
FOREWORD 
 

It is known that the corrosion of metallic structures has a significant impact on the U.S. economy, including 
infrastructure, transportation, utilities, production and manufacturing, and government.  A 1975 benchmark study by 
Battelle-NBS calculated the cost of corrosion to be $70 billion per year, which was 4.2 percent of the nation's gross 
national product (GNP).  Other studies, both in the United States and abroad, have addressed the cost of corrosion as 
well. 
 

A need was identified to carry out a systematic study to estimate the current impact of metallic corrosion on the 
U.S. economy and to provide strategies to minimize the impact of corrosion.  Through discussions between NACE 
International (The Corrosion Society), members of Congress, and the U.S. Department of Transportation (U.S. 
DOT), an amendment for the cost of corrosion was included in the Transportation Equity Act for the 21st Century 
(TEA-21), which was passed by the U.S. legislature in 1998.  In the period from 1999 to 2001, CC Technologies 
conducted the research, in a cooperative agreement with the Federal Highway Administration (FHWA). 
 

In this study, the total direct cost of corrosion was determined by analyzing 26 industrial sectors in which 
corrosion is known to exist and extrapolating the results for a nationwide estimate.  The total direct cost of corrosion 
was determined to be $276 billion per year, which is 3.1 percent of the U.S. gross domestic product (GDP).  Indirect 
costs to the user (society costs) are conservatively estimated to be equal to the direct costs.  This means that the 
overall cost to society could be as much as 6 percent of the GDP.  Often, the indirect costs are ignored because only 
the direct costs are paid by the owner/operator. 
 

New technologies to prevent corrosion continue to be developed and cost-based corrosion management 
techniques are available to further lower corrosion costs.  However, cost-effective methods are not always 
implemented.  Better corrosion management can be achieved using preventive strategies at every level of 
involvement (owner, operator, user, government, Federal regulators, and general public). 
 

The preventive strategies include:  (1) increase awareness of large corrosion costs and potential savings, 
(2) change the misconception that nothing can be done about corrosion, (3) change policies, regulations, standards, 
and management practices to increase corrosion cost-savings through sound corrosion management, (4) improve 
education and training of staff in recognition of corrosion control, (5) advance design practices for better corrosion 
management, (6) advance life prediction and performance assessment methods, and (7) advance corrosion 
technology through research, development, and implementation. 
 

This report will be of interest to government regulators and policy-makers involved in materials-related issues, 
the general public, and practicing engineers concerned with materials of construction and process design. 
 
 
 
 
 T. Paul Teng, P.E. 
 Director, Office of Infrastructure 
   Research and Development 

 
 
 

NOTICE 
 

This document is disseminated under the sponsorship of the Department of Transportation in the interest of 
information exchange.  The United States Government assumes no liability for its contents or use thereof.  This 
report does not constitute a standard, specification, or regulation. 
 

The United States Government does not endorse products or manufacturers.  Trade or manufacturers’ names 
appear herein only because they are considered essential to the object of the document. 
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EXECUTIVE  SUMMARY 
 
 

INTRODUCTION 
 

Previous studies have shown that corrosion is very costly and that it has a major impact on the economies of 
industrial nations.  A 1975 benchmark study by Battelle-NBS pointed out the severe impact on the United States 
economy. The estimates based on the Battelle-NBS study are that the cost of corrosion in the United States alone 
was approximately $70 billion, which was 4.2 percent of the gross national product (GNP).  A limited study in 1995 
updating the 1975 cost numbers estimated the total cost of corrosion at approximately $300 billion. 
 

Through discussions between NACE International (The Corrosion Society), members of Congress, and the 
U.S. Department of Transportation (U.S. DOT), an amendment for the cost of corrosion was included in the 
Transportation Equity Act for the 21st Century (TEA-21), which was passed by the U.S. legislature in 1998.  The 
amendment requested a study be conducted in conjunction with an interdisciplinary team of experts from the fields 
of metallurgy, chemistry, economics, and others, as appropriate.  Subsequently, the Federal Highway Administration 
(FHWA) initiated a systematic study to estimate the total economic cost of metallic corrosion and to provide 
preventive strategies to minimize the impact of corrosion.  In the period 1999 to 2001, CC Technologies conducted 
the study in a cooperative agreement with FHWA and NACE International (The Corrosion Society). 

 
OBJECTIVES  AND  SCOPE 

 
The primary objectives of this study were to: 
 

(1) develop an estimate of the total economic impact of metallic corrosion in the United States, and 

(2) identify national strategies to minimize the impact of corrosion. 
 

The work to accomplish these objectives was conducted through the following main activities: 
 

• determination of the cost of corrosion based on corrosion control methods and services, 

• determination of the cost of corrosion for specific industry sectors, 

• extrapolation of individual sector costs to a national total corrosion cost, 

• assessment of barriers to progress and effective implementation of optimized corrosion 
control practices, and 

• development of implementation strategies and recommendations for realization of cost 
savings. 

 
REVIEW  OF  PREVIOUS  STUDIES 

 
A critical review of previous national studies was conducted.  These studies have formed the basis for much of 

the current thinking regarding the corrosion costs to the various national economies.  The earliest study was reported 
in 1949 by Uhlig, who estimated the total cost to the economy by summing materials and procedures related to 
corrosion control.  The 1949 Uhlig report, which was the first to draw attention to the economic importance of 
corrosion, was followed in the 1970s by a number of studies in various countries, such as the United States, the 
United Kingdom, and Japan.  The national study by Japan conducted in 1977 followed the Uhlig methodology.  In 
the United States, Battelle-NBS estimated the total direct cost of corrosion using an economic input/output 
framework.  The input/output method was adopted later by studies in two other nations, namely Australia in 1983 
and Kuwait in 1995.  In the United Kingdom, a committee chaired by T.P. Hoar conducted a national study in 1970 
using a method where the total cost was estimated by collecting data through interviews and surveys of targeted 
economic sectors.
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Although the efforts of the above-referenced studies ranged from formal and extensive to informal and modest, 
all studies arrived at similar estimates of the total annual cost of corrosion ranging from 1 to 5 percent of each 
country’s GNP. 
 

APPROACH 
 

In the current study, two different approaches were taken to estimate the total cost of corrosion.  The first 
approach followed a method where the total cost is determined by summing the costs for corrosion control methods 
and services.  The cost of materials were obtained from various sources such as the U.S. Department of Commerce 
Census Bureau, existing industrial surveys, trade organizations, industry groups, and individual companies.  The 
data collection for corrosion control materials and products relied heavily on surveys of relevant web sites.  Data 
collection of corrosion control services such as engineering services, research and testing, and education and training 
was obtained primarily from trade organizations, educational institutions, and individual experts. 
 

The second approach followed a method where the cost of corrosion was first determined for specific industry 
sectors and then extrapolated to calculate a national total corrosion cost.  Data collection for the sector-specific 
analyses differed significantly from sector to sector depending on the availability of data and the form in which the 
data were available.  In order to determine the annual corrosion costs for the reference year of 1998, data were 
obtained for various years in the last decade, but mainly for the years 1996 to 1999.  Generally, for many of the 
public sector categories, such as infrastructure and utilities, much of the information is public and could be obtained 
from government reports and other publicly available documents.  In many cases, the advice of experts in the 
specific industry sectors was sought in order to obtain specific relevant information.  Discussions with industry 
experts provided the basis of the industry sector data collection.  Corrosion-related cost information from the private 
industry sectors was more difficult to obtain directly.  This stemmed from the fact that either the information was 
not readily available or could not be released because of company policies.  In this case, information from publicly 
available industry records on operation and maintenance costs was obtained, and with the assistance of industry 
experts, corrosion-related costs were estimated. 
 

The industry sectors for corrosion cost analyses were selected in order to achieve as broad a cross-section of 
the U.S. economy as possible.  The sectors were divided among five sector categories, i.e., infrastructure, utilities, 
transportation, production and manufacturing, and government.  The industry sectors represented approximately 
27 percent of the U.S. gross domestic product (GDP).  In the sector category of Infrastructure, the following 
industry sectors were analyzed:  highway bridges, gas and liquid transmission pipelines, waterways and ports, 
hazardous materials storage, airports, and railroads.  In the sector category of Utilities, the analyzed industry sectors 
were:  gas distribution, drinking water and sewer systems, electrical utilities, and telecommunications.  For the 
sector category Transportation, the analyzed industry sectors included:  motor vehicles, ships, aircraft, railroad cars, 
and hazardous materials transportation.  For the sector category of Production and Manufacturing, some major 
industry groups were selected.  Although not all industries could be included, the analyzed industry sectors were:  
oil and gas exploration and production; mining; petroleum refining; chemical, petrochemical, and pharmaceutical; 
pulp and paper; agricultural; food processing; electronics; and home appliances.  For the sector category of 
Government, the analyzed industry sectors were:  defense and nuclear waste storage. 
 

ECONOMIC  ANALYSIS 
 

The total cost of corrosion was estimated by determining the percentage of the GDP of those industry sectors 
for which direct corrosion costs were estimated, and subsequently extrapolating these numbers to the total U.S. 
GDP.  The direct cost used in this analysis was defined as the cost incurred by owners or operators.  The following 
elements were included in these costs: 
 

• additional or more expensive material used to prevent corrosion damage, 
• labor attributed to corrosion management activities, 
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• equipment required because of corrosion-related activities, 
• loss of revenue due to disruption in supply of product, 
• loss of reliability, and 
• lost capital due to corrosion deterioration. 

 
For all industry sectors studied in this report, the direct corrosion costs were determined.  However, for one 

industry sector, highway bridges, a life-cycle cost analysis was performed in which both the direct and indirect costs 
of corrosion were addressed.  Indirect costs are incurred by individuals other than the owner or operator of the 
structure.  Measuring and valuing indirect costs are generally complex assessments, and several different methods 
can be used to evaluate potential indirect costs.  Owners or operators can be made to assume the costs through 
taxation, penalties, litigation, or paying for clean-up of spills.  In such cases, these expenses become direct costs.  In 
other cases, costs are assumed by the end user or overall economy.  These indirect costs, such as traffic delays in the 
case of bridge repair, are more difficult to turn over to the owner or operator of the structure.  Once assigned a dollar 
value, the indirect costs are included in the cash flow of the corrosion management of the structure and are treated 
the same way as all other costs. 

 
RESULTS 

 
The two methods used in the current study to estimate the cost of corrosion to the United States are based on:  

(1) the cost of corrosion control methods and services and (2) corrosion costs of specific industry sectors.  Past 
studies have indicated that the second method is more likely to incorporate all costs and that the first method is 
likely to miss the significant cost of corrosion management, the cost for direct services related to the owner/operator, 
and the cost of loss of capital due to corrosion. 

 
Method 1 – Corrosion Control Methods and Services 

 
With this method, the total annual direct cost of corrosion was estimated by adding the cost of control methods 

and services.  The corrosion control methods that were considered include protective coatings, corrosion-resistant 
alloys, corrosion inhibitors, polymers, anodes, cathodic protection, and corrosion control and monitoring equipment.  
Other contributors to the total annual direct cost that were reviewed in this report are corrosion control services (i.e., 
non-owner/operator services), corrosion research and development, and education and training. 
 

Protective Coatings - Both organic and metallic coatings are used to provide protection against corrosion of 
metallic substrates.  These metallic substrates, mostly carbon steel, will corrode in the absence of the coating, 
resulting in the reduction of the service life of the steel part or component. 
 

According to the U.S. Department of Commerce Census Bureau, the total amount of organic coating material 
sold in the United States in 1997 was 5.56 billion L (1.47 billion gal), at a value of $16.56 billion.  The total sales 
can be broken down into architectural coatings, product original equipment manufacturers (OEM) coatings, 
special-purpose coatings, and miscellaneous paint products.  A portion of each of these was classified as corrosion 
coatings for a total estimate of $6.7 billion.  It is important to note that raw material cost is only a portion of a total 
coating application project, ranging from 4 to 20 percent of the total cost of application.  When applying these 
percentages to the raw materials cost, the total annual cost of coating application ranges from $33.5 billion to 
$167.5 billion. 
 

The most widely used metallic coating method for corrosion protection is galvanizing, which involves the 
application of metallic zinc to carbon steel for corrosion control purposes.  Hot-dip galvanizing is the most common 
process, and as the name implies, it consists of dipping the steel member into a bath of molten zinc.  Information 
released by the U.S. Commerce Department in 1998 stated that about 8.6 million metric tons of hot-dip galvanized 
steel and 2.8 million metric tons of electrolytic galvanized steel were produced in 1997.  The total market for 
metallizing and galvanizing in the United States is estimated at $1.4 billion.  This figure is the total material cost of 
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the metal coating and the cost of processing, and does not include the cost of the carbon steel member being 
galvanized/metallized. 
 

Metallizing is defined as the application of very thin metallic coatings for either active corrosion protection 
(zinc or aluminum anodes) or as a protective layer (stainless steels and alloys).  Application can be by flame 
spraying or electroplating.  Other advanced processes such as plasma arc spraying can be used for exotic refractory 
metals for very demanding applications, but most of the advanced processes are not used for corrosion control.  The 
metallizing anode market ranges from $5 million to $10 million annually, and is also growing due to the recognition 
by government agencies that life-cycle costs are significant if corrosion mitigation is not specified from the start. 
 

Corrosion-Resistant Alloys – Corrosion-resistant alloys are used where corrosive conditions prohibit the use 
of carbon steels and protective coatings provide insufficient protection or are economically not feasible.  Examples 
of these alloys include stainless steels, nickel-base alloys, and titanium alloys.  According to U.S. Census Bureau 
statistics, a total of 2.5 million metric tons of raw stainless steel was sold in the United States in 1997.  With an 
estimated cost of $2.20 per kg ($1 per lb) for raw stainless steel, a total annual (1997) production cost of $5.5 billion 
was estimated.  It is assumed that all production is for U.S. domestic consumption.  The total consumption of 
stainless steel also includes imports, which account for more than 25 percent of the U.S. market.  Thus, the total 
consumption of stainless steel can be estimated at $7.3 billion. 
 

Where environments become particularly severe, nickel-base and titanium alloys are used.  Nickel-base alloys 
are used extensively in the oil production and refinery and chemical process industries, where conditions are 
aggressive.  Furthermore, there is an increased use of these alloys in other industries, where high temperature and/or 
corrosive conditions exist.  With the average price for nickel-base alloys at $13 per kg in 1998, the total sales value 
n the United States was estimated at $285 million. 
 

The primary use of titanium alloys is in the aerospace and military industry, where the high strength-to-weight 
ratio and resistance to high temperatures are properties of interest.  However, titanium and its alloys are also 
corrosion-resistant in many environments, and have therefore found application in oil production and refinery, 
chemical process, and pulp and paper industries.  In 1998, it was estimated that 65 percent of the titanium mill 
products were used for aerospace and 35 percent for non-aerospace applications.  The total annual consumption cost 
for titanium and titanium alloys for corrosion control applications is estimated at $150 million. 
 

The total 1998 consumption cost of the corrosion-resistant metals and alloys is estimated at $7.7 billion. 
 

Corrosion Inhibitors - A corrosion inhibitor may be defined, in general terms, as a substance which when 
added in a small concentration to an environment effectively reduces the corrosion rate of a metal exposed to that 
environment.  Inhibition is used internally with carbon steel pipes and vessels as an economic corrosion control 
alternative to stainless steels and alloys, coatings, or non-metallic composites.  A particular advantage of corrosion 
inhibition is that it can be implemented or changed in situ without disrupting a process.  The major industries using 
corrosion inhibitors are the oil and gas exploration and production industry, the petroleum refining industry, the 
chemical industry, heavy industrial manufacturing industry, water treatment facilities, and the product additive 
industries.  The largest consumption of corrosion inhibitors is in the oil industry, particularly in the petroleum 
refining industry.  The total consumption of corrosion inhibitors in the United States has doubled from 
approximately $600 million in 1982 to nearly $1.1 billion in 1998. 
 

