from this analysis due to the assumptions 

regarding their flows for modeling OGV emissions.  It was assumed that shipments 

emanating from the East and West coasts of the U.S. were destined to ports on the 

same coast in Canada or Mexico.   
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 Once segments are classified, the average distance for flows assigned to each 

group, the amount of scrap exported, and percentage of scrap in each group will be 

used to assess the efficiency.  For example, if there is a large percentage of scrap being 

sent from the East coast to Asia and a similar percentage sent from the West coast to 

Middle East/South West Asia, these flows could, conceivably, be reversed to decrease 

the amount of emissions generated by shipping scrap along unnecessarily long routes.  

The results of this analysis, along with those included above, will be detailed in the next 

section.  A discussion of the results will follow.    
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RESULTS 

From 2004 to 2009 91.9 million metric tons (mmt) of scrap was exported from the 

U.S. to importing countries.  This generated an estimated 10.4 mmt of combined 

emissions from 2004 to 2009.  About 96 percent of these emissions are composed of 

CO2, making the overall emission intensity in tons of CO2 per ton of scrap exported(t 

CO2/ t scrap) for overseas ferrous scrap exports 0.12 t CO2/ t scrap.  During the time 

period studied, air emissions increased by 136 percent due to increases in shipping 

distance and amount of scrap shipped.  Of the three modes studied, 68 percent of 

emissions were generated by ocean-going vessels (OGVs).  The results are presented 

in an order conducive with the methodology, starting with ferrous scrap exports and the 

pattern of flows.  This will be followed by inland, maritime, and combined emissions.  

Finally, the results for the efficiency of flows will be presented. 

Ferrous Scrap Exports 

 Throughout the study period, 2004-2009, 96 mmt of ferrous scrap was exported 

from the U.S.  A total of 91.9 mmt of these exports were destined to the sixteen 

countries included within this study.  Total exports rose from 11 mmt to 22 mmt, 

increasing by 93 percent.  The majority, 87 percent, was funneled through U.S. port 

districts and bound for ocean transport.  The remainder, roughly 12 mmt, was 

transported via land-based modes to Canada or Mexico.  During the study period, 

ferrous scrap exports experienced growth and shifts in geography.        

 Of the destination countries, China imported the largest amount of ferrous scrap 

during the time period, 20.7 mmt, and exports to China increased by 52 percent.  

Exports bound for Turkey increased by 83 percent over the time period. While Turkey is 
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the number two importer, China imported almost 5 mmt more from 2004 to 2009.  The 

largest percent increases in ferrous scrap exports throughout the time period were to 

Greece, Pakistan, and Vietnam, with increases close to one hundred percent; however 

these countries receive smaller amounts of ferrous scrap exports that often ranged from 

tens of thousands to hundreds of thousands of tons annually.  Exports to Canada and 

Mexico experienced the largest declines of 150 and 142 percent, respectively.  Other 

countries to which to amount of exports were declining include Thailand, down by 74 

percent, and Japan, down by 33 percent.  These changes hint at a changing geography 

for U.S. ferrous scrap exports.  Table 8 details the annual amount of ferrous scrap 

exports to the sixteen destination countries.  Please note that values for Canada and 

Mexico only represent the portion of exports transported over-seas and the portion 

transported over-land is omitted, due to the fact that the values in Table 8 only 

represent exports transported on ocean-going vessels.  

Table 9 displays the U.S. port districts, amount of scrap exported from each port 

district, and time period share of scrap exports.  Los Angeles and New York are the port 

districts with the largest percentage of ferrous scrap exports, with, respectively, 27 and 

17 percent of the exports.  Los Angeles exported over 21 mmt of scrap and underwent a 

53 percent increase in exports over the time period.  The number two port, New York, 

exported a total of 13.6 mmt tons of scrap and had an export increase of 44 percent 

during the time period.  Barring exports to Canada and Mexico, west and east coast 

ports exports are almost equal (38.9 and 38 mmt, respectively).  This means that four 

west coast ports handle a slightly greater throughput than the fifteen east coast ports.  
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Table 8  Annual ferrous scrap exports from U.S. port districts aggregated by study countries, 2004-
2009 