Engineering Plastics and Polymers - In 1996, the plastics industry accounted for $274.5 billion in shipments.  
It is difficult to estimate the fraction of plastics used for corrosion control, because in many cases, plastics and 
composites are used for a combination of reasons, including corrosion control, light weight, economics, strength-to-
weight ratio, and other unique properties.  While corrosion control is a major market for many polymers, certain 
polymers are used mostly, if not exclusively, for corrosion control purposes.  The significant markets for corrosion 
control by polymers include composites (primarily glass-reinforced thermosetting resins), polyvinyl chloride (PVC) 
pipe, polyethylene pipe, and fluoropolymers.  The portion of polymers used for corrosion control is estimated at 
$1.8 billion. 
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Cathodic and Anodic Protection - The cost of cathodic and anodic protection of metallic structures subject to 
corrosion can be divided into the cost of materials and the cost of installation and operation.  Industry data have 
provided estimates for the 1998 sales of various hardware components totaling $146 million.  The largest share of 
the cathodic protection market is taken up by sacrificial anodes at $60 million, of which magnesium has the greatest 
market share.  Major markets for sacrificial anodes are the water heater market and the underground storage tank 
market.  The costs of installation of the various cathodic protection (CP) components for underground structures 
vary significantly depending on the location and the specific details of the construction.  For 1998, the average total 
cost for installing CP systems was estimated at $0.98 billion (range:  $0.73 billion to $1.22 billion).  The total cost 
for replacing sacrificial anodes in water heaters and the cost for corrosion-related replacement of water heaters was 
estimated at $1.24 billion per year; therefore, the total estimated cost for cathodic and anodic protection is 
$2.22 billion per year. 
 

Corrosion Control Services - In the context of this report, services are defined as companies, organizations, 
and individuals that are providing their services to control corrosion, while excluding corrosion-related activities that 
owners/operators may do in-house.  By taking the NACE International membership as a basis, a total number of 
engineers and scientists who provide corrosion control services may be estimated.  Based on a 16,000 membership 
in 1998 and the assumption that 25 percent provides corrosion control services, a total services cost of $1.2 billion 
was estimated. 
 

Research and Development - It has been observed that over the past few decades less funding has been made 
available for corrosion-related research and development, which is significant in light of the cost and inconvenience 
of dealing with leaking and exploding underground pipelines, bursting water mains, corroding storage tanks, aging 
aircraft, and deteriorating highway bridges.  In fact, several government and corporate research laboratories have 
significantly reduced their corrosion research staff or even have closed down their research facilities.  Moreover, 
less research and development funding has been available, both from government and private sources.  An estimate 
of an annual academic budget of $20 million was made; no estimates were made of the cost of corporate or industry 
corrosion-related research, which is likely to be much greater than the annual academic budget. 
 

Education and Training - Corrosion-related education and training in the United States include degree 
programs, certification programs, company in-house training, and general education and training.  A few national 
universities offer courses in corrosion and corrosion control as part of their engineering curriculum.  Professional 
organizations such as NACE International (The Corrosion Society) and SSPC (The Society for Protective Coatings), 
offer courses and certification programs that range from basic corrosion to coating inspector to cathodic protection 
specialist.  NACE International offers the broadest range of courses and manages an extensive certification program.  
In 1998, NACE held 172 courses with more than 3,000 students, conducted multiple seminars, and offered 
publications, at a total cost of $8 million. 
 

Summary - A total annual direct cost of corrosion by summing the costs of corrosion control methods and 
services was estimated at $121 billion, which is 1.38 percent of the U.S. GDP of $8.79 trillion in 1998.  The largest 
portion (88.3 percent) of this cost is the organic coatings group at $107.2 billion.  Notably, the categories of research 
and development and education and training indicated unfavorably low numbers. 

 
Method 2 – Industry Sector Analysis 

 
For the purpose of this study, the U.S. economy was divided into five different sector categories.  Each of the 

sector categories were then divided into specific industry sectors for a total of 26 sectors, as follows: 
 

Highway Bridges 
Gas and Liquid Transmission Pipelines 
Waterways and Ports 
Hazardous Materials Storage 
Airports 

Infrastructure: 

Railroads 
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Gas Distribution 
Drinking Water and Sewer Systems 
Electrical Utilities 

Utilities: 

Telecommunications 

Motor Vehicles 
Ships 
Aircraft 
Railroad Cars 

Transportation: 

Hazardous Materials Transport 
Oil and Gas Exploration - Production 
Mining 
Petroleum Refining 
Chemical, Petrochemical, and Pharmaceutical 
Pulp and Paper 
Agricultural 
Food Processing 
Electronics 

Production and Manufacturing: 

Home Appliances 
Defense Government: 
Nuclear Waste Storage 

 
 

Infrastructure – The U.S. infrastructure and transportation system allows for a high level of mobility and 
freight activity for the nearly 270 million residents and 7 million business establishments.  In 1997, more than 
230 million motor vehicles, ships, airplanes, and railroad cars were used on 6.4 million km (4 million mi) of 
highways, railroads, and waterways connecting all parts of the United States.  The transportation infrastructure also 
includes more than 800,000 km (approximately 500,000 mi) of oil and gas transmission pipelines, 8.5 million tanks 
for hazardous materials storage, and 18,000 public and private airports.  The annual direct cost of corrosion in the 
infrastructure category is estimated at $22.6 billion. 
 

Highway Bridges:  Based on the National Bridge Inventory Database, there are 586,000 bridges in the United 
States.  Of this total, 435,000 bridges are made from steel and conventional reinforced concrete, 108,000 bridges are 
constructed using prestressed concrete, and the balance is made using other materials of construction.  
Approximately 15 percent of the bridges are structurally deficient, primarily due to corrosion of steel and steel 
reinforcement.  The dollar impact of corrosion on highway bridges is considerable.  The annual direct cost of 
corrosion for highway bridges is estimated to be $8.3 billion, consisting of $3.8 billion for the annual cost to replace 
structurally deficient bridges over the next 10 years, $2.0 billion for maintenance and cost of capital for concrete 
bridge decks, $2.0 billion for maintenance and cost of capital for concrete substructures (minus decks), and 
$0.5 billion for maintenance painting of steel bridges.  Life-cycle analysis estimates indirect costs to the user due to 
traffic delays and lost productivity at more than 10 times the direct cost of corrosion. 
 

Gas and Liquid Transmission Pipelines:  There are more than 528,000 km (328,000 mi) of natural gas 
transmission and gathering pipelines, 119,000 km (74,000 mi) of crude oil transmission and gathering pipelines, and 
132,000 km (82,000 mi) of hazardous liquid transmission pipelines.  For all natural gas pipeline companies, the total 
investment in 1998 was $63.1 billion, from which a total revenue of $13.6 billion was generated.  For liquid pipeline 
companies, the investment was $30.2 billion, from which a revenue of $6.9 billion was generated.  At an estimated 
replacement cost of $643,800 per km ($1,117,000 per mi), the asset replacement value of the transmission pipeline 
system in the United States is $541 billion; therefore a significant investment is at risk with corrosion being the 
primary factor in controlling the life of the asset.  The average annual corrosion-related cost is estimated at 
$7.0 billion, which can be divided into the cost of capital (38 percent), operation and maintenance (52 percent), and 
failures (10 percent). 
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Waterways and Ports:  In the United States, 40,000 km (25,000 mi) of commercial navigable waterways serve 
41 states, including all states east of the Mississippi River.  Hundreds of locks facilitate travel along these 
waterways.  In January 1999, 135 of the 276 locks had exceeded their 50-year design life.  The oldest operating 
locks in the United States are Kentucky River Locks 1 and 2.  U.S. ports play an important role in connecting 
waterways, railroads, and highways.  The nation’s ports include 1,914 deep-water (seacoast and Great Lakes) and 
1,812 along inland waterways.  Corrosion is typically found on piers and docks, bulkheads and retaining walls, 
mooring structures, and navigational aids.  There is no formal tracking of corrosion costs in these structures.  Based 
on cost numbers obtained from the U.S. Army Corps of Engineers and the U.S. Coast Guard, an annual corrosion 
cost of $0.3 billion could be estimated.  It should be noted that this is a low estimate since the corrosion costs of 
harbor and other marine structures are not included. 
 

Hazardous Materials Storage:  There are approximately 8.5 million regulated and non-regulated aboveground 
storage tanks (ASTs) and underground storage tanks (USTs) for hazardous materials (HAZMAT) in the United 
States.  While these tanks represent a large investment, and good maintenance practices would be in the best interest 
of the owners, federal and state environmental regulators are concerned with the environmental impact of spills from 
leaking tanks.  In 1988, the U.S. Environmental Protection Agency set a December 1998 deadline for UST owners 
to comply with the requirement to have corrosion control on all tanks, as well as overfill and spill protection.  Thus, 
tank owners face considerable costs related to clean-up and penalties imposed by the government if they would not 
be in compliance.  It is estimated that the annual cost of corrosion for ASTs is $4.5 billion and for USTs is 
$2.5 billion, resulting in a total annual direct corrosion cost of $7.0 billion. 
 

Airports:  The United States has the world’s most extensive airport system, which is essential to national 
transportation and the U.S. economy.  According to 1999 Bureau of Transportation Statistics figures, there were 
5,324 public-use airports and 13,774 private-use airports in the United States.  A typical airport infrastructure is 
complex, and components that might be subject to corrosion include the natural gas distribution system, jet fuel 
storage and distribution system, deicing storage and distribution system, vehicle fueling systems, natural gas feeders, 
dry fire lines, parking garages, and runway lighting.  Generally, each of these systems is owned or operated by 
different organizations or companies; therefore, the impact of corrosion on an airport as a whole is not known or 
documented.  However, the airports do not have any specific corrosion-related problems, that have not been 
described elsewhere in this report. 
 

Railroads:  In 1997, there were nine Class I freight railroads (railroads with operating revenues of more than 
$256.4 million).  These railroads accounted for 71 percent of the industry’s 274,399 km (170,508 mi) of railroad.  
There were 35 regional railroads (those with operating revenues between $40 million and $256.4 million and/or 
operating at least 560 km (350 mi) of railroad).  The regional railroads operated 34,546 km (21,466 mi) of railroad.  
Finally, there were 513 local railroads operating more than 45,300 km (28,149 mi) of railroad.  The elements that are 
subject to corrosion include metal members, such as rail and steel spikes; however, corrosion damage to railroad 
components are either limited or go unreported.  Hence, a corrosion cost could not be determined. 
 

Utilities – Utilities form an essential part of the U.S. economy by supplying gas, water, electricity, and 
communication.  All utility companies combined spent $42.3 billion on capital goods in 1998, an increase of 
9.3 percent from 1997.  Of this total, $22.4 billion was used for structures and $19.9 billion was used for equipment.  
The total annual direct cost of corrosion in the utility category is estimated to be $47.9 billion. 
 

Gas Distribution:  The natural gas distribution system includes 2,785,000 km (1,730,000 mi) of relatively 
small-diameter, low-pressure piping, which is divided into 1,739,000 km (1,080,000 mi) of distribution main and 
1,046,000 km (650,000 mi) of services.  There are approximately 55 million services in the distribution system.  A 
large percentage of the mains (57 percent) and services (46 percent) are made of steel, cast iron, or copper, which 
are subject to corrosion.  The total annual direct cost of corrosion was estimated at approximately $5.0 billion. 
 

Drinking Water and Sewer Systems:  According to the American Waterworks Association (AWWA) industry 
database, there is approximately 1,483,000 km (876,000 mi) of municipal water piping in the United States.  This 
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number is not exact, since most water utilities do not have complete records of their piping system.  The sewer 
system consists of approximately 16,400 publicly owned treatment facilities releasing some 155 million m3 
(41 billion gallons) of wastewater per day (1995).  The total annual direct cost of corrosion for the nation’s drinking 
water and sewer systems was estimated at $36.0 billion.  This cost was contributed to by the cost of replacing aging 
infrastructure, the cost of unaccounted-for water through leaks, the cost of corrosion inhibitors, the cost of internal 
mortar linings, and the cost of external coatings and cathodic protection. 
 

Electrical Utilities:  The electrical utility industry is a major provider of energy in the United States.  The total 
amount of electricity sold in the United States in 1998 was 3,240 billion GWh at a cost to the consumers of 
$218 billion.  Electricity generation plants can be divided into seven generic types: fossil fuel, nuclear, 
hydroelectric, cogeneration, geothermal, solar, and wind.  The majority of electric power in the United States is 
generated by fossil and nuclear supply systems.  The total annual direct cost of corrosion in the electrical utility 
industry in 1998 is estimated at $6.9 billion, with the largest amounts for nuclear power at $4.2 billion and fossil fuel 
at $1.9 billion, and smaller amounts for hydraulic and other power at $0.15 billion, and transmission and distribution 
at $0.6 billion. 
 

Telecommunications:  The telecommunications infrastructure includes hardware such as electronics, 
computers, and data transmitters, as well as equipment shelters and the towers used to mount antennas, transmitters, 
receivers, and television and telephone systems.  According to the U.S. Census Bureau, the total value of shipments 
for communications equipment in 1999 was $84 billion.  An important factor for corrosion cost is the additional cost 
of protecting towers and shelters, such as painting and galvanizing.  In addition, corrosion of buried copper 
grounding beds, as well as galvanic corrosion of the grounded steel structures, contributes to the corrosion cost.  For 
this sector, no corrosion cost was determined because of the lack of information on this rapidly changing industry.  
Many components are being replaced before physically failing because the technology has become obsolete in a 
short period of time. 
 

Transportation - The transportation category includes vehicles and equipment, such as motor vehicles, 
aircraft, railroad cars, and hazardous materials transport, that make use of the U.S. highways, waterways, railroads, 
and airports.  The annual cost of corrosion in the transportation category is estimated at $29.7 billion. 
 

Motor Vehicles:  U.S. consumers, businesses, and government organizations own more than 200 million 
registered motor vehicles.  Assuming an average value of $5,000, the total investment Americans have made in 
motor vehicles can be estimated at more than $1 trillion.  Since the 1980s, car manufacturers have increased the 
corrosion resistance of vehicles by using corrosion-resistant materials, employing better manufacturing processes, 
and by designing corrosion-resistant vehicles.  Although significant progress has been made, further improvement 
can be achieved in the corrosion resistance of individual components, such as fuel and brake systems, and electrical 
and electronic components.  The total annual direct cost of corrosion is estimated at $23.4 billion, which is divided 
into the following three components: (1) increased manufacturing costs due to corrosion engineering and the use of 
corrosion-resistant materials ($2.56 billion per year), (2) repairs and maintenance necessitated by corrosion 
($6.45 billion per year), and (3) corrosion-related depreciation of vehicles ($14.46 billion per year). 
 

Ships:  The U.S. flag fleet can be divided into several categories as follows: the Great Lakes with 737 vessels 
at 100 billion ton-km (62 billion ton-mi), inland with 33,668 vessels at 473 billion ton-km (294 billion ton-mi), 
ocean with 7,014 vessels at 563 billion ton-km (350 billion ton-mi), recreational with 12.3 million boats, and cruise 
ship with 122 boats serving North American ports (5.4 million passengers).  The total annual direct cost of corrosion 
to the U.S. shipping industry is estimated at $2.7 billion. This cost is divided into costs associated with new 
construction ($1.1 billion), with maintenance and repairs ($0.8 billion), and with corrosion-related downtime 
($0.8 billion). 
 

Aircraft:  In 1998, the combined aircraft fleet operated by U.S. airlines was more than 7,000, of which 
approximately 4,000 were turbojets.  The fleet includes the Boeing 707, DC-9, Boeing 727, DC-10, and the early 
versions of the Boeing 737 and 747.  At the start of the jet age (1950s to 1960s), little or no attention was paid to 
corrosion and corrosion control.  One of the concerns is the continued aging of the airplanes beyond the 20-year 
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design life.  Only the most recent designs (Boeing 777 and late version 737) have incorporated significant 
improvements in corrosion prevention and control in design and manufacturing.  The total annual direct cost of 
corrosion to the U.S. aircraft industry is estimated at $2.2 billion, which includes the cost of design and 
manufacturing ($0.2 billion), corrosion maintenance ($1.7 billion), and downtime ($0.3 billion). 
 

Railroad Cars:  In 1998, 1.3 million freight cars and 1,962 passenger cars were reported to operate in the 
United States.  Covered hoppers at 28 percent make up the largest portion of the freight-car fleet, with tanker cars 
making up the second largest portion at 18 percent.  The type of commodities transported range from coal (largest 
volume) to chemicals, motor vehicles, farm products, food products, and metallic and non-metallic ores and 
minerals.  Railroad cars suffer from both external and internal corrosion.  It is estimated that the total annual direct 
cost of corrosion is approximately $0.5 billion, divided over external coatings ($0.25 billion) and internal coatings 
and linings ($0.25 billion). 
 

Hazardous Materials Transport:  According to U.S .Department of transportation, there are approximately 
300 million hazardous materials shipments of more than 3.1 billion metric tons annually in the United States.  Bulk 
transportation of hazardous materials includes overland shipping by tanker truck and rail car, and by special 
containers that are loaded onto vehicles.  Over water, ships loaded with specialized containers, tanks, and drums are 
used.  In small quantities, hazardous materials require specially designed packaging for truck and air shipment.  The 
total annual direct cost of corrosion for hazardous materials transport is more than $0.9 billion.  The elements of the 
annual corrosion cost include the cost of transporting vehicles ($0.4 billion per year), the cost of specialized 
packaging ($0.5 billion per year), and the direct and indirect costs ($0.5 million per year and an unknown value, 
respectively) of accidental releases and corrosion-related transportation incidents. 
 

Production and Manufacturing - This category includes industries that produce and manufacture products of 
crucial importance to the U.S. economy and the standard of living in the United States.  These include oil 
production, mining, petroleum refining, chemical and pharmaceutical production, and agricultural and food 
production.  The total annual direct cost of corrosion in this category was estimated to be $17.6 billion. 
 

Oil and Gas Exploration and Production:  Domestic oil and gas production can be considered to be a stagnant 
industry, because most of the significant available onshore oil and gas reserves have been exploited.  Oil production 
in the United States in 1998 consisted of 3.04 billion barrels.  The significant recoverable reserves left to be 
discovered and produced are probably limited to less convenient locations such as in deep water offshore, remote 
arctic locations, and difficult-to-manage reservoirs with unconsolidated sands.  The total annual direct cost of 
corrosion in the U.S. oil and gas production industry is estimated at $1.4 billion, made up of $0.6 billion for surface 
piping and facility costs, $0.5 billion in downhole tubing expenses, and $0.3 billion in capital expenditures related to 
corrosion. 
 

Mining:  In the mining industry, corrosion is not considered to be a significant problem.  There is a general 
consensus that the life-limiting factors for mining equipment are wear and mechanical damage rather than corrosion.  
Maintenance painting, however, is heavily relied upon to prevent corrosion, with an annual estimated expenditure 
for the coal mining industry of $0.1 billion. 
 

Petroleum Refining:  Petroleum is the single largest source of energy for the United States.  The nation uses 
twice as much petroleum as either coal or natural gas.  The U.S. refineries represent approximately 23 percent of the 
world’s petroleum production, and the United States has the largest refining capacity in the world, with 
163 refineries.  In 1996, U.S. refineries supplied more than 18 million barrels per day of refined petroleum products.  
The total annual direct cost of corrosion is estimated at $3.7 billion.  Of this total, maintenance-related expenses are 
estimated at $1.8 billion, vessel turnaround expenses at $1.4 billion, and fouling costs are approximately $0.5 billion 
annually. 

 
Chemical, Petrochemical, and Pharmaceutical:  The chemical, petrochemical, and pharmaceutical industries 

play a major role in the U.S. economy by providing a wide range of products.  The chemical industry includes those 
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manufacturing facilities that produce bulk or specialty compounds by chemical reactions between organic and/or 
inorganic materials.  The petrochemical industry includes those manufacturing facilities that create substances from 
raw hydrocarbon materials such as crude oil and natural gas.  The pharmaceutical industry formulates, fabricates, 
and processes medicinal products from raw materials.  The total annual direct cost of corrosion for this industry 
sector is estimated at $1.7 billion per year (8 percent of total capital expenditures).  No calculation was made for the 
indirect costs of production outages or indirect costs related to catastrophic failures.  The costs of operation and 
maintenance related to corrosion were not readily available; estimating these costs would require detailed study of 
data records of individual companies. 
 

Pulp and Paper:  The $165 billion pulp, paper, and allied product industry supplies the United States with 
approximately 300 kg of paper per person per year.  More than 300 pulp mills and more than 550 paper mills 
support its production.  The total annual direct cost of corrosion is estimated at $6.0 billion, with the majority of this 
cost in the paper and paperboard-making industry, and calculated as a fraction of the maintenance costs.  No 
information was found to estimate the corrosion costs related to the loss of capital. 
 

Agricultural:  Agriculture operations are producing livestock, poultry, or other animal specialties and their 
products, and producing crops, including fruits and greenhouse or nursery products.  According to the National 
Agricultural Statistics Service, there are approximately 1.9 million farms in the United States.  Based on a 1997 
census, the total value of farm machinery and equipment is approximately $15 billion per year.  The two main 
reasons for replacing machinery or equipment include upgrading old equipment and substituting because of wear 
and corrosion.  Discussions with people in this industrial sector resulted in an estimate of corrosion costs in the 
range of 5 percent to 10 percent of the value of all new equipment.  The total annual direct cost of corrosion in the 
agricultural production industry is estimated at $1.1 billion. 
 

Food Processing:  The food processing industry is one of the largest manufacturing industries in the United 
States, accounting for approximately 14 percent of the total U.S. manufacturing output.  Sales for food-processing 
companies totaled $265.5 billion in 1999.  Because of quality-of-food requirements, stainless steel is widely used.  
Assuming that the stainless steel consumption and cost in this industry is entirely attributed to corrosion, a total 
annual direct cost of corrosion is estimated at $2.1 billion.  This cost includes stainless steel usage for beverage 
production, food machinery, cutlery and utensils, commercial and restaurant equipment, appliances, aluminum cans, 
and the use of corrosion inhibitors. 
 

Electronics:  Corrosion in electronic components manifests itself in several ways.  Computers, integrated 
circuits, and microchips are now an integral part of all technology-intensive industry products, ranging from 
aerospace and automotive to medical equipment and consumer products, and are therefore exposed to a variety of 
environmental conditions.  Corrosion in electronic components are insidious and cannot be readily detected; 
therefore, when corrosion failure occurs, it is often dismissed as just a failure and the part or component is replaced. 
Particularly in the case of consumer electronics, devices would become technologically obsolete long before 
corrosion-induced failures would occur.  However, capital-intensive industries, with significant investment in 
durable equipment with a considerable number of electronic components, such as the defense industry and the 
airline industry, tend to keep the equipment for longer periods of time, and corrosion is likely to become an issue.  
Although the cost of corrosion in the electronics sector could not be estimated, it has been suggested that a 
significant part of all electronic component failures are caused by corrosion. 
 

Home Appliances:  The appliance industry is one of the largest consumer product industries.  For practical 
purposes, two categories of appliances are distinguished:  "Major Home Appliances" and "Comfort Conditioning 
Appliances."  In 1999, a total of 70.7 million major home appliances and a total of 49.5 million comfort 
conditioning appliances were sold in the United States, for a total of 120.2 million appliances.  The cost of corrosion 
in home appliances includes the cost of purchasing replacement appliances because of premature failure due to 
corrosion.  For water heaters alone, the replacement cost was estimated at $460 million per year, using a low 
estimate of 5 percent of the replacement being corrosion-related.  The cost of internal corrosion protection for all 
appliances includes the use of sacrificial anodes ($780 million per year), corrosion-resistant materials (no cost 
estimate), and internal coatings (no cost estimate).  The cost of external corrosion protection using coatings was 
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estimated at $260 million per year.  Therefore, the estimated total annual direct cost of corrosion in home appliances 
is at least $1.5 billion. 

 
Government - Federal, state, and local governments play important roles in the U.S. economy with a 1998 

GDP of approximately $1.1 trillion ($360 billion federal, $745 billion state and local).  While the government owns 
and operates large assets under various departments, the U.S. Department of Defense (DOD) was selected for 
analysis because of its significant impact on the U.S. economy.  A second government sectors elected is nuclear 
waste storage under the U.S. Department of Energy (DOE). 
 

Defense:  The ability of the DOD to respond rapidly to national security and foreign commitments can be 
adversely affected by corrosion.  Corrosion of military equipment and facilities has been, for many years, a 
significant and ongoing problem.  The corrosion-related problems are becoming more prominent as the acquisition 
of new equipment is decreasing and a large degree of reliability of aging systems is expected.  The data provided by 
the military services (Army, Air Force, Navy, and Marine Corps) indicate that corrosion is potentially the number 
one cost driver in life-cycle costs.  The total annual direct cost of corrosion incurred by the military services for both 
systems and infrastructure was estimated at $20 billion. 
 

Nuclear Waste Storage:  Nuclear wastes are generated from spent nuclear fuel, dismantled nuclear weapons, 
and products such as radio pharmaceuticals.  The most important design item for the safe storage of nuclear waste is 
effective shielding of radiation.  Corrosion is not considered a major issue in the transportation of nuclear wastes due 
to the stringent packaging requirements and the relatively short duration of the transport.  However, corrosion is an 
important issue in the design of the casks used for permanent storage with a design life of several thousand years.  A 
1998 total life-cycle cost analysis by DOE for the permanent disposal of nuclear waste in Yucca Mountain, Nevada, 
estimated the total repository cost by the construction phase (2002) at $4.9 billion, with an average annual cost 
(from 1999 to 2116) of $205 million.  Of this cost, $42.2 million is corrosion-related. 
 

Summary of Total Cost - The cost of corrosion was estimated for the individual economic sectors discussed 
above.  The total cost due to the impact of corrosion for the analyzed sectors was $137.9 billion per year.  Since not 
all economic sectors were examined, the sum of the estimated costs does not represent the total cost of corrosion to 
the entire U.S. economy.  By estimating the percentage of U.S. GDP of the sectors for which corrosion costs were 
determined and extrapolating the cost numbers to the entire U.S. economy, a total cost of corrosion of $276 billion 
was estimated.  This is approximately 3.1 percent of the nation's GDP.  The indirect corrosion costs (i.e., the costs 
incurred by other than owners and operators as a result of corrosion) are conservatively estimated to be equal to the 
direct cost; giving a total direct plus indirect cost of $552 billion (i.e., 6 percent of the GDP).  Evidence of the large 
indirect corrosion costs are:  (1) lost productivity because of outages, delays, failures, and litigation; (2) taxes and 
overhead on the cost of corrosion portion of goods and services; and (3) indirect costs of non-owner/operator 
activities. 
 

The current study showed that the technological changes have provided many new ways to prevent corrosion, 
as well as the improved use of available corrosion management techniques.  However, better corrosion management 
can be achieved using preventive strategies in non-technical and technical areas.  These preventive strategies 
include:  (1) increase awareness of large corrosion costs and potential savings, (2) change the misconception that 
nothing can be done about corrosion, (3) change policies, regulations, standards, and management practices to 
increase corrosion cost-savings through sound corrosion management, (4) improve education and training of staff in 
recognition of corrosion control, (5) advance design practices for better corrosion management, (6) advance life 
prediction and performance assessment methods, and (7) advance corrosion technology through research, 
development, and implementation. 
 

While corrosion management has improved over the past several decades, the United States is still far from 
implementing optimal corrosion control practices.  There are significant barriers to both the development of 
advanced technologies for corrosion control and the implementation of those technological advances.  In order to 
realize the savings from reduced costs of corrosion, changes are required in three areas:  (1) the policy and 
management framework for effective corrosion control, (2) the science and technology of corrosion control, and 
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(3) the technology transfer and implementation of effective corrosion control.  The policy and management 
framework is crucial because it governs the identification of priorities, the allocation of resources for technology 
development, and the operation of the system for implementation. 

 
Incorporating the latest corrosion strategies in industry management and government policies, as well as 

advances in science and technology, are required.  It is necessary to engage a larger constituency comprised of the 
primary stakeholders, government and industry leaders, the general public, and consumers.  A major challenge 
involves disseminating corrosion awareness and expertise that is currently scattered throughout government and 
industry organizations.  In fact, there is no focal point for the effective development, articulation, and delivery of 
corrosion cost-savings programs.  
 

Therefore, the following recommendations are made: 
 

1. Form a committee on “corrosion control and prevention” under the National Research Council. 

2. Develop a national focus on corrosion control and prevention. 

3. Improve policies and corrosion management. 

4. Accomplish technological advances for corrosion cost-savings. 

5. Implement effective corrosion control. 
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INTRODUCTION 
 

Previous studies have shown that corrosion is very costly and has a major impact on the economies of 
industrial nations.  A 1975 benchmark study by Battelle-NBS pointed out the severe impact of corrosion on the U.S. 
economy.(1)  The estimates based on the Battelle-NBS study report that the annual cost of corrosion in the United 
States alone was approximately $70 billion, which was between 4 and 5 percent of the gross national product 
(GNP).  A limited study in 1995, updating the 1975 cost numbers, estimated the total annual cost of corrosion at 
approximately $300 billion.(2)  This staggering total corrosion loss resulted from equipment and structure 
replacement, loss of product, maintenance and repair, the need for excess capacity and redundant equipment, 
corrosion control, designated technical support, design, insurance, and parts and equipment inventories.  During the 
same time period that the original Battelle-NBS study was conducted, other national studies, such as in the United 
Kingdom,(3) Japan,(4) Australia,(5) and Kuwait,(6) investigated their respective corrosion costs.  While all these studies 
emphasized the financial losses due to corrosion, no systematic study was conducted to investigate preventive 
strategies with cost-benefit considerations. 
 

Through discussions between NACE International (The Corrosion Society), members of Congress, and the 
U.S. Department of Transportation (U.S. DOT), an amendment for the cost of corrosion was included in the 
Transportation Equity Act for the 21st Century (TEA-21), which was passed by the U.S. legislature in 1998.  The 
amendment states: 
 

IN GENERAL – The Secretary shall make a grant to conduct a study on the costs and 
benefits of corrosion control and prevention.  The study shall be conducted in conjunction 
with an interdisciplinary team of experts from the fields of metallurgy, chemistry, 
economics, and others, as appropriate. 

 
Subsequently, the Federal Highway Administration (FHWA) initiated a systematic study to estimate the total 

economic cost of metallic corrosion and to provide preventive strategies to minimize the impact of corrosion.  A 
major focus of this study was on various economic sectors, with an emphasis on infrastructure, utilities, 
transportation, production and manufacturing, and government.  

                                                 
 
1 CC Technologies Laboratories, Inc., Dublin, OH. 
2 Federal Highway Administration, Turner-Fairbank Highway Research Center, McLean, VA. 
3 Case Western Reserve University, Cleveland, OH. 



Corrosion Costs and Preventive Strategies in the United States 
 

 
 

2 

BACKGROUND 
 

Review of Previous Studies (Appendix A) 
 

In this section of the report, a critical review of previous national studies on the cost of corrosion is presented.  
These studies have formed the basis for much of the current thinking regarding the cost of corrosion to the various 
national economies, and have led to a number of other national studies(7-9) that are currently being performed. A 
detailed description of these national studies is given in Appendix A.  
 

In the past, cost of corrosion studies have been undertaken by several countries.  The earliest study was 
reported in 1949 by Uhlig,(10) who estimated the total cost of corrosion to the economy by summing material and 
procedure costs related to corrosion control.  The 1949 Uhlig report, which was the first to draw attention to the 
economic significance of corrosion, was followed in the 1970s by a number of studies in various countries, such as 
the United States,(1) the United Kingdom,(3) and Japan.(4)  The national study by Japan conducted in 1977 followed 
the Uhlig methodology.  In the United States, the Battelle-NBS study estimated the total direct cost of corrosion 
using an economic input/output framework.  The input/output method was adopted later by studies in two other 
nations, namely Australia in 1983(5) and Kuwait in 1995.(6)  In the United Kingdom, a committee chaired by T.P. 
Hoar conducted a national study in 1970 using a method similar to the one used by Uhlig.  The Hoar study estimated 
the total cost of corrosion by collecting data through interviews and surveys of targeted economic sectors.   
 

Although the efforts of the above-referenced studies ranged from formal and extensive to informal and modest, 
all studies estimated the total annual cost of corrosion as ranging from 1 to 5 percent of each country’s GNP. 
 