 (millions of metric tons)   
Importing  

2004 2005 2006 2007 2008 2009 Country Total  % of Total 
Country 
China 2.99 3.67 2.51 2.46 2.81 6.23 20.66  26 
Turkey 0.63 1.54 2.43 3.25 4.23 3.70 15.79  20 
Korea, South 1.87 1.13 0.51 1.35 2.60 3.08 10.54  13 
Taiwan 0.19 0.28 0.69 1.72 2.53 2.20 7.61  10 
Malaysia 0.40 0.46 0.91 1.24 1.26 0.69 4.95  6 
India 0.29 0.81 0.40 0.78 0.88 1.58 4.73  6 
Thailand 0.79 0.34 0.42 0.83 1.04 0.45 3.87  5 
Mexico 0.93 0.46 0.58 0.43 0.51 0.20 3.11  4 
Egypt 0.05 0.21 0.39 0.50 0.87 0.36 2.39  3 
Indonesia 0.04 0.19 0.12 0.22 0.37 0.37 1.30  2 
Vietnam 0.01 0.03 0.05 0.16 0.30 0.74 1.28  2 
Greece 0.00 0.02 0.23 0.34 0.28 0.22 1.09  1 
Japan 0.09 0.04 0.05 0.20 0.43 0.07 0.88  1 
Pakistan 0.00 0.04 0.07 0.21 0.19 0.33 0.84  1 
Hong Kong 0.07 0.06 0.10 0.23 0.17 0.10 0.72  1 
Canada       -- 0.02 0.02 0.01 0.04 0.06 0.15  <1 
Annual Total  8.36 9.28 9.47 13.93 18.50 20.38 79.92  100 
Source: USA Trade® Online. 
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Table 9  Annual ferrous scrap exports from U.S. aggregated by port district, 2004-2009 
  (tons)  
Rank Port District 2004 2005 2006 2007 2008 2009 District Total % 
1 Los Angeles, CA   1,995,907 2,753,691 2,509,241 3,918,457 5,874,113 4,266,448 21,317,858 26.675 
2 New York City, NY   1,635,358 1,798,910 1,967,457 2,504,833 2,749,435 2,920,047 13,576,039 16.988 
3 San Francisco, CA   1,274,821 1,148,261 1,011,985 1,151,982 1,416,035 1,745,652 7,748,736 9.696 
4 Boston, MA  628,926 611,325 599,674 1,097,688 1,497,893 1,242,816 5,678,322 7.105 
5 Seattle, WA   650,009 723,015 686,838 757,717 1,158,482 1,005,190 4,981,252 6.233 
6 Philadelphia, PA   364,928 532,239 472,786 889,024 989,475 1,368,547 4,616,998 5.777 
7 Portland, OR   396,572 307,864 439,472 801,794 894,635 1,178,924 4,019,261 5.029 
8 New Orleans, LA   14,102 250,070 265,524 230,811 881,003 2,209,774 3,851,284 4.819 
9 Providence, RI   249,935 197,751 353,474 522,074 401,699 373,713 2,098,646 2.626 
10 Tampa, FL 295,800 221,869 202,321 453,139 412,333 491,674 2,077,136 2.599 
11 Houston, TX  75,095 81,249 77,671 148,448 403,664 802,697 1,588,824 1.988 
12 Norfolk, VA  134,274 110,117 187,409 240,888 348,473 434,852 1,456,013 1.822 
13 Savannah, GA 64,055 86,987 143,479 207,058 358,902 496,597 1,357,079 1.698 
14 Miami, FL  26,097 36,187 83,305 223,076 232,677 400,551 1,001,894 1.254 
15 Honolulu, HI   161,095 151,766 125,406 177,036 168,799 139,275 923,376 1.155 
16 Portland, ME   193,941 97,754 134,610 111,808 99,339 127,192 764,644 0.957 
17 Charleston, SC   81,262 51,635 76,433 213,002 163,249 164,458 750,040 0.939 
18 Baltimore, MD   16,623 28,772 19,550 58,289 113,162 489,367 725,763 0.908 
19 San Juan,  PR   53,378 19,179 32,409 49,372 134,133 269,290 557,761 0.698 
20 Mobile, AL   2,329 22,374 23,035 70,885 73,191 112,360 304,175 0.381 
21 Wilmington, NC  24,475 27,999 40,991 62,516 54,867 49,970 260,818 0.326 
22 Detroit, MI   4,422 17,075 13,620 6,867 29,412 51,233 122,630 0.153 
23 Chicago, IL 6,521 1,309 672 259 24,763 21,360 54,885 0.069 
24 Duluth, MN 1,047 583 363 27,340 176 1,470 30,979 0.039 
25 Virgin Islands    9,291 0 0 0 0 10,438 19,730 0.025 
26 Anchorage, AK 0 0 1,605 0 14,937 20 16,562 0.021 
27 Milwaukee, WI 49 4,907 0 0 485 4,656 10,098 0.013 
28 Buffalo, NY 0 0 0 2,492 34 0 2,526 0.003 
29 Cleveland, OH 207 74 78 773 266 961 2,360 0.003 
30 San Diego, CA 0 38 0 18 0 377 433 0.001 
31 Port Arthur, TX 0 0 100 0 0 0 100 0.000 
32 Ogdensburg, NY  56 0 0 0 0 0 56 0.000 
33 Washington, D.C.   0 0 0 0 0 39 39 0.000 
Source: USA Trade® Online. 
a. Only top 19 port districts used for in-land transportation calculations. 
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Breaking these values down into annual regional flows reveals that each flow has 

its own properties, such as magnitude and average distance.  Regional flows are 

separated into four categories according to their origin in the U.S. and destination 

abroad.  These categories include the following flows, listed from largest to smallest: (1) 

U.S. west coast to Asia; (2) U.S. east coast to the Middle East/South West Asia (simply 

referred to as Middle East); (3) U.S. east coast to Asia; and (4) U.S. west coast to the 

Middle East/South West Asia.  These flows are illustrated in Figure 10, below.     

 

Figure 10  U.S. Generalized pattern of U.S. ferrous scrap exports, 2004-2009.  
Trade flow arrows are not precisely scaled, and are used for illustrative purposes 
only  
 
Table 10 contains the annual amount and percentage, referred to as share, of 

scrap sent to Asia and the Middle East.  The largest flows are destined toward Asia, but 

the fastest growing flows are directed towards the Middle East.  The export flows of 

scrap destined to the Middle East have increase 571 percent from 2004 to 2009, but 

they only make up 26 percent of U.S. export flows.  The demand for scrap in this region 
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does not seem large enough to attract a significant portion of ferrous scrap from the 

West Coast of the U.S.  The West Coast to Middle East regional flow is consistently the 

smallest and never comprises more than 2.3 percent of export flows from the U.S. to the 

Middle East in any given year.   

Table 10  Annual regional ferrous scrap export flows by destination, 
2004-2009 

 Asia  Middle East Annual 

Year  Amount (t) % Amount (t)  %  Total  

2004 6,742,273 91 689,081 9 7,431,354 

2005 6,995,330 79 1,808,773 21 8,804,103 

2006 5,750,332 65 3,121,996 35 8,872,328 

2007 9,210,580 68 4,304,454 32 13,515,034 

2008 12,379,787 69 5,567,811 31 17,947,598 

2009 15,496,847 77 4,620,866 23 20,117,714 

Regional Total  56,575,149 74 20,112,983 26 76,688,131 

% increase 130   571     

a. Excludes exports to Canada and Mexico. 

 
The largest flows are bound for Asia, making up 74 percent of U.S. ferrous scrap 

exports.  Flows to Asia not only outweigh those to the Middle by three to one, but they 

also have grown by 130 percent over the time period.  The majority of ferrous scrap 

exports to Asia are met by the West Coast.  Recently, the percentage of scrap supplied 

to Asia by the West Coast has fallen to 54 percent (about 8 mmt in 2009).  This 

reduction coincided with an increasing share in East Coast to Asia regional flows.  The 

East Coast to Asia regional flow experiences the most drastic changes by remaining 

below 3.02 mmt until 2009, when it increases 137 percent to 7.18 mmt.  The persistently 

large and increasing demand in Asia is large enough to attract significant portions of the 

export flow from the East Coast.  Currently, East Coast to Asia flows make up 23.5 

percent of U.S. exports to other continents.  This represents a shift in the geography of 

U.S. ferrous scrap export flows.  As Asia's influence grows, flows to Asia move from a 
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primarily uni-costal to an increasingly bi-coastal origin, so that suppliers on the U.S. east 

coast will increasingly supply Asia's demand. 