In the following sections, the three main methods used by the previous studies are described: 
 
1. The cost of corrosion protection products and services with indirect costs (costs to others) 

included - United States, 1949 (Uhlig study)(10) and Japan.(4) 

2. The direct cost of corrosion products and services by sectors (no indirect costs included); data 
were based on surveys and experts judgments - United Kingdom, 1970 (Hoar study).(3) 

3. Input/output analysis - United States, 1978 (Battelle/NBS study),(1) Australia,(5) and Kuwait.(6) 

 
These previous studies are important in that they confronted the difficult problems in assessing the cost of 

corrosion and subsequently arrived at judgments regarding the most helpful approach.  They each contributed to the 
current knowledge of estimating the cost of corrosion.  

 
1.  Corrosion Protection Products and Services  
 

The 1949 study, “The Cost of Corrosion in the United States” by H.H. Uhlig,(10) was the earliest effort to 
estimate the U.S. national cost of corrosion.  This study attempted to measure the costs of corroding structures to 
both the owner/operator (direct cost) and to others (indirect cost).  The total cost of corrosion to owners/operators 
was estimated by summing the cost estimates for corrosion prevention products and services used in the entire U.S. 
economy, such as coatings, inhibitors, corrosion-resistant metals, and cathodic protection, and multiplied these totals 
by their respective prices.  Three items were selected as examples to estimate the cost to private consumers/users: 
domestic water heater replacement, automobile internal combustion engine repairs, and replacement of automobile 
mufflers.  Adding up both direct and indirect costs, the annual cost of corrosion to the United States was estimated 
to be $5.5 billion or 2.1 percent of the 1949 GNP. 
 

This method was adapted in a later study to estimate the total cost of corrosion in Japan.  That study estimated 
the national cost of corrosion at $9.2 billion (1974), which was equivalent to 1 to 2 percent of the Japanese GNP. 
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2.  Direct Cost of Corrosion Products and Services by Sectors 
 

The Hoar study (United Kingdom, 1970)(3) took a different approach from the Uhlig method to determine the 
national corrosion cost in the United Kingdom.  The study identified the sources for the cost of corrosion by sectors 
of the economy.  It estimated the direct expenditures (costs to owner/operator) in each economic sector.  Indirect 
costs were not included in the study.  Information was gathered by interviewing corrosion experts who worked in 
companies and agencies, and by surveys on expenditures for corrosion protection practices.  Corrosion experts 
estimated corrosion costs and the potential savings based on their experiences for major economic sectors.  The 
costs by sector were totaled for the whole economy.  The study estimated the annual total corrosion cost in the 
United Kingdom to be approximately 3.5 percent of their GNP. 
 
3.  Input-Output Analysis 
 

The Battelle-NBS study (United States, 1978)(1) used an economic input/output analysis to estimate the cost of 
corrosion for the United States. In the input/output model, the U.S. economy was divided into 130 industrial sectors.  
For each industry sector, estimates were made on the costs of corrosion prevention, as well as for the cost of repair 
and replacement due to corrosion. 
 

The following direct costs (cost to owner/operator of the structure) were included in the study: 
 

• replacement of equipment or buildings, 

• loss of product, 

• maintenance and repair, 

• excess capacity, 

• redundant equipment, 

• corrosion control, such as inhibitors, and organic and metallic coatings, 

• engineering research and development testing, 

• design, 

• insurance, and 

• parts and equipment inventory. 

 
The input-output analysis was invented by Wassily Leontief, who received a Nobel Prize in 1973 for 

developing the model.  The input-output model is a simplified general equilibrium model of an economy showing 
the extent to which each sector uses inputs from the other sectors to produce its output – and thus showing how 
much each sector sells to other sectors.  The input-output model shows the increase in economic activity in every 
other sector that would be required to increase the net production of a sector.  For example, if a certain amount of 
paint were required for corrosion prevention, the input-output model would show the total activity through all the 
sectors in order to produce this amount of paint.  Since a U.S. input-output matrix was constructed by the 
Department of Commerce from the census of manufacturers, it represented the actual structure of the U. S. 
economy.  The economic input-output analysis explicitly accounts for all the inputs within the sector and the rest of 
the economy inputs to produce a product or service by using the input-output matrices of a national economy. 
 

The standard annual input-output matrix has embedded in it the cost of corrosion in a specific year.  The study 
identified the elements of various sectors that represented corrosion expenditures, such as coatings for steel 
pipelines.  The coefficient of coatings for the steel pipelines were then modified so that, for example, pipelines spent 
nothing on coatings since the only purpose of coatings is to prevent corrosion.  Once the particular coefficients in 
the steel pipeline column were modified, the column was re-normalized to add up to one.  This new matrix 
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represented the world without corrosion.  With the new matrix, the level of resources used to produce the GNP in a 
world of corrosion would produce a higher GNP than in a world without corrosion. 
 

The Battelle-NBS study collected data on corrosion-related changes in resources (material, labor, energy, 
required value added to produce a product or service), capital equipment and facilities, and replacement rates for 
capital stock of the capital items.  The total cost of corrosion was defined as “the increment of total cost incurred 
because corrosion exists.”  The study therefore asked, “what cost would not be incurred if corrosion did not exist?”  
It developed three “worlds” for its analysis as follows: 

 
World I: real world of corrosion (year 1975 was modified to full employment level of 

economic activity), 
World II: hypothetical world without corrosion (to establish a baseline), and 
World III: hypothetical world in which the economically most effective corrosion prevention is 

practiced by everyone. 
 

The input-output model was constructed to describe these three economies.  The total national cost of corrosion 
was defined as the difference between the GNP of World I and the GNP of World II.  In terms of the Battelle-NBS 
study, the standard input-output matrix represents World I. 
 

The Battelle-NBS study divided the total cost into avoidable and unavoidable costs.  The avoidable cost of 
corrosion is the difference between the GNP of World I and the GNP of World III, or it is the “cost which is 
amenable to reduction by the most economically efficient use of recently available corrosion control technology.”  
Unavoidable cost of corrosion is the difference between the GNP of World II and the GNP of World III or “the cost 
that is not amenable to reduction by presently available technology.”  

 
The final results of the Battelle-NBS study, after adjustments by NBS to the Battelle report, for the base year of 

1975 were:  
 

• the total U.S. cost of metallic corrosion per year was estimated to be $70 billion, which 
comprised 4.2 percent of the GNP in 1975, and 

• 15 percent or $10 billion was estimated to be avoidable by the use of the most economically 
effective presently available corrosion technology. 

 
An uncertainty of ±30 percent for the total corrosion cost figure was estimated, while greater uncertainty was 

estimated for the avoidable costs.  
 

OBJECTIVES  AND  SCOPE 
 

The objectives of the current cost of corrosion study were to: 
 

(1) develop an estimate of the total economic impact of metallic corrosion in the United States, and 

(2) identify national strategies to minimize the impact of corrosion. 

 
The scope of the study is restricted to metallic corrosion.  The study provides an overall estimate of the total 

cost of corrosion in the United States and discusses the economic effects of corrosion prevention strategies.  
Furthermore, the study provides detailed descriptions of individual industry sectors that have a significant impact on 
the U.S. economy.   
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The work involved to accomplish the above-stated objectives was conducted through the following main 
activities: 
 

• determination of the cost of corrosion based on corrosion control methods and services, 

• determination of the cost of corrosion for specific industry sectors, 

• extrapolation of individual sector costs to a national total corrosion cost, 

• assessment of barriers to progress and effective implementation of optimized corrosion 
control practices, and 

• development of implementation strategies and recommendations for realization of 
cost-savings. 

 
Total Cost of Corrosion:  The total cost of corrosion in the United States is estimated by using two entirely 

different methods.  The first method estimates the cost of corrosion by adding the costs of corrosion control methods 
and services.  The second method estimates the total cost by extrapolating the corrosion costs of representative 
industrials sectors to the entire U.S. economy.  Past studies have shown that the second method is more likely to 
incorporate all costs and that the first method is likely to miss the significant cost of corrosion management, the cost 
for direct services related to the owner/operator, and the cost of loss of capital because of corrosion. 
 

Corrosion Costs for Specific Industry Sectors:  The costs for individual industry sectors are examined, and 
estimates are made for total annual direct corrosion costs for the sectors as well as for individual aspects within the 
sectors.  The sectors are divided among five sector categories:  Infrastructure, Utilities, Transportation, Production 
and Manufacturing, and Government. 
 

Barriers to Progress and Effective Implementation:  The various strategies and policies that are or can 
potentially be relevant to corrosion control and management are examined.  The importance of subjects such as 
education, training, corporate and public awareness, and tax policies as related to corrosion is discussed. 
 

Implementation and Recommendations:  Suggestions are made to implement the findings of the research to 
improve corrosion control and management practices in a cost-effective manner.   
 

APPROACH 
 

Various aspects of the previous studies are relevant to the current study, such as the methods to determine the 
total cost of corrosion and the cost elements that make up the total cost.  Elements and approaches from the Battelle-
NBS report (United States, 1975),(1-2) the Hoar report (United Kingdom, 1971),(3) and the Uhlig report (United 
States, 1952)(10) were used to define the approach for the current study.  
 

In order to achieve the objectives of the project, a systematic approach to data collection, sector selection, and 
economic analysis was adopted.  The data collection and analysis served both the total costs of corrosion and the 
specific sector studies.   
 

Data Collection 
 

In the current study, two different approaches were taken to estimate the total cost of corrosion.  The first 
approach followed the Uhlig method where the total cost was determined by summing the costs for corrosion 
products and services.  The second approach consisted of data collection for specific economic sectors.   
 

The costs of corrosion control products and services were obtained from various sources such as the U.S. 
Department of Commerce, Census Bureau, existing industrial surveys, trade organizations, industry groups, and 
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individual companies.  The data collection for corrosion control products relied heavily on surveys of relevant web 
sites.  Data collection of corrosion control services, such as engineering services, research and testing, and education 
and training, was obtained primarily from trade organizations, educational institutions, and individual experts. 
 

Data collection for the sector-specific analyses differed significantly from sector to sector depending on the 
availability of data and the form in which the data were available.  In order to determine annual corrosion costs, it 
was attempted to obtain data for the years 1996 to 1999, with an emphasis on 1998.  Generally, for many of the 
public sectors, such as infrastructure and utilities, much of the information is public and can be obtained from 
government reports and other publicly available documents.  In many cases the advice of experts in the specific 
sectors was sought in order to obtain relevant information.  Discussions with industry experts provided the basis of 
the industry sector data collection.  Corrosion-related cost information from the private industry sectors was more 
difficult to obtain directly, because either the information was not readily available or could not be released because 
of company policies.  In this case, information from publicly available industry records on operation and 
maintenance costs was obtained and, with the assistance of industry experts, corrosion-related costs could be 
estimated. 
 

In a few cases, very detailed industry data formed the basis for data collection.  For example, in the case of the 
electric utility industry, specific information on the corrosion fractions of capital and operation/maintenance could 
be obtained from one specific utility.  These detailed data could be extrapolated to the entire utility industry using 
published industry data.  A separate project with the Electric Power Research Institute allowed for this detailed data 
collection approach.(11) 
 

Economic Analysis Methods (Appendix B) 
 

The cost of corrosion can be defined in different ways depending on what is included and who is affected.  In 
past studies, different definitions of the cost of corrosion have been used, and have therefore arrived at different 
estimates.  In the current study, the total direct corrosion cost for each sector was estimated and major components 
contributing to this cost were analyzed.  In addition, preventive strategies for corrosion control were described for 
the individual sectors.  The objective of the current study was to obtain a measure of the cost of corrosion for the 
target year 1998.  The cost of corrosion is defined as the corrosion fraction of design, manufacturing, operation and 
maintenance, technology development, and asset value loss. 
 

While emphasis is placed on current corrosion costs, in some cases, changes in the cost of corrosion could be 
addressed by examining changes in corrosion control practices over the last few decades.  This allows placing 
current practices into perspective within the sector’s history and demonstrating achievements to date. 
 

For other sectors, the economic analysis demonstrated how the current cost of corrosion may be lowered by 
implementing optimal corrosion management practices.  Where possible, data on alternative designs, materials, and 
maintenance practices were gathered and analyzed, as well as data on the service life of structures. 
 

Three important concepts that are frequently used in the analysis of the results are corrosion management, 
life-cycle costing (LCC), and cost-benefit analysis.  Corrosion management includes all activities through the 
lifetime of a structure that are performed to prevent corrosion, repair its damage, and replace the structure.  These 
activities include design, manufacturing, maintenance, inspection, repair, rehabilitation, and removal.  The LCC of a 
structure is defined as the cost that includes all cash expenditures to the end of the structure’s life, including 
construction cost, the cost of maintenance, and the cost of outages.  The design with the lowest life-cycle cost will 
provide the service at the lowest cost.  A cost-benefit analysis goes a step further than the life cycle cost analysis, 
because it includes the benefit generated by spending money on corrosion issues.  In some cases, prevention of 
corrosion failures is justified at a very high cost, while in other cases, a corrosion failure may have minimal impact 
and simply replacing a part at a low cost is the most economical solution.  Cost-benefit analysis considers both sides 
of this economic balance. 
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The annual cost of corrosion consists of both direct costs and indirect costs.  The direct costs related to 
corrosion are made up of two main components: 

 
1.  The costs of design, manufacturing, and construction: 

 
• material selection, such as stainless steel to replace carbon steel,  

• additional material, such as increased wall thickness for corrosion allowance,  

• material used to mitigate or prevent corrosion, such as coatings, sealants, corrosion 
inhibitors, and cathodic protection, and 

• application, including the cost of labor and equipment. 

 
2.  The cost of management: 

 
• corrosion-related inspection, 

• corrosion-related maintenance, 

• repairs due to corrosion,  

• replacement of corroded parts, 

• inventory of backup components, 

• rehabilitation, and 

• loss of productive time. 

 
Using highway bridges as an example, the optimized contribution of each of the contributing components is 

calculated through life-cycle cost analysis and characterized by the annualized value.  The selection of alternative 
approaches to controlling the cost of corrosion is therefore based on annualized values of initial or capital costs as 
well as maintenance over the life of the structure and its replacement.  Typically, an owner/operator will base 
decisions on a direct-cost analysis. 
 

Indirect costs are incurred by others than just the owners or operators of the structure.  Measuring and 
determining the value of indirect costs are generally complex assessments; however, several methods, such as risk-
based analyses, can be used to evaluate these costs.  Owners and operators can be made to assume the costs through 
taxation, penalties, litigation, or paying for clean-up of spilled products.  In such cases, the costs become direct 
costs.  However, there are some indirect costs, such as traffic delays due to bridge repairs and rehabilitation that are 
more difficult to turn over to the owner or operator of the structure.  These become indirect costs to the user, but can 
have a significant impact on the overall economy due to lost productivity. 
 

Once assigned a dollar value, the indirect costs are included in the cash flow of the corrosion management of 
the structure and are treated in the same manner as all other costs.  Including indirect cost into the life-cycle cost 
analysis of alternative corrosion control approaches is important so that the cost of corrosion to the whole society 
can be minimized.  If only direct costs are included, the design with the lowest cost to the owner may not necessarily 
be the one with the lowest cost to society. (See Appendix D, Highway Bridges, for an example cost analysis 
including indirect costs.) 
 

Method for Determination of the Cost of Corrosion in Industry Sectors 
 

While a general approach for corrosion cost calculations was followed, it was recognized that each of the 
individual industry sectors had its own economic characteristics, specific corrosion problems, and methods to deal 
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with these problems.  For example, in one sector, the corrosion mechanisms may be well understood, but this know-
how is not sufficiently implemented.  For some sectors, a multitude of reports were found describing the 
mechanisms of corrosion in detail for that particular area.  However, the multitude of mechanisms may be hard to 
generalize, and cost data were not available.  In those cases, a "best estimate" had to be made based on experts’ 
opinions.  In other cases, a convenient multiplier was determined, and a cost per unit was calculated.  By multiplying 
the cost per unit by the number of units used or made in a sector, a total cost could be determined.  It was found that 
by analyzing each sector individually, a corrosion cost could be determined using a calculation method appropriate 
for that specific industry sector.  After the costs were calculated, the components of the cost determined which 
Bureau of Economic Analysis (BEA) industry category would be the best match for correlating that industry sector 
to a BEA subcategory. 
 

Correlation Between BEA Categories and Industry Sectors in the Current Study 
 

The basic method used for extrapolating the cost analysis performed in the current study to the entire gross 
domestic product (GDP) was to correlate categories defined by the BEA to the industry sectors that were analyzed in 
the current study.  For clarification, BEA “categories” and “subcategories” are used to specify BEA classifications, 
and “industry sectors” is used to classify industries that were analyzed for the current study. 
 
BEA Categories 
 

Each BEA category represents a portion of the U.S. Gross Domestic Product (GDP).  In 1998, the total GDP 
was $8.79 trillion, divided into the major BEA categories as follows: Services (20.90 percent), Finance, Insurance, 
and Real Estate (19.22 percent), Manufacturing (16.34 percent), Retail Trade (9.06 percent), State and Local 
Government (8.48 percent), Transportation and Utilities (8.28 percent), Wholesale Trade (6.95 percent), 
Construction (4.30 percent), Federal Government (4.10 percent), Agriculture (1.45 percent), and Mining 
(1.20 percent).  These figures are summarized in table 1 and graphically shown in figure 1. 
 
 

Table 1. Distribution of 1998 U.S. gross domestic product for BEA industry categories. 
 

GDP 
 

$ x billion percentage 
Services 1,837.2 20.90 
Finance, Insurance, and Real Estate 1,689.4 19.22 
Manufacturing 1,435.9 16.34 
Retail Trade 796.8 9.06 
State and Local Government 745.1 8.48 
Transportation and Utilities 727.9 8.28 
Wholesale Trade 610.9 6.95 
Construction 378.1 4.30 
Federal Government 360.7 4.10 
Agriculture 127.3 1.45 
Mining 105.6 1.20 
Statistical Discrepancy -24.8  -0.28 

TOTAL GDP $8,790.1 100% 
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Figure 1. Distribution of 1998 U.S. gross domestic product for BEA industry categories. 
 
 
Industry Sectors Selected for Current Study 
 

The selection of industry sectors and analysis approach of the current study was based on the great impact of 
the transportation infrastructure in the U.S. economy.  Therefore, it was decided to emphasize this part of the 
research on topics related to transportation infrastructure and types of conveyance utilizing the infrastructure for 
carrying goods and traffic. 
 

It is further known that corrosion plays a major role in production and manufacturing.  Machinery is used to its 
maximum potential by increasing parameters such as manufacturing speed, temperature, or stresses.  In addition, 
producers continue to use existing equipment as long as possible, in many cases well beyond the original design life.  
The benefits of faster production and longer equipment life come at a cost to maintenance and repair due to 
corroding and deteriorating materials in aging equipment.  To address these issues, several separate sectors were 
analyzed in the category of manufacturing and production. 
 

The U.S. Government is responsible for special branches of the economy that are not covered in the private 
industries.  The expected impact of corrosion in the maintenance of defense systems is very large, and in the 
packaging of nuclear waste for long-term storage the issue of corrosion must be addressed.  Both defense and 
nuclear waste storage were addressed in separate sectors.  In addition, federal and state governments build and 
maintain highways and bridges, which will be addressed in the Infrastructure category. 
 

The criteria in the selection process included a variety of applications, diversity of economic parameters, 
magnitude of corrosion impact, and availability of data.  Table 2 shows the list of 26 industry sectors that were 
analyzed in the current study, which were divided into 5 sector categories (not to be confused with the BEA 
categories). 
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In the sector category of Infrastructure, the following industry sectors were analyzed:  highway bridges, gas 
and liquid transmission pipelines, waterways and ports, hazardous materials storage, airports, and railroads.  In the 
sector category of Utilities, the analyzed industry sectors were: gas distribution, drinking water and sewer systems, 
electrical utilities, and telecommunications.  For the sector category of Transportation, the analyzed industry sectors 
included:  motor vehicles, ships, aircraft, railroad cars, and hazardous materials transportation.  For the sector 
category of Production and Manufacturing, the analyzed industry sectors were:  oil and gas exploration and 
production; mining; petroleum refining; chemical, petrochemical, and pharmaceutical industry; pulp and paper; 
agricultural; food processing; electronics; and home appliances.  For the sector category of Government, the 
analyzed industry sectors were:  defense and nuclear waste storage. 
 
 

Table 2. Summary of the industry sectors analyzed in the current study. 
 

SECTOR CATEGORY 26 ANALYZED INDUSTRY SECTORS 

Highway Bridges 
Gas and Liquid Transmission Pipelines 
Waterways and Ports 
Hazardous Materials Storage 
Airports 

Infrastructure 

Railroads 
Gas Distribution 
Drinking Water and Sewer Systems 
Electrical Utilities 

Utilities 

Telecommunications 
Motor Vehicles 
Ships 
Aircraft 
Railroad Cars 

Transportation 

Hazardous Materials Transport 
Oil and Gas Exploration and Production 
Mining 
Petroleum Refining 
Chemical, Petrochemical, Pharmaceutical 
Pulp and Paper 
Agricultural 
Food Processing 
Electronics 

Production and Manufacturing 

Home Appliances 
Defense 

Government 
Nuclear Waste Storage 

 
 

The basis for selecting the industry sectors was, in part, to represent those areas of industry for which corrosion 
is known to exist.  This was accomplished by examining the Specific Technology Groups (STGs) within NACE 
International (The Corrosion Society).  Table 3 shows the listing of current STGs.  Each STG has various Task 
Groups and Technology Exchange Groups.  It can be expected that these groups are formed around those industrial 
areas that have the largest corrosion impact, because the membership of NACE represents industry corrosion 
concerns. 
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A comparison of the industry sectors (table 2) with the STGs (table 3) shows that the industry sectors selected 
for analysis in the current study cover most industries and technologies represented in NACE’s STGs.  One 
exception was noted:  the absence of an industry sector that would represent the NACE STG of “Building Systems.”  
Some of the NACE STGs do not have a direct sector related to them; however, those STGs are generally covered in 
the section on Corrosion Control Methods and Services (see Appendix C) in this report. 
 
 

Table 3. Summary of specific technology groups in NACE International. 
 

NACE  SPECIFIC 
TECHNOLOGY GROUP 

NUMBER 
SPECIFIC TECHNOLOGY GROUP NAME 

01 Concrete and Rebar 
02 Protective Coatings and Linings – Atmospheric 
03 Protective Coatings and Linings – Immersion/Buried 
05 Cathodic/Anodic Protection 
06 Chemical and Mechanical Cleaning 
09 Measurement and Monitoring Techniques 
10 Nonmetallic Materials of Construction 
11 Water Treatment 
31 Oil and Gas Production – Corrosion and Scale Inhibition 
32 Oil and Gas Production – Metallurgy 
33 Oil and Gas Production – Nonmetallics and Wear Coatings (Metallic) 
34 Petroleum Refining and Gas Processing 
35 Pipelines, Tanks, and Well Casings 
36 Process Industry – Chemicals 
37 Process Industry – High Temperature 
38 Process Industry – Pulp and Paper 
39 Process Industry – Materials Applications 
40 Aerospace/Military 
41 Energy Generation 
43 Land Transportation 
44 Marine Corrosion and Transportation 
45 Pollution Control, Waste Incineration, and Process Waste 
46 Building Systems 
60 Corrosion Mechanisms 
61 Corrosion and Scaling Inhibition 
80 Intersociety Joint Coatings Activities 

 
 
Correlation Between BEA Categories and Industry Sectors 
 

Table 4 shows BEA categories and corresponding industry sectors analyzed in the current study.  Table 4 also 
shows the relative percentage of the GDP represented by each category or industry sector.  Many of the current 
study’s industry sectors fall into the two BEA categories of Manufacturing and Transportation and Utilities. 
 

The table shows that 27.54 percent of the U.S. GDP was covered in the industry sectors analyzed in the current 
research.  This is a significant portion of the economy.  As mentioned earlier, the dollar values determined for each 
individual sector represent only the portion of corrosion cost that is considered to be a direct cost to the 
owner/operator of a structure, utility, or infrastructure.  The indirect cost to users that may be affected by outages or 
the impact of unreliability of equipment is not included in these estimates. 
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Table 4. Correlation between BEA categories and the analyzed industry sectors. 
 

BEA CATEGORY 
PERCENT 

OF GDP 
(as reported 

by BEA) 
ANALYZED  INDUSTRY SECTORS 

PERCENT 
OF GDP 

(as reported by 
BEA) 

Services 20.90 Motor Vehicles – repair 0.92 
Finance, Insurance, and Real Estate 19.22 - - 

Motor Vehicles – new production 1.22 
Electronics* - 
Home Appliances 0.29 
Food Processing 1.42 
Pulp and Paper 1.70 
Hazardous Materials Storage 
Chemical, Petrochemical, 
Pharmaceutical 

2.55 

Manufacturing 16.34 

Petroleum Refining 0.37 
Retail Trade 9.06 - - 
State and Local Government 8.48 Highway Bridges** 7.74 

Hazardous Materials Transport 1.24 
Railroad Cars 
Railroads 0.47 

Ships 
Waterways and Ports 0.16 

Aircraft 
Airports 1.00 

Gas and Liquid Transmission Pipelines 

Gas Distribution 
Drinking Water and Sewer Systems 
Electrical Utilities 

2.41 

Transportation and Utilities 8.28 

Telecommunications* - 
Wholesale Trade 6.95 - - 
Construction 4.30 - - 

Defense** Federal Government 4.10 Nuclear Waste Storage** 3.40 

Agricultural, Forestry, and Fishing 1.45 Agricultural 1.45 
Mining 0.32 Mining 1.20 Oil and Gas Exploration and Production 0.88 

Statistical Discrepancy -0.28   
GDP TOTAL: 100% COVERED GDP TOTAL: 27.54% 

* No cost of corrosion was estimated for these industry sectors, although corrosion impact was discussed. 
**The percentages of GDP reported in these fields are for the entire state and local governments, while excluding state and 

local government enterprises, and for the entire federal government, while excluding federal government enterprises.  The 
analyzed sectors Highway Bridges, Defense, and Nuclear Waste Storage account for only a fraction of the entire 
government percentages. 

 
 

Table 5 shows a more detailed correlation between BEA categories and industry sectors analyzed in this study.  
This table shows all BEA subcategories, the value each contributes to the U.S. GDP, and the correlation between the 
analyzed industry sectors and the BEA subcategories. 



Table 5. Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories. 
 

Gross Domestic Product 

Total 
1998 

Covered 
GDP  

Non-Covered 
GDP 

Detailed 
GDP 

BEA Categories 

$ x billion $ x billion $ x billion $ x billion 

BEA Subcategories Appendix Industry Sectors 

Agricultural, Forestry, and Fishing 127.3 127.3  127.3 Farms, agricultural services X Agricultural 
28.2 Metal, coal, and nonmetallic minerals T Mining 

Mining 105.6 105.6  
77.4 Oil and gas extraction S Oil and Gas Exploration and Production 

107.2 Motor vehicles and equipment 72% of N (*) Motor Vehicles 

25.7 Miscellaneous manufacturing industries AA Home Appliances 

124.8 Food and kindred products Y Food Processing 

55.1 Paper and allied products W Pulp and Paper 

G Hazardous Materials Storage 
168.4 Chemicals and allied products 

87.5% of V (**) Chemical, Petrochemical, Pharmaceutical 

55.1 Rubber and miscellaneous plastics products 12.5% of V (**) Chemical, Petrochemical, Pharmaceutical 

663.2  

32.9 Petroleum and coal products U Petroleum Refining 

172.8 Electronic and other electric equipment Z (****) Electronics 

41.4 Lumber wood products - - 

24.1 Furniture and fixtures - - 

38.2 Stone, clay, and glass products - - 

54.1 Primary metals industry - - 

102.2 Fabricated metals products - - 

150.8 Industrial machining and equipment - - 

59.2 Other transportation equipment - - 

57.7 Instruments and related products - - 

16.8 Tobacco products - - 

25.4 Textile mill products - - 

25.8 Apparel and other textile products - - 

94.0 Printing and publishing - - 

Manufacturing  1,435.9 

 772.7 

4.2 Leather and leather goods - - 
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Table 5.   Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories (continued). 
 

Gross Domestic Product 

Total 
1998 

Covered 
GDP  

Non-Covered 
GDP 

Detailed 
GDP 

BEA Categories 

$ x billion $ x billion $ x billion $ x billion 

BEA Subcategories Appendix Industry Sectors 

109.3 Trucking and warehousing R Hazardous Materials Transport 
Q Railroad Cars 

25.4 Railroad transportation 
I Railroads 

16.2 Local and interurban passenger transit - - 

O Ships 
14.1 Water transportation 

F Waterways and Ports 
P Aircraft 

88.2 Transportation by air 
H Airports 

6.1 Pipelines, except natural gas 68% of E (***) Gas and Liquid Transmission Pipelines 
32% of E (***) Gas and Liquid Transmission Pipelines 

J Gas Distribution 
K Drinking Water and Sewer Systems 

465.3  

206.0 Electric, gas, and sanitary services 

L Electrical Utilities 
234.1 Communication, incl. telephone, radio, TV M (****) Telecommunications 

Transportation and Utilities 727.9 

 262.6 
28.5 Transportation services - - 

80.9  80.9 Auto repair services and parking 28% of N (*) Motor Vehicles 

76.0 Hotels and other lodging places - - 

55.4 Personal services - - 

447.1 Business services - - 

24.5 Miscellaneous repair services - - 

28.8 Motion pictures - - 

72.2 Amusement and recreation - - 

492.6 Health services - - 

116.4 Legal services - - 

66.7 Educational services - - 

57.1 Social services - - 

54.0 Membership organizations - - 

251.5 Other services - - 

Services 1,837.2 
 1,756.3 

14.0 Private households - - 
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Table 5.   Schedule for correlating the cost of corrosion in analyzed industry sectors with the 1998 U.S. gross domestic product of BEA industry categories (continued). 
 

Gross Domestic Product 

Total 
1998 

Covered 
GDP  

Non-Covered 
GDP 

Detailed 
GDP 

BEA Categories 

$ x billion $ x billion $ x billion $ x billion 

BEA Subcategories Appendix Industry Sectors 

Construction 378.1  378.1 378.1  - - 
Wholesale Trade 610.9  610.9 610.9  - - 
Retail Trade 796.8  796.8 796.8  - - 
Finance, Insurance, and Real Estate 1,689.4  1,689.4 1,689.4  - - 
Statistical Discrepancy -24.8  -24.8 -24.8  - - 

BB Defense 
298.6  298.6 General government 

CC Nuclear Waste Storage Federal 360.7 
 62.1 62.1 Government enterprises - - 

680.7  680.7 General government DD Highway Bridges 
State and Local 745.1 

 64.4 64.4 Government enterprises - - 

 
TOTAL 

GDP 
Covered 

GDP 

Non- 
Covered 

GDP 

TOTAL 
GDP 

   

 $8,790.1 $2,421.6 $6,368.5 $8,790.1    
 100% 27.55% 72.45% 100%    

*Based on the estimated cost of corrosion of motor vehicles found in the sector analysis, 72% is assigned to Manufacturing Motor Vehicles and Equipment, while  28% is assigned to Auto 
Repair Services and Parking. 

**12.5% of the total value of shipments in the Chemical, Petrochemical, and Pharmaceutical industry is for Plastics Material and Resin Manufacturing (11.0%) and Synthetic Rubber 
Manufacturing (1.5%). 

***Based on the mileage of transmission and gathering pipelines (328,000 km gas and 154,000 km oil), 32% of the corrosion costs of transmission pipelines is assigned to liquid lines, and 68% 
to gas lines. 

****Placed in non-covered GDP, because the sector analysis for Electronics and for Telecommunications resulted in “no estimate made.” 
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Estimating Total Cost of Corrosion 
 

The method used for the extrapolation of corrosion cost per industry sector to total corrosion cost was based on 
the percentages of corrosion costs in the BEA categories.  If a non-covered BEA category/subcategory was judged 
to have a significant corrosion impact, then an extrapolation was made for that non-covered BEA subcategory by 
multiplying its fraction of GDP by the percentage of corrosion costs for subcategories that were judged to have a 
similar corrosion impact.  If a non-covered sector was judged to have no significant corrosion impact, then the direct 
corrosion cost for that non-covered sector was assumed to be zero. 
 