In-land Transportation Emissions 

 Inland transportation generated 3.4 mmt, or 32 percent, of emissions.  Emissions 

from truck and rail experience large increases over the time period.  Rail was found to 

transport a higher number of ton-miles of scrap than truck, but emissions from rail were 

only half a million tons higher over the time period.  This is due to the emissions-

intensive nature of truck transport.   

Trucking accounts for 7.5 billion ton-miles of scrap transportation.   80 percent of 

the total truck transport takes place inside the U.S. to get ferrous scrap from the 

dispersed places of generation to ports, resulting in 1.1 mmt of CO2.  The remaining, 

smaller percentages represent trucking to Canada (15%) and Mexico (5%).  The suite of 

emissions generated by trucking ferrous scrap is detailed in Table 11.  The sum of all 

constituents in this profile exceeds 1.4 mmt. 

Table 11  Estimated annual emissions profile for trucking U.S. ferrous scrap exports, 
2004-2009 
                                                                  Life cycle emissions, metric tons 
Pollutant 2004 2005 2006 2007 2008 2009 total  
CO2 183,980 174,533 171,060 240,864 289,101 338,419 1,397,956 
NOX 2,528 2,399 2,351 3,310 3,973 4,651 19,213 
PM10 344 327 320 451 541 633 2,616 
CO  590 560 549 773 928 1,086 4,485 
SO2 148 140 137 193 232 271 1,121 
Source: Calculated by author. 

 
On the other hand, rail transport accounts for 46.7 billion ton-miles of the land-

based transportation of ferrous scrap, which generated an estimated 1.9 mmt of CO2.  

The total rail ton-miles are comprised of those used to get scrap from places of 

generation to ports (94%) and those used to get it to Canada (4%) or Mexico (2%).  The 
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emissions generated by rail transport are detailed in Table 12.  The sum, for the time 

period of these constituents exceeds 1.9 mmt. 

Table 12  Estimated annual emissions profile for rail transport of U.S. ferrous scrap 
exports, 2004-2009 

   Life cycle emissions (metric tons) 
Pollutant 2004 2005 2006 2007 2008 2009 Total  
CO2 206,290 243,828 234,019 317,157 438,783 428,920 1,868,997 
NOX 3,816 4,511 4,329 5,867 8,117 7,935 34,576 
PM10 207 244 221 303 449 435 1,860 
CO  2,166 2,560 2,457 3,330 4,607 4,504 19,624 
SO2 619 731 702 951 1,316 1,287 5,607 
Source: Calculated by author. 

  
Inland and rail transportation emissions increase throughout the time period due 

to annual increases in the amount of scrap transported.  The inland model is static and 

changes in distance are not included. 

Maritime Transportation Emissions 

 During the time period, 602 billion ton-miles of ferrous scrap were transported via 

OGV.  The annual total of ton-miles increased by 167 percent throughout the time 

period, and ranged from 62 to 166 billion ton-miles.  This mode of transportation 

generated 7.04 mmt of emissions and 6.7 mmt of CO2 throughout the time period.  Bulk 

carriers generated the majority of maritime emissions, generating 5.4 mmt, while total 

container ships produced 1.6 mmt.  Figure 11shows the annual amount of emissions, in 

tons, generated by each vessel type.   
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Annual emissions of the six criteria pollutants generated by OGV transport are 

detailed in Table 13.  The amount of each pollutant produced throughout the time period 

more than doubles, yielding a 168 percent increase.  The increase in the amount of 

scrap exported is the main contributing factor, but distance shipped also played a role in 

this increase.  As previously mentioned, a growing portion of ferrous scrap flows to Asia 

originate on the east coast of the U.S.  This trend increases the distance that ferrous 

scrap is shipped.  Scrap sent to Asia travels an average distance of 7,132 miles when 

coming from the west coast and 12,664 miles when coming from the east coast.  This 

5,532 mile increase in average distance is coupled with a 68 percent increase in east 

coast to Asia flows.  The growing role of the east coast in supplying export flows of 

ferrous scrap to Asia represents a shift in the geography of these flows that leads to 

higher annual ton-miles of scrap shipped and higher annual levels of emissions 

generated.  This explains why ocean transport is responsible for generating an 

increasing share of transportation emissions over the time period.   

          

Figure 11  OGV emissions, as 
the annual sum of all six 
pollutants, by vessel type, in 
millions of tons 
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Table 13  Estimated annual operational emissions profile for OGV transport of U.S. 
ferrous scrap exports, 2004-2009 

 Operational emissions (metric tons) 
Pollutant  2004 2005 2006 2007 2008 2009 Total 
CO2 691,755 759,888 741,863 1,138,494 1,512,386 1,850,664 6,695,050 
NOX 19,673 21,611 21,098 32,378 43,011 52,631 190,401 
PM  1,648 1,810 1,767 2,712 3,603 4,409 15,950 
CO 1,537 1,689 1,649 2,530 3,361 4,113 14,880 
SOX 11,667 12,817 12,513 19,202 25,509 31,214 112,922 
HC 656 721 704 1,080 1,435 1,756 6,354 
Source: Calculated by author. 

 
Figure 12, is a thematic map that shows total emissions by importing country.  

Using importing country as a breakout reveals that shipping scrap to China has 

generated more emissions that exports to any other country, and Turkey and South 

Korea round out the top three.  Emissions attributed to these countries are higher 

primarily due to the large amount of ferrous scrap they import.   

 
Figure 12  OGV emissions, as the annual sum of all six pollutants, by importing country 
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Combined Emissions 

 The total emissions output for all three modes of transportation modeled here is 

10.4 mmt for the six-year time period, where annual emissions totals range between 1.1 

and 2.6 mmt.  The majority of these emissions, 9.96 mmt, are composed of CO2, with 

lesser shares made of nitrous oxides, sulfur oxides, particulate matter, carbon 

monoxide, and hydrocarbons.  

In order to put the CO2 emissions generated by transporting ferrous scrap into 

perspective, they are compared to the amounts generated by common sources.  During 

the time period, 9.96 mmt of CO2 was generated by the three modes of transportation 

modeled.  The following sources of emissions in the U.S. each produce an equivalent 

amount to those estimated in this study: operating 2.1 coal-fired power plants for one 

year; operating 1.8 million passenger vehicles for one year; or annual electricity use in 

1.1 million homes (USEPA 2011).  On the other hand, it would take 1.9 million acres of 

pine forest or 89,532 acres of forest protected from deforestation one year to sequester 

this amount of CO2 (USEPA 2011).  The CO2 emissions generated by transporting 

ferrous scrap exports from the U.S. to importing countries seems to seem impressive 

when compared to every-day sources of emissions; however they are not as significant 

when put into context of emissions generated during other phases of the iron and steel 

life cycle.   

Table 14 shows the time period total for each pollutant per mode modeled.  CO2 

is generated in higher quantities due to its relative high emission intensity.  The overall 

emission intensity of CO2 for exporting ferrous scrap to the countries included in this 

analysis is 0.1247 tons of CO2 per ton scrap.   
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Table 14  Total emissions by pollutant and mode and overall 
emission intensity by pollutant, 2004-2009 

 Mode of emissions generation (tons) Emission 
Intensity 

Pollutant Truck Rail Vessel Total (t/t scrap)  
CO2 1,397,956 1,868,997 6,695,050 9,962,003 0.1247 
NOX 19,213 34,576 190,401 244,190 0.0031 
PMa 2,616 1,860 15,950 20,426 0.0003 
CO 4,485 19,624 14,880 38,990 0.0005 
SOX

b 1,121 5,607 112,922 119,651 0.0015 
HCc     6,354 6,354 0.0001 
Source: Calculated by author. 
a. Emissions for truck and rail only include particulate matter 10 microns or 
greater. 
b. Emissions for truck and rail only include sulfur dioxide emissions. 
c. Emissions for truck and rail do not include hydrocarbon emissions. 
 

Although ocean transport is the least carbon-intensive, it is responsible for the 

majority of emissions, due to the long distances involved with this form of transportation.  

The same can be said when comparing rail to truck transport, where, in this case, rail is 

the least carbon intensive yet is responsible for a slightly larger share of emissions, 

which is due to the longer distance travelled.  Emissions during the first half of the time 

period are somewhat flat and then experience a steady increase during the second half.  

OGV’s make up the largest share and experience the most drastic increases.  To gain a 

new perspective, Figure 13 shows the modal share of emissions as an annual 

percentage.  There are no drastic shifts evident in this graph; however, transport via 

OGV is generating an increasing share of annual emissions, going from 65 to 71 

percent of the share.      
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Taking a look at the pollutants themselves imparts yet another perspective on 

these values.  Figure 14, shows the amount of CO2 generated by each mode on an 

annual basis.  It generally reflects the pattern seen in Figure 11 due to the fact that CO2 

makes up such a large share of emissions generated by each mode.  CO2 emissions 

remained rather flat in the first half of the study period; however in the second half they 

take on a significant upward trend.   Over the entire time period, combined CO2 

emissions increased by 136 percent, rising from 1.1 mmt in 2004 to 2.6 mmt in 2009.   

 

Figure 13  Percent share of 
combinedl emissions (sum of 
all six pollutants) by 
transport mode and year 

Figure 14  CO2 emission 
by mode of generation 
and year 
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Figure 15 displays the modal share per constituent of the emission profile for the 

time period.  It indicates that OGV’s are resposible for the majority of emission 

constituents, except in the case of carbon monoxide (CO).  In this case rail transport 

generates the highest percentage of CO emissions (51%).  In no case is trucking the 

leading generator of emissions of individual emission constituents.  However, trucking is 

the second largest generator of PM, and if scrap prices increase, trucking could 

overtake rail to become the second largest producer of CO2. 

 
 
 Emissions also vary among the nineteen U.S. port service districts.  Table 15 

describes the CO2 generated per transportation mode for each of the nineteen U.S. 

service districts and gives the carbon intensity (tons CO2 per ton scrap exported) for 

scrap shipped from each district.   

 

 

 

 

 

Figure 15  Percentage of 
emissions generated per 
mode and pollutant type, 
2004-2009 
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Table 15  Modal and total CO2 emissions and overall CO2 intensity by 
U.S. port service district, 2004-2009 

 
Mode of CO2  generation (metric tons) CO2 Intensity 

Port District OGV Truck Rail Total (ton C/ton scrap) 
Los Angeles, CA 1,710,775 36,394 774,828 2,521,997 0.118 
New York City, NY 1,191,321 20,427 496,570 1,708,318 0.126 
San Francisco, CA 597,182 159,514 115,239 871,935 0.113 
Boston, MA 452,930 151,276 45,337 649,543 0.114 
Philadelphia, PA 401,019 155,408 0 556,427 0.119 
Seattle, WA 394,702 63,445 118,555 576,702 0.136 
New Orleans, LA 364,419 33,226 109,664 507,310 0.109 
Portland, OR 288,082 87,660 54,177 429,919 0.112 
Providence, RI 165,317 70,640 0 235,957 0.149 
Savannah, GA 152,244 42,482 3,637 198,363 0.101 
Houston, TX 152,057 29,414 27,375 208,846 0.101 
Norfolk, VA 146,946 49,009 0 195,955 0.127 
Tampa, FL 122,299 65,721 4,772 192,792 0.188 
Miami, FL 118,047 33,724 0 151,771 0.115 
Charleston, SC 93,602 25,738 0 119,340 0.129 
Baltimore, MD 86,672 24,429 0 111,101 0.145 
Honolulu, HI 59,618 31,081 0 90,699 0.121 
Portland, ME 57,050 25,738 0 82,788 0.145 
San Juan,  PR 54,921 18,774 0 73,696 0.105 
Source: Calculated by author. 

 
Transportation of ferrous scrap within each port service district accrues varying 

amounts of ton-miles due to the differing geographies of each port service district.  

Additionally, each port has different over-seas transportation geographies. Differing 

internal and external transportation geographies combine to create varying CO2 

intensities for ferrous scrap exports.  For example, Los Angeles is the largest service 

district in terms of the amount of land area and exports, generating 2.5 mmt of CO2.  

However, this does not mean it has the highest CO2 intensity.  Los Angeles has an 

intensity that is 0.125 tons CO2/ton scrap, 0.3 standard deviations above the mean CO2 

intensity for all U.S. port service districts.  Of the four highest CO2 intensities (all greater 

than 0.99 standard deviations above the mean port CO2 intensity), the internal 

geographies were dominated by carbon-intensive truck transport.  Tampa, Florida is the 

service area with the highest CO2 intensity of 1.88 tons CO2/ton scrap, laying 3.1 

standard deviations above the mean.  Tampa's high CO2 intensity is due to the high 
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percentage of trucking used internally (94%) and higher shipping distance due its 

external transport geography, in which nearly one third its scrap is bound for Asia. 