 

RESULTS 
 

Two different methods are used in the current study to determine the total cost of corrosion to the United 
States.  Method 1 is based on the Uhlig method(10) where the costs of corrosion control materials, methods, and 
services are added up.  Method 2 analyzes in detail the specific industry sectors that have a significant impact on the 
national economy.  The percentage contribution to the nation’s GDP is estimated, and the total cost of corrosion 
would then be expressed as a percentage of the GDP by extrapolation to the whole U.S. economy.  It is noted that 
this extrapolation is non-linear because most of the analyzed sectors have more corrosion impact than the non-
analyzed industrial sectors. 

 
Method 1 – Corrosion Control Methods and Services (Appendix C) 

 
The Uhlig method(10) estimates the total cost of corrosion control methods and services.  The corrosion control 

methods that were considered include protective coatings, corrosion-resistant alloys, corrosion inhibitors, polymers, 
anodic and cathodic protection, and corrosion control and monitoring equipment.  Other contributors to the total cost 
that were reviewed in this report include corrosion control services, corrosion research and development, and 
education and training.  A detailed description of this approach is presented in Appendix C. 
 
Protective Coatings 
 

Both organic and metallic coatings are used to provide protection against corrosion of metallic substrates.  
These metallic substrates, mostly carbon steel, will corrode in the absence of the coating, resulting in the reduction 
of the service life of the steel part or component. 
 
Organic Coatings 
 

According to the U.S. Department of Commerce Census Bureau, the total amount of organic coating material 
sold in the United States in 1997 was 5.56 billion L (1.47 billion gal), at a value of $16.56 billion.(12)  The total sales 
can be broken down into architectural coatings, product original equipment manufacturing (OEM) coatings, 
special-purpose coatings, and miscellaneous paint products.  A portion of each of these can be classified as corrosion 
coatings. 
 

The architectural coatings, at a value of $6.265 billion, are those applied on-site to new and existing residential, 
commercial, institutional, and industrial buildings.  A small percentage of these are used as primers and undercoats, 
and may be classified as corrosion coatings.  According to the 1997 Census Bureau data, the total cost for corrosion-
related architectural coatings was estimated at $486 million.  This value was approximately 8 percent of the 
$6.265 billion total spent on architectural coatings in 1997. 
 

OEM coatings are factory-applied to manufactured goods as part of the manufacturing process.  There is an 
element of decoration in OEM finishes; however, the primary function of OEM coatings applied to steel is corrosion 
control, either for weathering resistance or flash rust protection.  The total market value of corrosion-related OEM 
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coatings is estimated at $3.797 billion, which represents approximately 66 percent of the total OEM coatings market 
of $5.751 billion in 1997. 
 

Special-purpose coatings include heavy industry corrosion coatings as well as marine and automotive 
refinishing coatings.  The market value of corrosion-related special-purpose coatings is estimated at $2.298 billion, 
representing 79 percent of the $2.896 billion special-purpose coatings market in 1997.  The greatest portion of 
special-purpose corrosion coatings is the automotive finishing industry at $1.302 billion. 
 

The final category of miscellaneous allied paint products includes paint/varnish removers, thinners, pigment 
dispersions such as art supplies, and putties.  The contribution to corrosion protection from this category includes 
only thinners used in non-architectural solvent-based coatings.  Solvent-based corrosion coatings account for 
75 percent of the solvent-based coating market.  It is therefore estimated that the amount of thinner used in corrosion 
control applications is 75 percent of the thinner sold at $118 million.  This value accounts for 7 percent of the 
$1.648 billion of allied paint products in the market. 
 

Summarizing the corrosion coating portions from each of the above-described categories provides a total 
estimate of $6.7 billion for all corrosion markets in the paint industry, which is approximately 41 percent of the total 
$16.5 billion value of shipments of paint and allied products in 1997. 
 

The raw material cost of any coating application, while significant, is only a portion of the cost of a coating 
application project.  Different studies have shown that the material cost fraction of the coating material ranges from 
4 to 20 percent of the total cost of application.(13-14)  Using these figures, the total cost of application of the 
$6.7 billion in coatings is estimated to range from $33.5 billion to $167.5 billion for the entire coating industry in the 
United States.  This cost figure does not include the costs of performance testing, personnel costs for time spent 
specifying coating products and application procedures, overhead for handling of bids and contracts, and other 
support services that are necessary for coating application.  Moreover, the total cost does not include the costs of 
downtime, lost production, or reduced capacity during maintenance painting.  The total annual direct cost (product 
cost plus application cost) of organic coatings for corrosion control ranges from $40.2 billion to $174.2 billion 
(average $107.2 billion). 
 
Metallic Coatings 
 

The most widely used metallic coating method for corrosion protection is galvanizing, which involves the 
application of metallic zinc to carbon steel for corrosion control purposes. Information released by the U.S. 
Department of Commerce in 1998 stated that approximately 8.6 million metric tons of hot-dip galvanized steel and 
2.8 million metric tons of electrolytic galvanized steel were produced in 1997.(15)  The total market for metallizing 
and galvanizing in the United States is estimated at $1.4 billion.  This figure includes the total material cost of the 
metal coating and the cost of processing.  It does not include the cost of the carbon steel member being 
galvanized/metallized.   

 
Metallizing is defined as the application of very thin metallic coatings for either active corrosion protection 

(zinc or aluminum alloys) or as a protective layer (stainless steels and alloys).  Common application techniques 
include flame-spraying, electroplating, and electrolyses plating.  Other advanced processes such as plasma arc 
spraying can be used for exotic refractory metals for very demanding applications; however, most of the advanced 
processes are not used for corrosion control purposes.  The metallizing anode market ranges from $5 million to $10 
million annually.(16)  The total cost of metallic coatings for corrosion control is therefore estimated at $1.41 billion. 
 
Corrosion-Resistant Metals and Alloys 
 

Corrosion-resistant alloys are used where corrosive conditions prohibit the use of carbon steels and protective 
coatings provide insufficient protection or are economically not feasible.  These alloys include stainless steels, 
nickel-base alloys, and titanium alloys. 
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According to U.S. Census Bureau statistics, a total of 2.5 million metric tons of raw stainless steel was sold in 
the United States in 1997.(17)  With an estimated cost of $2.20 per kg ($1 per lb) for raw stainless steel, a total annual 
production cost of $5.5 billion (1997) was estimated.  It is assumed that all production is for U.S. domestic 
consumption.(18)  The total consumption of stainless steel also includes imports, which account for more than 
25 percent of the U.S. market.  The total consumption of stainless steel can therefore be estimated at $7.3 billion.  

 
Where environments become particularly severe, nickel-base alloys and titanium alloys are used.  Nickel-base 

alloys are used extensively in the oil production and refinery and chemical process industries, where conditions are 
aggressive.  Furthermore, there is an increased use of these alloys in other industries where high temperature and/or 
corrosive conditions exist.  The annual average price of nickel has steadily increased from less than $2.20 per kg in 
the 1960s to about $4.40 per kg in 1998.(19)  Chromium and molybdenum are also common alloying elements for 
both corrosion-resistant nickel-base alloys and stainless steels.  The price of chromium has increased steadily from  
$2 per kg in the 1960s to nearly $8 per kg in 1998, while the price of molybdenum has remained relatively constant 
at $5 per kg.(20)  With the average price for nickel-base alloys (greater than 24 percent nickel) at $13 per kg in 1998, 
the total sales value in the United States was estimated at $285 million.(21)   
 

The primary use of titanium alloys is in the aerospace and military industries where the high strength-to-weight 
ratio and the resistance to high temperatures are properties of interest.  Titanium and its alloys however, are also 
corrosion resistant to many environments, and have therefore found application in oil production and refinery, 
chemical processes, and pulp and paper industries.  In 1998, it was estimated that 65 percent of the titanium alloy 
mill products were used for aerospace applications and 35 percent for non-aerospace applications.(22) 
 

In 1998, the domestic operating capacity of titanium sponge, which is the most common form of titanium, was 
estimated at 21,600 metric tons per year.  The total domestic consumption of titanium sponge was 39,100 metric 
tons which, at a price of approximately $10 per kg, sets the total price at $391 million. In addition, 28,600 metric 
tons of scrap was used for domestic consumption at a price of approximately $1 per kg, setting the total price at 
$420 million.  As mentioned previously, only 35 percent of mill products were for non-aerospace applications, 
which leads to a titanium consumption price estimate of $150 million for titanium and titanium alloys with corrosion 
control applications. 
 

The total consumption cost of the corrosion-resistant stainless steels, nickel-base alloys, and titanium alloys in 
1998 is estimated at $7.7 billion ($7.3 billion  +  $0.285 billion  +  $0.150 billion). 
 
Corrosion Inhibitors 
 

A “corrosion inhibitor” may be defined, in general terms, as a substance that when added in a small 
concentration to an environment effectively reduces the corrosion rate of a metal exposed to that environment.  
Because there are a number of mechanistic and/or chemical considerations when classifying inhibitors, it is difficult 
to provide a more precise definition. 
 

Inhibition is used internally with carbon steel pipes and vessels as an economic corrosion control alternative to 
stainless steels and alloys, coatings, or non-metallic composites.  A particular advantage of corrosion inhibition is 
that it can be implemented or changed in situ without disrupting a process.  The major industries using corrosion 
inhibitors are the oil and gas exploration and production industry, the petroleum refining industry, the chemical 
industry, heavy industrial manufacturing industry, water treatment facilities, and the product additive industries.  
The largest consumption of corrosion inhibitors is in the oil industry, particularly in the petroleum refining 
industry.(23)  The use of corrosion inhibitors has increased significantly since the early 1980s.  The total consumption 
of corrosion inhibitors in the United States has doubled from approximately $600 million in 1982 to nearly 
$1.1 billion in 1998.  
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Engineering Plastics and Polymers  
 

In 1996, the plastics industry accounted for $274.5 billion in shipments.(24)  It is difficult to estimate the 
fraction of plastics used for corrosion control, because in many cases, plastics and composites are used for a 
combination of reasons, including corrosion control, light weight, economics, strength-to-weight ratio, and other 
unique properties. 
 

While corrosion control is a major market for many polymers, certain polymers are used mostly, if not 
exclusively, for corrosion control purposes.  The significant markets for corrosion control by polymers include 
composites (primarily glass-reinforced thermosetting resins), PVC pipe, polyethylene pipe, and fluoropolymers.  
The fraction of polymers used for corrosion control in 1997 is estimated at $1.8 billion. 
 
Cathodic and Anodic Protection  
 

The cost of cathodic and anodic protection of metallic buried structures or structures immersed in seawater that 
are subject to corrosion can be divided into the cost of materials and the cost of installation, operation, and 
maintenance.  Industry data have provided estimates for the 1998 sales of various hardware components, including 
rectifiers, impressed current cathodic protection (CP) anodes, sacrificial anodes, cables, and other accessories, 
totaling $146 million.(25-26)  The largest share of the CP market is taken up by sacrificial anodes at $60 million, of 
which magnesium has the greatest market share.  Major markets for sacrificial anodes are underground pipelines, the 
water heater market, and the underground storage tank market.  The costs of installation of the various CP 
components for underground structures vary significantly depending on the location and the specific details of the 
construction.  For 1998, the average total cost for installing CP systems was estimated at $0.98 billion (range:  
$0.73 billion to $1.22 billion), including the cost of hardware components.(27)  The total cost for replacing sacrificial 
anodes in water heaters and the cost for corrosion-related replacement of water heaters was $1.24 billion per year; 
therefore, the total estimated cost for cathodic and anodic protection is $2.22 billion per year. 
 
Corrosion Control Services 
 

In the context of this report, services are defined as companies, organizations, and individuals that are 
providing their services to control corrosion.  By taking the NACE International membership as a basis for this 
section, a total number of engineers and scientists that provide corrosion control services may be estimated.  In 
1998, the number of NACE members was 16,000, 25 percent of whom are providing consulting and engineering 
services as outside consultants or contractors.  Assuming that the average revenue of each is $300,000 (including 
salary, overhead, benefits, and the cost to direct one or more non-NACE members in performing corrosion control 
activities), the total services cost can be calculated as $1.2 billion.  This number, however, is conservative since 
many engineers who follow a career in corrosion are not members of NACE International. 
 
Research and Development 
 

It has been observed that over the past few decades less funding has been made available for corrosion-related 
research and development, which is significant in light of the cost and inconvenience of dealing with leaking and 
exploding underground pipelines, bursting water mains, corroding storage tanks, aging aircraft, and deteriorating 
highway bridges.  In fact, several government and corporate research laboratories have significantly reduced their 
corrosion research staff or even have closed down their research facilities. 
 

Corrosion research can be divided into academic and corporate research.  NACE International has listed 
114 professors under the Corrosion heading.  Assuming an average annual corrosion research budget of $150,000, 
the total academic research budget is estimated at approximately $20 million.  No estimates were made for the cost 
of corporate or industry corrosion-related research, which is likely to be much greater than the annual academic 
budget. 
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Education and Training 
 

Corrosion-related education and training in the United States includes degree programs, certification programs, 
company in-house training, and general education and training.  A few national universities offer courses in 
corrosion and corrosion control as part of their engineering curriculum.  Professional organizations such as NACE 
International (The Corrosion Society)(28)  and SSPC (The Society for Protective Coatings)(29) offer courses and 
certification programs that range from basic corrosion to coating inspector to cathodic protection specialist.  NACE 
International offers the broadest range of courses and manages an extensive certification program.  In 1998, NACE 
held 172 courses with more than 3,000 students, conducted multiple seminars, and offered publications, at a total 
cost of $8 million. 
 
Summary 
 

A total annual direct cost of corrosion can be estimated by adding the individual cost estimates of corrosion 
control materials, methods, services, and education and training.  Where possible, the cost estimates were based on 
averages for the years 1997, 1998, and 1999.  Table 6 shows that the total cost was estimated at $121 billion, or 
1.381 percent of the $8.79 trillion GDP in 1998.  It should be noted that in some categories, such as organic coatings 
and cathodic protection, a wide range of costs was reported based on installation costs.  When taking these ranges 
into account, the total cost sum ranges from $54.2 billion to $188.7 billion.  The table shows that the highest cost is 
for organic coatings at $107.2 billion, which is approximately 88 percent of the total cost.  This cost includes the 
cost of materials and the cost of preparation and application.  Notably, the categories of Research and Development 
and Education and Training indicate unfavorably low numbers. 
 
 

Table 6. Summary of annual costs of corrosion control methods and services. 
 

RANGE AVERAGE COST 
MATERIAL AND SERVICES 

($ x billion) ($ x billion) (%) 
Protective Coatings    
            Organic Coatings 40.2 – 174.2 107.2 88.3 
            Metallic Coatings 1.4    1.4   1.2 
Metals and Alloys 7.7    7.7   6.3 
Corrosion Inhibitors 1.1    1.1   0.9 
Polymers 1.8    1.8   1.5 
Anodic and Cathodic Protection 0.73 – 1.22   0.98   0.8 
Services  1.2    1.2   1.0 
Research and Development 0.020      0.02 <0.1 
Education and Training 0.01      0.01 <0.1 

TOTAL $54.16 – $188.65 $121.41 100% 

 
 

Method 2 – Industry Sector Analysis 
 

For the purpose of the Cost of Corrosion study, the U.S. economy was divided into 5 sector categories and 
26 industrial sectors, selected according to the unique corrosion problems experienced within each of the groups.  In 
this study, the sector categories were:  (1) infrastructure, (2) utilities, (3) transportation, (4) production and 
manufacturing, and (5) government.  The sum of the direct corrosion costs of the analyzed industrial sectors was 
estimated at $137.9 billion.  Since these sectors only represent a fraction of the total economy, this cost does not 
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represent the total cost of corrosion to the U.S. economy.  In a later chapter, the total cost of corrosion will be 
calculated based on the sector totals and a non-linear extrapolation as a percentage of the U.S. GDP.  Figure 2 shows 
the percentage contribution to the total cost of corrosion for the five sector categories analyzed in the current study. 
 
 

Cost Of Corrosion
In Industry Categories Analyzed In Current Study

($137.9 BILLION)

Utilities
34.7%

Production & 
Manufacturing

12.8% Transportation
21.5%

Government
14.6%

Infrastructure
16.4%

 
 

Figure 2. Percentage contribution to the total cost of corrosion for the five sector categories. 
 
 
Infrastructure 
 

The U.S. infrastructure and transportation system allows for a high level of mobility and freight activity for the 
nearly 270 million residents and 7 million business establishments.(30)  In 1997, more than 230 million motor 
vehicles, transit vehicles, ships, airplanes, and railroad cars using more than 6.4 million km (4 million mi) of 
highways, railroads, and waterways connecting all parts of the United States were used.  The transportation 
infrastructure also includes more than 800,000 km (approximately 500,000 mi) of oil and gas transmission pipelines, 
and 18,000 public and private airports.  Figure 3 shows the annual cost of corrosion in the Infrastructure category to 
be $22.6 billion, which is 16.4 percent of the total cost of the sector categories examined in the study. 
 

The Infrastructure category is divided into the following industry sectors:  (1) highway bridges, (2) gas and 
liquid transmission pipelines, (3) waterways and ports, (3) hazardous materials storage, (5) airports, and 
(6) railroads. 
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Figure 3. Annual cost of corrosion in the Infrastructure category. 
 
 
Highway Bridges (Appendix D) 

 
According to the National Bridge Inventory Database, the total number of 

highway bridges in the United States is approximately 600,000, of which half 
were built between 1950 and 1994.  The materials of construction are concrete, 
steel, timber, masonry, timber/steel/concrete combinations, and aluminum.  
The vast majority of these structures built since 1950 are the 
reinforced-concrete and steel bridges, and many are subject to significant 
deterioration due to corrosion. 
 

The elements of a typical bridge structure can be classified into two primary components, the substructure and 
the superstructure.  The substructure refers to the elements of the bridge that transfer the loads from the bridge deck 
to the ground, such as abutments and piers.  The superstructure refers to the elements of the bridge above the 
substructure, including the deck, floor system (beams or stringers), supporting members (beams, trusses, frames, 
girders, arches, or cables), and bracing.  Other bridge elements that are subject to corrosion include guardrailing and 
culverts.  Bridge construction materials that are subject to corrosion include conventional reinforced concrete, 
prestressed concrete, and steel.  Of these three bridge types, steel has the highest percentage of structurally deficient 
structures, followed by conventionally reinforced concrete and prestressed concrete.  Overall, approximately 
15 percent of all bridges are structurally deficient, with the primary cause being deterioration due to corrosion.  The 
mechanism is one of chloride-induced corrosion of the steel members, with the chlorides coming from deicing salts 
and marine exposure. 
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Significant advancement in corrosion prevention and control has been developed and put into practice over the 
past 25 years for bridge structures.  Methods used for corrosion control on bridges are specific to the type of bridge 
construction and whether its intended use is for new construction or maintenance/rehabilitation of existing 
structures.  For new construction, the preferred primary corrosion protection system is fusion-bonded epoxy-coated 
rebars in conjunction with a high-quality concrete.  Solid stainless steel rebars and stainless steel-clad rebars are 
under development.  Furthermore, the combined use of epoxy-coated rebar and a corrosion-inhibiting admixture, 
such as calcium nitrite, could serve as a reliable corrosion protection system.  Research efforts are underway to 
identify new inhibitors that are more or equally effective than calcium nitrite. 
 

For the protection of high-strength seven-wire strands encased in ducts in post-tensioned prestressed concrete 
members, mix designs for corrosion-resistant grout for filling the ducts have been developed.  Prompted by the 
recent sudden collapse of two post-tensioned bridges in the United Kingdom and one in Belgium, the impact-echo 
nondestructive examination (NDE) inspection technique was developed to detect voids in post-tensioned ducts.  This 
equipment is now commercially available.  A complementary magnetic-based nondestructive technique for 
assessing section loss in the high-strength steel strands in the ducts also has been developed. 
 

For the rehabilitation of bridge decks, overlays, such as latex modified concrete, low-slump concrete, 
high-density concrete, and polymer concrete, are most commonly used.  Other methods that directly address the 
corrosion problem are cathodic protection (CP) and electrochemical removal of chlorides.  CP is a method used to 
control the corrosion reactions, such that ongoing corrosion on the rebar is mitigated, thereby extending the life of 
the protected component.  Electrochemical removal of chlorides extracts the chlorides from the concrete, reducing 
chloride levels to below the level that promotes corrosion, and thus extending component life. 
 

Current CP technology for bridge decks has proven to be quite reliable and improved technology for 
substructures is still being developed and tested. When properly applied and maintained, CP mitigates corrosion of 
reinforcing steel and extends the performance life of a bridge.  To date, more than 1.9 million m2 (>20 million ft2) of 
reinforced and prestressed concrete structures have been protected with CP worldwide.  However, CP remains an 
underutilized technology for steel-reinforced concrete structures.  Cooperative research with industry and states in 
the development of durable CP anodes, monitoring devices, and installation techniques has led to application of 
impressed-current CP systems on bridge decks as a routine rehabilitation technique.  Titanium mesh anode, used in 
conjunction with a concrete overlay to distribute protective current, is filling the need for a durable anode for use in 
impressed-current CP of reinforced-concrete bridge decks.  For CP of substructure members, especially those in a 
marine environment, several sacrificial anode systems have been developed, including thermal-sprayed zinc, 
thermal-sprayed aluminum-zinc-indium (Al-Zn-In), zinc hydrogel, and a zinc mesh pile jacket system.   
 

Through extensive fundamental research and evaluation of CP system field trials, significant advances have 
been made in the technology of CP of prestressed concrete components.  Concerns about (1) a loss of bond between 
the prestressing steel and concrete, and (2) the possibility of hydrogen embrittlement of the steel, have been 
alleviated by the establishment of criteria for qualification of prestressed concrete bridge components for CP.  
Generally, sacrificial anode CP systems are considered safe for prestressed steel because they operate below the 
threshold for hydrogen embrittlement. In addition, constant-current or constant-voltage rectifier impressed-current 
CP systems have been used. 
 

While there is a downward trend in the percentage of structurally deficient bridges (a decrease from 18 percent 
to 15 percent between 1995 and 1999), the cost of replacing aging bridges increased by 12 percent during the same 
period.  In addition, there has been a significant increase in the required maintenance of the aging bridges, since 
many of the 435,000 steel and conventional reinforced-concrete bridges date back to the 1920s and 1930s.  Although 
the vast majority of the approximately 108,000 prestressed-concrete bridges have been built since 1960, many of 
these bridges will require maintenance in the next 10 to 30 years.  Therefore, significant maintenance, repair, 
rehabilitation, and replacement activities for the nation’s highway bridge infrastructure are foreseen over the next 
few decades before current construction practices begin to reverse the trend. 
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The dollar impact of corrosion on highway bridges is considerable.  The annual direct cost of corrosion for 
highway bridges is estimated to be $8.29 billion, consisting of $3.79 billion for the annual cost to replace 
structurally deficient bridges over the next 10 years, $2.00 billion for maintenance and the cost of capital for 
concrete bridge deck, and $2.00 billion for maintenance and the cost of capital for substructures and superstructures 
(minus decks), and $0.50 billion for the maintenance painting cost for steel bridges.  Figure 4 shows the cost of 
corrosion for highway bridges relative to the other industry sectors in the Infrastructure category. 
 

Life-cycle analysis estimates indirect costs to the user due to traffic delays and lost productivity at 10 times the 
direct cost of corrosion.  Although the user costs associated with bridge maintenance are greater than indirect costs 
in other sectors, it illustrates the significant indirect costs associated with corrosion. 
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Figure 4. Annual cost of corrosion of highway bridges. 

 
 
Gas and Liquid Transmission Pipelines (Appendix E) 
 

This sector includes 528,000 km (328,000 mi) of natural gas transmission and 
gathering pipelines, 119,000 km (74,000 mi) of crude oil transmission and gathering 
pipelines, and 132,000 km (82,000 mi) of hazardous liquid transmission pipelines.(31-32)  
For all natural gas pipeline companies, the total gas-plant investment in 1998 was 
$63.1 billion, from which a total revenue of $13.6 billion was generated.  For liquid 
pipeline companies, the investment was $30.2 billion, from which a revenue of 
$6.9 billion was generated. By the year 2010, it is anticipated that the growth in the natural 
gas market will require a $32.2 billion to $34.4 billion investment in a new pipeline and 
storage infrastructure.(33)  At an estimated replacement cost of $643,800 per km 
($1,117,000 per mi), the asset replacement value of the transmission pipeline system in the 
United States is $541 billion; therefore, a significant investment is at risk with corrosion 
being the primary factor in controlling the life of the asset. 
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The annual corrosion-related costs to the transmission pipeline industry are estimated at $5.4 billion to 
$8.6 billion.  This can be divided into the cost of capital (38 percent), operation and maintenance (O&M) 
(52 percent), and failures (10 percent).  The average annual cost of corrosion of $7.0 billion is approximately 
31 percent of the Infrastructure category (see figure 5). 
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Figure 5. Annual cost of corrosion of gas and liquid transmission pipelines. 

 
 

Significant maintenance costs for pipeline operation are associated with corrosion control and integrity 
management.  The driving force for maintenance expenditures is to preserve the asset of the pipeline and to ensure 
safe operation without failures that may jeopardize public safety, result in product loss, or cause property and 
environmental damage.  A recent survey of major pipeline companies indicated that the primary loss of cathodic 
protection was due to the following two reasons:  (1) coating deterioration (30 percent), and (2) inadequate cathodic 
protection current (20 percent).(34)  The majority of general maintenance is associated with monitoring and repairing 
problems, whereas integrity management focuses on condition assessment, corrosion mitigation, life assessment, 
and risk modeling.  With a range of corrosion O&M cost of $3,100 to $6,200 per km ($5,000 to $10,000 per mi), the 
total corrosion O&M cost ranges from $2.42 billion to $4.84 billion. 

 
If corrosion is allowed to progress unchecked, the integrity of the pipeline will eventually be compromised.  

Depending on the flaw size, the pipeline material properties, and the pressure, either a leak will form or a rupture 
will occur.  Typically, a rupture of a high-pressure natural gas pipeline results in a sufficient release of stored energy 
to blow the pipeline out of the ground.  An annual direct cost of corrosion-related accidents for both gas and liquid 
pipelines is estimated to range from $471 million to $875 million.   

 
In the past few years, a number of well-publicized pipeline failures on both gas and liquid lines have focused 

major attention on pipeline safety.  Public safety concerns are the primary driving force for new regulation to 
preserve the integrity of pipelines.  One of the most significant requirements from a cost point of view is the 
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requirement of regular pipeline inspections, such as hydrostatic testing, direct assessment, and in-line inspection 
(ILI).  During ILI, an instrument or tool travels through the pipeline, measures the pipe wall thickness, and 
determines the presence of flaws.  The ability of this technique to detect flaws larger than a certain size (10 percent 
of the pipe wall thickness) makes it valuable in finding flaws before they become critical; however, a major concern 
is that this is not a preventive approach and if pursued at the expense of corrosion prevention, the pipeline will 
continue to deteriorate and will eventually fail or be taken out of service.  Both inspection and corrosion prevention 
are therefore needed to safely operate and preserve the useful life of both gas and liquid pipelines.   

 
Furthermore, corrosion prediction models need to be developed in order to determine and prioritize the most 

effective corrosion preventive strategies.  Development of new and improved inspection techniques are required to 
expand the capabilities of in-line inspection of flaws that cannot be currently detected and to improve resolution of 
existing tools.  
 
Waterways and Ports (Appendix F) 
 

In the United States, 40,000 km (25,000 mi) of commercial navigable 
waterways serve 41 states, including all states east of the Mississippi River.(35)  
Hundreds of locks facilitate travel along these waterways.  In 1998, the U.S. 
Army Corps of Engineers owned or operated 276 lock chambers at 230 sites, 
with lifts ranging from 1.5 m to 15 m (5 to 49 ft) on the Mississippi River and 
up to 33 m (110 ft) at the John Daly Lock on the Columbia River.(36)  In 
January 1999, 135 of the 276 chambers had exceeded their 50-year design 
lives.  The oldest operating locks in the United States, Kentucky River Locks 1 
and 2, were built in 1839.(37) 
 

U.S. ports function as freight connections between ships and highway 
and railroad networks.  In 1997, the nation’s ports were nearly equally divided 
among deep-draft (ocean and Great Lake) and shallow-draft (inland waterway) 
facilities, with 1,914 located along the coasts and the Great Lakes and 1,812 
located along inland waterways.(38) 
 

Corrosion is typically found in piers and docks, bulkheads and retraining 
walls, mooring structures, and navigational aids.  There is no formal tracking 

of corrosion-related costs.  The U.S. Army Corps of Engineers estimated annual corrosion-related costs for locks 
and dams to be approximately $70 million at 5 percent of the O&M budget of $1.4 billion.(39)  Because of the aging 
of the structures however, high replacement costs are anticipated due, in part, to corrosion.  The annual corrosion 
cost of ports and waterways owned and/or operated by public port authorities is estimated at $182 million.(40) 
 

The U.S. Coast Guard maintains navigational aids such as light structures, buoys, and other saltwater and 
freshwater exposed structures.  In 1999, the corrosion-related cost for maintaining these structures was estimated at 
$41 million.(41) 
 

The total annual cost of corrosion for waterways and ports is $293 million ($70 million  +  $182 million  +  
$41 million).  This must be a low estimate since the costs of harbor and other marine structures are not included.  
Figure 6 shows that the $293 million is approximately 1 percent of the total Infrastructure category corrosion cost. 
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Figure 6. Annual cost of corrosion of waterways and ports. 
 
 
Hazardous Materials Storage (Appendix G) 

 
There are approximately 8.5 million regulated and non-regulated 

aboveground storage tanks (ASTs) and underground storage tanks (USTs) for 
hazardous materials (HAZMAT) in the United States.  The regulated tanks 
can be divided into two groups:  Spill Prevention Countermeasure and Control 
(SPCC)-regulated and Office of Underground Storage Tanks 
(OUST)-regulated.  A total of 2.5 million tanks fall under SPCC regulations, 
0.75 million tanks fall under OUST regulations, and 5.25 million are 
non-regulated tanks.  HAZMAT tanks represent a large investment, and 

maintaining their structural integrity for a longer life is in the best interest of their owners.  The U.S. Environmental 
Protection Agency (EPA) concerns itself with the environmental impact of spills from leaking tanks.  In addition, 
the tank operators should be concerned about the potential economic impact of penalties and clean-up costs. 
 

The total cost of corrosion for storage tanks is $7.0 billion per year (ASTs and USTs).  The cost of corrosion 
for all ASTs was estimated at $4.5 billion per year.  A vast majority of the ASTs are externally painted, which is a 
major cost factor for the total cost of corrosion.  In addition, approximately one-third of ASTs have cathodic 
protection (CP) on the tank bottom, while approximately one-tenth of ASTs have internal linings.  These last two 
corrosion protection methods are applied to ensure the long-term structural integrity of the ASTs. 

 
The cost of corrosion for all USTs was estimated at $2.5 billion per year.  The largest costs are incurred when 

leaking USTs must be replaced with new tanks.  The soil remediation costs and oil spill clean-up costs are 
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significant as well.  In the last 10 years, the most common problem associated with USTs occurred at gasoline 
service stations that did not have corrosion protection on their USTs. 
 

Figure 7 shows that the $7.0 billion corrosion cost for HAZMAT storage is approximately 31 percent of the 
total infrastructure cost of corrosion. 
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Figure 7. Annual cost of corrosion of hazardous materials storage. 
 
 

In 1988, the EPA set a December 1998 deadline for UST owners to comply with the requirement to have 
corrosion control on all tanks, as well as overfill and spill protection.  As a result, the number of USTs has decreased 
from approximately 1.3 million to 0.75 million in that 10-year period.(42)  A trend existed toward replacing smaller 
tanks with larger ones.  In addition, USTs were being closed, repaired, or replaced to achieve the necessary 
compliance with regulations, while the number of confirmed HAZMAT releases increased.  
 