Trans-Oceanic Shipping Efficiency 

 No substantial inefficiencies, at the 4-digit HS code, can be observed in the 

trans-oceanic flows during the study period.  A total of 620,538 tons of scrap was 

shipped along inefficient routes, making up 0.8 percent of the flow included in this 

analysis.  Table 16 shows the amount and average distance for the aggregated regional 

routes for U.S. ferrous scrap exports.   

Table 16  Regional trans-oceanic ferrous scrap export flows and 
average distance, 2004-2009 
Departure Destination Amount (t) Avg. Dist. (mi) 
West Coast Middle East 310,269 11,884 
West Coast Asia 38,550,576 7,132 
East Coast Middle East 19,802,714 7,198 
East Coast Asia 18,024,573 12,664 
a. Excludes exports to Canada and Mexico.   
b. Average miles calculated using average distance of shipping segments in each 
classification without respect to magnitude of flow or ton-miles. 

 
There were over 18 million tons exported from the East Coast to Asia, accounting 

for 23.5 percent of the flows.  The east coast to Asia flow is due to the large demand in 

Asia.  The bi-coastal origin of flows to Asia reflects this region's high gravity for scrap.  

On the other hand, there is only a small flow from the West Coast to the Middle East, 

310,269 tons.  This likely reflects some inefficiency.   

It is unlikely that inefficient shipping patterns could be re-arranged in a global 

market.  In fact the organic, self-organization of these flows is over 99 percent efficient; 

however if the inefficient pattern were rearranged to a more efficient pattern, the number 

of ton-miles shipped and amount of emissions generated would be reduced.  The 

highest average miles per ton of scrap shipped are along the regional routes that 
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involve travel among two oceans.  The regional route with highest average miles is the 

East Coast to Asia flow.  The following paragraph will pertain to the efficiencies to be 

gained if more efficient pattern is adopted.   

 In order to estimate the emissions that would be saved if the inefficient flow was 

redirected to be more efficient, the following scenario will be assumed: the 310,269 tons 

of scrap sent from the West Coast to the Middle East is redirected to Asia and the same 

amount from the East Coast is redirected from Asia to the Middle East.  Table 17 details 

the results of this scenario, using 310,269 tons of scrap per flow and the average 

distance for each regional flow.  The resulting savings in CO2 would be about 35 

thousand tons, while the savings in ton-miles would amount to 3.2 billion.  The CO2 

savings gained by redirecting the flows would only amount to 0.5 percent of total CO2 

generated by OGV’s.         

Table 17  Estimated benefits for switching to a more efficient flow 
pattern 

 
West Coast  East Coast 

Scenario ton-miles CO2 
 ton-miles CO2 

Inefficient Flowb 3,687,236,796 40,983  3,929,246,616 43,673 
Efficient Flowc 2,212,838,508 24,595  2,233,316,262 24,823 
Savings 1,474,398,288 16,388  1,695,930,354 18,850 
a. Calculated assuming 310,269 t scrap from each coast and average regional 
distances detailed in Table 13. 
b. Represents an unaltered pattern, with West Coast to Europe and East Coast to 
Asia flows. 
c. Represents the altered pattern, with West Coast to Asia and East Coast to 
Europe flows.  
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DISCUSSION 

The results of this thesis indicate that emissions generated by the transportation 

of U.S. ferrous scrap exports have increased over the time period.  This increase was 

driven by an escalation in the amount of scrap exported and distance of trans-oceanic 

shipments.  Change in the distance of trans-oceanic shipments is due to a shift in 

external geography of ferrous scrap export flows.   

This shift is triggered by East Asia’s precipitous rise as an increasingly 

industrialized region.  This increases the gravity of the region, attracting raw materials 

from longer distances.  This phenomenon is illustrated in the regional geographies of 

ferrous scrap exports.  Export flows of ferrous scrap to Asia are of a greater magnitude 

and have a bi-coastal origin; while flows to the Middle East predominantly have an East 

Coast origin.  The East Coast is increasing meeting the ferrous scrap demand of Asian 

markets, which is an indicator of Asia’s ability to attract U.S. scrap outweighing that of 

Middle East.   

The idea that South-East Asia’s rising industrialization creating a gravitational 

effect for raw materials is supported by the fact that the market price for scrap is 

influenced by demand for steel in a number of regions, including Asia, Europe, and 

North America (Söderholm and Ejdemo 2008).  Western Europe and Asia are the top 

two regions importing ferrous scrap; however, most of Western Europe’s scrap is 

supplied internally, while the majority of Asia's ferrous scrap is supplied externally. 

China is at the heart of East Asia's rising demand for steel inputs.  China's steel 

production made up almost one third of the world total in 2005 and increased 44 percent 

in 2010 (622 mmt) (Söderholm and Ejdemo 2008; Turner n.d.).  This literature supports 
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the geography of ferrous scrap flows observed in the data, however, no literature relates 

this geography to changes in distance of ferrous scrap flows and the resulting increase 

in emissions for transporting ferrous scrap. 

From the results, it is clear that a large amount of CO2 was generated over the 

time period.  Relating carbon dioxide emissions to common sources may help to 

understand the enormity of the emissions in every-day terms; however these emissions 

should be compared to other stages of the iron and steel life cycle.  The next paragraph 

will discuss theses emissions in this context. 

The world’s iron and steel industry is one of the highest emissions generating 

industrial sectors, accounting for seven percent of total anthropogenic CO2 emissions 

(Kim and Worrell 2002).  According to Turner (n.d.) 75 percent of CO2 emissions from 

steel industries arise from the use of coke and coal to make steel through the basic 

oxygen furnace (BOF) process.  The use of an electric arc furnace (EAF), using about 

70 percent scrap inputs, in raw steel production, omits the use of coke production and 

blast furnaces, reaping large environmental benefits by requiring up to 75 percent less 

energy (Mueller 2006).  Steel production in the U.S. is on the cleaner end of the 

spectrum due to EAF's meeting half of its steel-making capacity and use of efficient, 

current technologies (Turner n.d.).  However, the ferrous scrap in question was not 

consumed in the U.S., but rather became part of the steel flows of the importing country.  

The environmental benefits of recycling ferrous scrap are somewhat reduced by the 

expanded geographies of export flows and lower efficiency inherent in the iron and steel 

industry of some of the importing nations.   



66 
 

  The largest importer of U.S. ferrous scrap was China, followed by Turkey and 

South Korea.  According to Turner (n.d.), the steel industry in China is responsible for 

almost half of the global CO2 emissions generated by steel production.  China’s steel 

industry’s high share of global CO2 emissions is not only due to its high through put, but 

is also attributable to the less efficient technology in China’s steel industry.  This 

inefficiency stems from a combination of factors, including the prevalence of small 

smelting operations, high use of BOF (83-87%), low use of EAF (13-16%), and limited 

reuse of residual heat and gas (Turner n.d.; Price et al. 2002).   

A comparison of the carbon intensity (t C/ t steel produced) of steel production in 

destination countries would allow one to understand the extent to which U.S. scrap 

imports would impact  this value.  Unfortunately, comparisons of carbon intensity of the 

steel industries in various countries are either outdated (Kim and Worrell 2002; Price et 

al. 2002) or lack details of methodology (Höhne, Worrell, and Graus 2005).  The World 

Steel Association (WSA) began a global data collection campaign to collect CO2 

emissions data from steel-producing companies; however national reports are 

unavailable until after 2012 (WSA 2011).  The WSA's project will facilitate international 

comparisons of steel industries due to the standardized reporting methodology (WSA 

2011).  Table 18 summarizes the CO2 intensities of national steel industries from 

various sources.  It is not advisable to make cross-comparisons of the results 

summarized in Table 18 due to the differences in system boundary and methodology of 

each study.  Price et al. (2002) report that processes not strictly identified as 

“steelmaking”, including ore mining, manufacturing and repairing furnaces, energy use 

in buildings and off-site transportation, and processing carbon and byproducts, are 
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excluded for international comparisons.  Therefore, these values represent only a 

portion, albeit a large one, of the overall iron and steel life cycle.  

Table 18  Comparison of CO2 intensity estimates for national steel 
industries 

 Emission intensity (t C/ t steel) by Source 

Country Kim and Worrell (2002)a Price et al. (2001)b Höhne, Worrell, and 
Graus (2005)c 

U.S. 0.55 - 1.1 
China 0.85 0.87 3 
Turkey - - - 
South Korea 0.44 - 1.5 
India 1.03 0.98 2.7 
Japan - - 0.8 
Mexico 0.44 0.42 1.5 
Canada - - 1.2 
a. Estimates are for 1996 and exclude coke making. 

 b. Estimate is for 1995 and excludes non-steelmaking processes. 
 c. Methodology and boundary of estimates unknown. 

   
The solid conclusion that may be drawn from these estimations is that the U.S. 

steel industry has a lower CO2 intensity than that in China (the number one U.S. scrap 

importer) or India (the number six U.S. scrap importer).  There are conflicting results 

concerning whether the U.S. steel industry is more efficient than those of Mexico and 

South Korea.  Höhne, Worrell, and Graus (2005) estimate that the steel industry in the 

U.S. is more efficient than those of Mexico and South Korea, and Kim and Worrell 

(2002) assert the opposite.  In life cycle terms, it is appropriate to recognize the 

increase in emission that transporting ferrous scrap generates.  The overall CO2 

intensity for transporting U.S. ferrous scrap exports is 0.12 tons CO2 per ton ferrous 

scrap exported.  This value would vary according to the ratio of U.S. scrap to virgin 

inputs.  This equates to a maximum of 4.2 to 14.6 percent increase in carbon intensity 

for Chinese steel made from U.S. scrap, and an 8 to 28 percent increase for steel made 

in South Korea from U.S. scrap.     
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  It is not only important to have a cross-national comparison of steel industries, 

but a complete accounting of the impacts of all life cycle stages.  Iron ore mining is 

another carbon intensive stage in the iron and steel life cycle.  According to the 

International Energy Agency (IEA), iron ore mining and transport of ore and coke 

generates an estimated 0.15 to 0.25 tons CO2/ ton crude steel (2007).  This value is 

reported to be at the country level, but the precise country or its development level is 

unreported.  The value for the carbon intensity for iron ore mining and transport is given 

per ton of crude steel; so a direct comparison between it and the carbon intensity of 

transporting U.S. ferrous scrap exports (0.12 t CO2/t scrap) is inadvisable.  The 

contribution that transportation of scrap would make is dependent upon the percentage 

of scrap used to make crude steel.  For the sake of comparison, if a ton of crude steel is 

made from an electric arc furnace (EAF), using 80 percent scrap inputs, the 

transportation of that scrap would contribute 0.096 t CO2 per ton of crude steel.  Even 

though these values seem close, the use of scrap reaps more environmental benefits by 

reducing carbon dioxide production and omitting the invasive nature of ore mining.     

More life cycle analysis research is needed to understand how transportation of 

ferrous scrap fits into the iron and steel life cycle.  These results suggest that the 

emissions generated by transport of U.S. ferrous scrap exports do not outweigh those 

generated by the production of steel or the mining and transport of iron ore.  Therefore, 

use of scrap, even when transported internationally, in steel production results in a net 

reduction of CO2 emissions.  
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Efficiency of Flows 

 The aggregated regional export flows of ferrous scrap from the U.S. have 

followed an efficient pattern 99.2 percent of the time from 2004 to 2009.  There is very 

little scrap transported from the West Coast to the Middle East.  The substantial flow 

from the East Coast to Asia is not considered inefficient.  It is most likely the result of 

high scrap prices, fueled by Chinese demand, absorbing the additional transportation 

costs of exporting from the East Coast.  The east coast to Asia flows do not reflect 

inefficiency, but, rather a point of demand with an increasing gravity, which allows it to 

pull scrap from more distant places.  In the next section, the significance of these results 

with respect to industrial ecology and sustainability in general will be discussed.      

Significance 

This work represented in this thesis addressed a specific gap in the body of iron 

and steel literature.  Although much has been done in way of life cycle analysis in the 

iron and steel industry, there is a lack of research addressing international 

transportation of ferrous scrap and the environmental cost of these flows.  In the few 

instances where transportation is addressed, average constant values for distance are 

used for all modes considered, rather than values that adhere more closely to real-world 

movements.  The use of an activity-based emissions model for ocean transport of 

ferrous scrap will enhance the accuracy of emissions estimates and the calculation for 

emissions intensities formulated for ferrous scrap freight transported by ocean-going 

vessel.  This is the first theoretical model that uses utilizes a gravity model to determine 

interaction between areas where ferrous scrap stocks are located and port districts to 

create service districts.  This not only facilitates more accurate estimations of 
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transportation emissions, but also geographically discreet emission intensities for port 

service districts.  This model is a departure from the traditional survey methodology 

used to study transportation of ferrous scrap (Melanen et al. 2000; Johnson et al. 2008), 

representing a first step towards an alternative methodology to costly surveys.    Rather 

than assuming an average distance per mode for scrap transportation, geographically-

derived unique values are determined for ship and rail transport.  Also, the scrap 

shipments’ efficiency, in terms of over-seas export pattern, is not taken into account in 

the current body of literature.   

The results of this study indicate that international transport of ferrous scrap 

should not be assumed to be unproblematic and are abundant enough that they should 

be incorporated within life cycle analyses of iron and steel.  While the boundary for this 

analysis limited it to only transportation during the end-of-life phase for ferrous metals 

exported from the U.S., it will provide both a framework and results for the international 

transportation phase of ferrous scrap to incorporate in future life cycle analysis (LCA) 

projects.  In order to improve the materials economy and achieve greater efficiencies in 

energy use, the full cost of all activities-even those deemed environmentally desirable- 

must be accounted for so that the lower energy, less polluting paths may be identified. 

Industrial ecology promotes sustainable development through recycling.  This is 

largely seen as a positive development, as it is assumed that most industrial ecology 

(IE) activities occur at the local or regional scale.  However, recycling ferrous scrap is an 

activity that developed long before IE, and is increasingly organized at the global scale. 

The flows of ferrous scrap analyzed in this research represent the aggregated 

transactions of a multitude of individual actors.  Analyses of these trends will enhance 
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the existing understanding regarding the geography of United States exports of ferrous 

scrap.  This should improve insights as to the extent that life cycle stages are separated 

by greater distances as the economies of countries are becoming more interconnected 

at the global scale (Mueller 2006).  An increase in connectivity and complexity of global 

trade networks embodied by scrap flows has an effect on energy flows and releases of 

pollution to the environment.  According to Yunfeng and Laike (2010), international 

trade leads to carbon leakage, a term referring an increase in pollution caused by firms 

offshoring production from developed to developing countries.  This happens when iron 

and steel goods, consumed in the U.S., are produced in developing nations, such as 

India and China; where the iron and steel industry is less efficient than that of the U.S.  

International trade of U.S. ferrous scrap also contributes to the embodied carbon of iron-

containing goods by increasing the length and complexity of the transportation 

geography of inputs.  According to Kejun et al. (2008) embodied carbon is the CO2 

generated during each phase of a good’s life cycle, and is a concept that has 

implications for international trade and climate change policy.  This issue will become 

increasingly important as the international community faces the decision of assigning 

responsibility for CO2 emissions.  The importance of LCA will grow as firms attempt to 

cut costs associated with CO2 emissions to remain competitive.  Understanding of which 

will help advance towards the goal of sustainable development.                    

The emissions generated by the iron and steel industry  is important in relation to 

sustainable development because iron is important for economic growth and is the most 

utilized metal and one of the most utilized substances in the world (Mueller 2006).  

However, even with expanded transportation geographies, recycling ferrous metals 
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remains an important step towards sustainable development, as steel has a much lower 

CO2 intensity than its alternatives (SRI 2011).  Sustainable development as a concept 

has generally come to mean: economic development that takes into account equity for 

current and future generations, limits for the extraction of resources and disposal of 

wastes, and humanity’s reliance on ecosystem services.  Ferrous scrap is the most 

recycled substance in the world with the most established recycling infrastructure (WSA 

2006; Aylen and Albertson 2006); however growth in demand for ferrous metals 

outstrips the available scrap supplies.  This means that virgin inputs continue to be 

required.  The iron and steel industry is a good case study for sustainability because it 

possesses complex networks and flows that can be modeled and it demonstrates the 

world’s remaining dependence upon virgin extraction, leading to difficult questions about 

the role of consumption in sustainability.     

Future Research 

 The sources of air emissions generated during the transportation phase of the 

iron and steel life cycle was limited to truck, rail, and ship; however, additional emission 

sources should be considered in future research.  For a more complete accounting of 

emissions generated during this stage, commercial and small-scale scrap collection 

should be included.  Additionally, future research should be directed towards the impact 

of fluctuating scrap prices on the size of port service areas and transportation mode 

choice, which would have an impact on emissions intensities and totals.  The next 

paragraph will discuss additional emission sources that should be investigated, followed 

by a discussion of the impacts of scrap price changes. 
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Scrap collection is not only commercial, but also conducted on a small scale by 

individuals.  Ferrous scrap is likely transported via inland water routes to ports before 

export; however the amounts and distances are unknown.  If barge transport makes up 

a significant portion of inland scrap movements, emissions estimates would be reduced.  

Additionally, non-road sources need attention. Ferrous scrap is bulky and difficult to 

manipulate, so cranes, various-sized bulldozers, and equipment that cuts, compresses, 

and shreds are used in scrap yards and portside.  Automobiles, the primary source of 

old scrap in the U.S., require significant processing before use, including cutting, 

shredding, sorting, pressing, and bundling before export (Söderholm and Ejdemo 2008).  

The emission factors for this equipment are calculated based on hours of operation, so 

direct comparison between road and non-road emission factors is difficult.  However a 

brief survey of the emission factors for non-road equipment used in scrap yards does 

reveal their emission intensive nature.  According to the South Coast Air Quality 

Management District (2008), the air pollution control agency for Orange County, 

California, the CO2 emission factors9 (grams per hour) for equipment used in scrap 

yards ranges from 7,200 to 593,200.  Taking the average annual use (California Air 

Resources Board 2007) and average emission factors, a single crane would generate 

280 tons of CO2, and one tractor would generate 130 tons of CO2 annually.  If the U.S. 

has six thousand scrap yards and each has one crane and one tractor, the additional 

annual emissions would amount to 2.5 mmt CO2.  Peak CO2 emissions for truck, rail, 

and ship combined were 2.6 mmt.  Therefore, addition of non-road equipment would at 

least double annual emissions. The inclusion of non-road equipment has the potential to 

                                            
9 Values were converted from pounds per hour to grams per hour and rounded to the third significant 
figure. 
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increase the annual emission generated by transporting ferrous scrap from the interior 

of the U.S. to ports, and it would increase the emission intensity of ferrous scrap flows.  

Finally, it can take days to load large container vessels and bulk carriers, so the 

emissions generated by ship hoteling should also be included in future studies.     

The service areas modeled in this study do not capture the complexity of real-life 

scrap flows.  The size of service areas should fluctuate by scrap type and price.  Higher 

scrap prices allow scrap dealers to absorb higher transportation costs and ship this 

commodity further.  Not only do scrap prices fluctuate over time, but they also fluctuate 

among the different scrap types.  Another avenue of future research is to combine 

regionally distributed surveys and market analysis of ferrous prices to better analyze the 

temporal and geographical changes to inland transportation choices.  Prices for ferrous 

scrap vary by type and exporting region of the U.S.  Regions with higher scrap prices 

will tolerate longer trucking routes, changing the size of the truck service area and, quite 

likely, the amount of scrap transported by truck.  This logic indicates that an increase in 

scrap prices, leading to increased use of the most carbon-intensive mode, would result 

in greater levels and intensities of air emissions for the transportation of ferrous scrap 

exports. 

   Transportation mode choice and supporting processes are complex decisions 

that are difficult to capture with a purely theoretical framework.  Future researchers 

should work to combine a geographically-based multimodal framework for scrap 

transportation that is supported by real-world survey data for transportation modes, 

distance traveled, decision factors, use of non-road equipment, and destination for 

exports.   
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CONCLUSION 

 The purpose of this thesis was to analyze the geography of U.S. ferrous scrap 

export flows in order to estimate the amount of a suite of air pollutants generated by 

transportation via ship, rail, and truck, and evaluate the efficiency of these over-seas 

ferrous scrap flows.  The results of this analysis indicate that China and Turkey are the 

primary recipients of U.S. ferrous scrap exports and that flows to Asia outweigh those to 

Europe and are being increasingly supplied by exporters on the U.S. East Coast.  

Increases in ton-miles of scrap transported lead to a 142 percent increase in total 

emissions over the time period.  From 2004 to 2009, 10.4 mmt of combined emissions 

were generated by transporting ferrous scrap by ship, truck and rail, with ocean 

shipping generating the largest share of emissions.  Carbon dioxide emissions compose 

the largest share of the emissions profile, totaling 9.96 mmt from 2004 to 2009.  The 

average CO2 intensity of transporting ferrous scrap exports from the U.S. is 0.12 t CO2/ t 

scrap exported, which increases the carbon intensity of steel making in the importing 

countries by 4 to 28 percent, fluctuating with the efficiency of the steel industry in the 

importing country.   

 Recycling ferrous scrap is important with respect to achieving sustainability, but 

the results of this study highlight the importance of including emissions generated by 

transportation during the end-of-life phase, even though it has often been overlooked or 

deemed insignificant to emissions generated during the production phase.  The 

importance of transportation and the efficiency of the steel industry of the importing 

country in the role embodied carbon were also explored.  The iron and steel flows of the 
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U.S. and China are interlinked and the trade pattern serves to increase the embodied 

carbon of the end product.   

 Future research in this area should estimate additional emissions generated 

during ferrous scrap’s end-of-life phase by concentrating on those generated by in-land 

water transport and by non-road equipment at scrap and ship yards.  Transport via in-

land waterways is less emission-intensive than rail or truck, but can only be utilized in 

limited areas.  If a significant portion of scrap was transported by this mode, estimates 

for emission levels would be reduced.  Scrap yards and ship yards rely upon the use of 

emission-intensive non-road equipment, such as cranes, tractors, and crushers, to 

move and manipulate scrap.  The addition of these sources would increase the annual 

estimated emissions generated during end-of-life and increase the emission intensity of 

this phase.  The extent to which emissions estimates would be affected by including 

these sources is not clear; however, this author is willing to hazard the guess that 

emissions estimates could be doubled.  

Finally, future research in this area should concentrate on the relationship 

between scrap prices and transportation.  As demand for scrap increases and supply 

margins decrease, prices will be forced to increase, but they would not likely increase 

uniformly across the scrap classifications.  Increased scrap prices will alter the in-land 

transportation geography, making trucking more competitive with other modes.  More 

accurate assessments of ferrous scrap transportation geography can be made by 

combining surveys of scrap yards and wholesalers with geographic models like the 

ones used in this study. 
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Table A.1 Iron and steel scrap Harmonized System 10-digit codes for U.S. imports 
and exports and brief commodity description 
10-digit code Commodity Description 
7204210000 stainless steel waste and scrap  

         7204300000 tinned iron or steel waste and scrap    
7204410020 No 1 bundles steel scrap    
7204410040 No 2 bundles steel scrap    
7204410060 Borings, shovelings and turnings steel scrap    
7204410080 Shavings, chips, mill waste, sawdust, filings, trim, stampings scrap    
7204490020 No 1 heavy melting steel scrap    
7204490040 No 2 heavy melting steel scrap    
7204490060 cut plate and structural steel scrap    
7204490070 shredded steel scrap    
7204490080 other ferrous scrap    
7204500000 remelting scrap ingots, ferrous scrap    
7204100000 cast iron waste and scrap    
a. USA Trade® Online. 
b. Majority of old scrap generated in U.S. is shredded steel scrap. 
 
Table A.2 Countries excluded from exploratory analysis of U.S. scrap exports 
Year Countries Excluded 
2005 Andorra, Liechtenstein, Suriname 
2006 Andorra, Brunei, Marshall Islands, Suriname 
2007 British Indian Ocean Territories, Christmas Island, Mauritius, Suriname 
2008 Latvia, Namibia, Somalia, Suriname, Western Samoa 
2009 Iraq, Nepal, Suriname 
 
Table A.3 Receiving ports in destination countries used in analysis 
Country Port 
China Shanghai 
Turkey Istanbul 
South Korea Busan 
Canada Vancouver1 
Canada Montreal2 
Taiwan Kaohsiung 
Mexico Manzanillo1 
Mexico Veracruz2 
Malaysia Port Kelang 
India Nhava Sheva 
Thailand Laem Chabang 
Indonesia Tanjung Priok 
Vietnam Da Nang 
Greece Port of Piraeus 
Japan Yokohama 
Hong Kong Hong Kong 
Pakistan Karachi 
Egypt Alexandria 
1. Receiving port used for U.S. ferrous scrap exports originating from West Coast 
ports. 
2. Receiving ports used for U.S. ferrous scrap exports orginating from East Coast 
ports. 
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