Approximately 30 percent of the total number of HAZMAT tanks (8.5 million) is SPCC-regulated.  The SPCC 
program has increased the awareness that corrosion protection can work, that it prevents environmental problems, 
and that substantial savings can be achieved over the lifetime of the tanks.  The majority of the remaining 
unregulated tanks are used for home heating oil, liquid propane gas, and kerosene.  The level of corrosion awareness 
is low with the owners of these tanks, and a mentality of “bury it and forget it” is common.  There is a significant 
potential for a large number of relatively small spills that affect many sites.  It is therefore recommended to develop 
an approach to prevent and remediate corrosion with a similar approach as taken for the SPCC-regulated tanks.  
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Airports (Appendix H) 
 
The United States has the world’s most extensive airport system, which is essential to 
national transportation.  Airports, which are among the most important and widely used 
facilities, play a major role in generating economic activity for the United States.  
According to 1999 Bureau of Transportation Statistics figures, there were 5,324 public-use 
airports and 13,774 private-use airports in the United States.  The airports used by the 
scheduled air carriers are virtually all public facilities run by an agency of a state or local 
government, or a commission or port authority established by the state legislature.  Since 
airports resemble small cities, they are organized accordingly, with departments for 
purchasing, engineering, finance, administration, etc. 

 
A typical airport infrastructure is relatively complex, and components that might be 

subject to corrosion include the natural gas distribution system, jet fuel storage and 
distribution system, deicing storage and distribution system, water distribution system, vehicle fueling systems, 
natural gas feeders, dry fire lines, parking garages, and runway lighting.  Generally, each of these facilities is owned 
or operated by different organizations and companies, and the impact of corrosion on an airport as a whole is not 
known or documented; however, the airports do not have any specific corrosion-related problems that have not been 
described in other sectors, such as corrosion in water distribution lines, gas distribution lines, corrosion of concrete 
structures, and aboveground and underground storage tanks.   

 
Because of the diversity of airport facilities and different accountabilities, the costs due to corrosion are not 

apparent and, therefore, cannot be addressed in a systematic manner.  In order for airports to reduce and control their 
corrosion costs, it is recommended that the airports establish databases that will allow engineers to track corrosion 
and corrosion costs and raise awareness. 
 
Railroads (Appendix I) 
 

In 1997, there were nine Class I freight railroads (railroads with 
operating revenues of $256.4 million or more).(43)  These railroads accounted 
for 70 percent of the industry’s 274,399 km (170,508 mi) operated.  There 
were 35 regional railroads (those with operating revenues between 
$40 million and $256.4 million and/or operating at least 560 km (350 mi) of 
railroad).  The regional railroads operated 34,546 km (21,466 mi).  Finally, 
there were 515 local railroads (including switching and terminal railroads) 
operating more than 45,300 km (28,149 mi) of railroad. 
 

The elements that are subject to corrosion include metal members, such 
as rail and steel spikes; however, corrosion damage to railroad components 
are either limited or go unreported.  Therefore, a cost of corrosion could not 
be determined. 

 
One area where corrosion has been identified is in electrified rail systems, such as those used for local transit 

authorities.  Stray currents from the electrified systems can inflict significant and costly corrosion on 
non-railroad-related underground structures such as gas pipelines, waterlines, and underground storage tanks. 
 
Utilities 
 

Utilities form an essential part of the U.S. economy by supplying end users with gas, water, electricity, and 
telecommunications.  All utility companies combined spent $42.3 billion on capital goods in 1998, an increase of 
9.3 percent from 1997.(44) Of this total, $22.4 billion was used for structures and $19.9 billion was used for 
equipment.  Figure 8 shows the annual cost of corrosion in the Utilities category to be $47.9 billion, which is 
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34.7 percent of the total cost of the sector categories examined in this study.  The Utilities category is divided into 
the following industry sectors:  (1) gas distribution, (2) drinking water and sewer systems, (3) electric utilities, and 
(4) telecommunications. 
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Figure 8. Annual cost of corrosion in the Utilities category. 
 
 
Gas Distribution (Appendix J) 
 

The natural gas distribution system includes 2,785,000 km 
(1,730,000 mi) of relatively small-diameter, low-pressure piping, which is 
divided into 1,739,000 km (1,080,000 mi) of distribution main and 
1,046,000 km (650,000 mi) of services.(45-46)  There are approximately 
55 million services in the distribution system.  The typical distribution of 
piping diameters is between 40 mm and 150 mm (1.5 in and 6 in) for main 
distribution piping and 13 mm to 20 mm (0.5 in to 0.75 in) for service piping.  
A small percentage of mains and services is larger diameter pipe, typically for 
commercial and industrial application.   

 
Several different materials have been used for distribution piping.  Historically, distribution mains were 

primarily made of carbon steel pipe; however, since the 1970s, a large portion of the gas distribution main lines have 
been made of plastic, mostly polyethylene (PE), but sometimes polyvinyl chloride (PVC).  A large percentage of 
mains (57 percent) and services (46 percent) are made of metal (steel, cast iron, or copper).  The methods for 
monitoring corrosion on the lines are the same as those used for transmission pipelines; however, leak detection is 
the most widely used technique.   
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The total cost of corrosion was estimated to be $5.0 billion, which is approximately 10 percent of the total 
Utilities category cost of corrosion (see figure 9). 
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Figure 9. Annual cost of corrosion of gas distribution. 

 
 
Drinking Water and Sewer Systems (Appendix K) 

 
According to the American Water Works Association (AWWA) industry 

database, there is approximately 1.483 million km (876,000 mi) of municipal 
water piping in the United States.(47)  This number is not exact, since it was 
found that most water utilities do not have complete records of their pipes.  The 
total pipe length, pipe materials, and pipe diameters, as well as installation dates 
are often not known.  The sewer system is similar in size to the drinking water 
system with approximately 16,400 publicly owned treatment facilities releasing 
some 155 million m3 (41 billion gal) of wastewater per day during 1995.(48)   
 

Americans consume and use approximately 550 L of drinking water per 
person per day, for a total annual quantity of approximately 56.7 billion m3.  
The treated drinking water is transported through 1.4 million km of municipal 
water piping.  The water piping is subject to internal and external corrosion, 
resulting in pipe leaks and water-main breaks. 

 
The total cost of corrosion for the drinking water and sewer systems 

includes the cost of replacing aging infrastructure, the cost of unaccounted-for 
water, the cost of corrosion inhibitors, the cost of internal cement mortar linings, the cost of external coatings, and 
the cost of cathodic protection. 
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In March 2000, the Water Infrastructure Network (WIN)(49) estimated the current annual cost for new 
investments, maintenance, operation, and financing of the national drinking water system at $38.5 billion per year, 
and of the sewer system at $27.5 billion per year.  The total cost of corrosion was estimated from these numbers by 
assuming that at least 50 percent of the maintenance and operation costs are for replacing aging (corrosion) 
infrastructure, while the other 50 percent would be for system expansions.  This results in an estimated cost of 
corrosion for drinking water systems of $19.25 billion per year and for sewer systems of $13.75 billion per year. 
 

WIN stated that the current spending levels are insufficient to prevent large failure rates in the next 20 years.  
The WIN report was presented in response to a 1998 study(50) by AWWA and a 1997 study by the EPA.  Those 
studies had already identified the need for major investments to maintain the aging water infrastructure.   

 
In addition to the costs for replacing aging infrastructure, there is the cost for unaccounted-for water.  One city 

reported a constant percentage of unaccounted-for water of 20 percent in the last 25 years, with 89 percent of its 
main breaks directly related to corrosion.  Nationally, it is estimated that approximately 15 percent of the treated 
water is lost.  The treatment of water that never reaches the consumer results in inflated prices (national lost water is 
estimated at $3.0 billion per year) and extra capacity in treatment facilities to produce the lost water. 
 

Adding these three major cost items results in a total annual cost of corrosion of $36.0 billion per year for 
drinking water and sewer systems combined.  The corrosion cost for drinking water and sewer systems is 
approximately 75 percent of the total cost in the Utilities category (see figure 10). 
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Figure 10. Annual cost of corrosion for drinking water and sewer systems. 

 
 

A major barrier to progress in corrosion management of drinking water and sewer systems is the absence of 
complete and up-to-date information.  Limited communication between water utilities limits the awareness of and 
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the implementation of existing corrosion control technologies.  The AWWA maintains partial records on the water 
systems of its members, and the EPA collects data from voluntary questionnaires.  However, most water utilities do 
not maintain complete records of their entire buried pipeline system, and crucial information on pipe length and 
diameter, pipe material, and date of installation is often missing.  The lack of information is often exacerbated by a 
lack of understanding and awareness of corrosion problems at the local level, and the limited time and funding 
dedicated to corrosion control.  An attitude of “bury the pipe and forget about it” is common. 
 

It is therefore recommended that a national resource expertise be created through, for example, the AWWA to 
establish a database where all water utilities submit records on their changes in their systems with the objective of 
better understanding system growth.  Dissemination of information will enhance the understanding of corrosion-
related issues and will enable the utilities to more accurately estimate pipe replacement rates and prioritize funding 
for corrosion maintenance and aging system rehabilitation.  
 
Electrical Utilities (Appendix L) 
 

The total amount of electricity sold in the United States in 1998 was 
3,240 billion gigawatt hours (GWh) at a cost to consumers of $218 billion.(51)  
Electricity generation plants can be divided into seven generic types:  fossil 
fuel, nuclear, hydroelectric, cogeneration, geothermal, solar, and wind.  The 
majority of electric power in the United States is generated by fossil fuel and 
nuclear supply systems.  The fossil fuel sector (including gas turbines and 
combined cycle plants) is the largest, with a generating capacity of 
approximately 488 GW, and a total generation of 2.2 million GWh in 1998.(52)  
In 1998, approximately 102 nuclear stations were operational, with a 
generating capacity of 97.1 GW, and a total generation of 0.67 million GWh. 
 

Two different types of nuclear reactors are currently in use in the United 
States, namely the boiling water reactor (BWR) and the pressurized water 
reactor (PWR).  The fuel for these types of reactors is similar, consisting of 
long bundles of 2 to 4 percent enriched uranium dioxide fuel pellets stacked in 
zirconium-alloy cladding tubes.  The BWR design consists of a single loop in 
which the entering water is turned directly into steam for the production of 
energy.  The PWR is a two-loop system that uses high pressure to maintain an 

all-liquid-water primary loop.  Energy is transferred to the secondary steam loop through two to four steam 
generators.  The PWR also uses a wet steam turbine.  The electric power industry uses three different types of fossil 
fuel power plants.  The most common and widely used is the pulverized coal-fired steam power plant.  Fuel oil can 
be used instead of coal.  Gas turbines are usually smaller units that are used for peak loads and operate only for a 
few hours per day.  Combined cycle plants using both steam and gas turbines are generally used for baseload 
service, but also must be capable of addressing peak loads.  Hydraulic power systems include both hydroelectric and 
pumped storage hydroelectric plants.  In both processes, water is directed from a dam through a series of tapering 
pipes to rotate turbines that create electricity.  In principle, the potential energy held in the dam converts into kinetic 
energy when it flows through the pipes.  The concept behind the development of pumped storage plants is the 
conversion of relatively low-cost, off-peak energy generated in the thermal plant into high-value, on-peak power.  
Water is pumped from a lower to a higher reservoir when low-cost pumping is available from large, efficient 
thermal plant generation.  It is released during periods of high power demand and displaces the use of inefficient, 
costly alternative sources of generation. 
 

The total cost of electricity of $218.4 billion can be divided into operation and maintenance (O&M), 
depreciation, and forced outages.  The corrosion-related cost of forced outages in the nuclear power industry was 
estimated at $670 million.  The total cost of depreciation based on the 1998 Federal Energy Regulatory Committee 
(FERC) Form No. 1 data was $35.7 billion.  Based on the evaluation of depreciation by facility type, a percentage 
due to corrosion was estimated.  This cost percentage due to corrosion as part of the total utility depreciation in 1998 
was 9.73 percent or $3.433 billion, with nuclear facilities at $1,546 million, fossil fuel facilities at $1,214 million, 
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transmission and distribution at $607 million, and hydraulic and other power at $66 million.  The corrosion portion 
of the annual O&M cost was estimated at $698 million for fossil fuel, $2,013 million for nuclear facilities, and 
$75 million for hydraulic power, for a total of $2,786 million.  Thus, the total direct cost of corrosion in the electric 
utility industry in 1998 is estimated at $6.889 billion per year.  In comparison, an Electric Power Research Institute 
(EPRI) study(11) estimated the cost of corrosion to the user/consumer to be $17.27 billion per year.  The cost to 
consumers includes taxes, sales, administration, and profits.  This analysis indicates that the indirect costs (to the 
user, $17.27 billion minus $6.889 billion = $10.381 billion) are 1.5 times the direct cost (to the owner/operator, $6.9 
billion). 
 

Because of the complex and often corrosive environments in which power plants operate, corrosion has been a 
serious problem, with a significant impact on the operation of the plants.  In the 1970s and the 1980s, major efforts 
were spent on understanding and controlling corrosion in both nuclear and fossil fuel steam plants, and significant 
progress was made.  However, with the aging of several plants, old problems persist and new ones appear.  For 
example, corrosion continues to be a problem with electrical generators and with turbines.  Specifically, stress 
corrosion cracking in steam generators in PWR plants and boiler tube failures in fossil fuel plants continue to be 
problems.  There are further indications that aging of buried structures, such as service water piping, has started to 
result in leaks that cannot be tolerated. 

 
Environmental requirements and deregulation of the power industry often result in less attention being paid to 

corrosion and deterioration of materials of construction.  If not addressed in a timely manner, these materials will 
corrode to the point that major repair and rehabilitation are required.  The cost of corrosion will then, in the near 
future, increase significantly. 
 

Figure 11 shows that the annual cost of corrosion in the electrical utilities sector to be $6.9 billion, which is 
14 percent of the total cost of the Utilities categories. 
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Figure 11. Annual cost of corrosion in the electrical utilities industry. 

 



Corrosion Costs and Preventive Strategies in the United States 
 

 
 

35 

Telecommunications (Appendix M) 
 

Telecommunications is an increasingly important part of modern society.  
The telecommunications infrastructure includes hardware such as electronics, 
computers, and data transmitters, as well as equipment shelters and the towers 
used to mount antennas, transmitters, and receivers.  Wired communication 
systems include telephone and cable TV systems, while wireless 
communication systems include items such as personal computer systems and 
cellular telephones.  According to the U.S. Census Bureau, the total value of 
shipments for communications equipment in 1999 was $84 billion.(53)  An 
important factor to be considered for corrosion cost is the additional cost for 
corrosion protection of towers and shelters, such as painting and galvanizing.  
In addition, corrosion of buried copper grounding beds, as well as galvanic 
corrosion of the grounded steel structures, contributes to the cost of corrosion. 

 
For this sector, no corrosion cost was determined because of the lack of 

information on this rapidly changing industry.  Many components are being 
replaced before physically failing, because they become obsolete technology 
in a short period of time. 
 

 
Transportation 
 

The Transportation category includes vehicles and equipment used to transport people and products 
(i.e., automobiles, ships, aircraft, etc.).  Figure 12 shows the annual cost of corrosion in the Transportation category 
to be $29.7 billion, which is 21.5 percent of the total cost of the sector categories examined in this study.  The 
Transportation category is divided into the following industry sectors:  (1) motor vehicles, (2) ships, (3) aircraft, 
(4) railroad cars, and (5) HAZMAT transport. 
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Figure 12. Annual cost of corrosion in the Transportation category. 
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Motor Vehicles (Appendix N) 
 

U.S. consumers, businesses, and government organizations own more 
than 200 million registered vehicles.(54)  Assuming an average value of $5,000, 
the total investment Americans have made in vehicles can be estimated at more 
than $1 trillion.  Until the late 1950s, corrosion of motor vehicles was limited to 
marine environments; however, with the increased use of deicing salts, vehicles 
in the snowbelt regions began to corrode and literally fell apart within a few 
years after purchase.  In fact, in the 1970s, the cost incurred due to corrosion 
was so high that in the Battelle-NBS study, the automotive industry sector was 
singled out as being the main driving force of corrosion costs in the U.S. 
economy.(1-2)  In the late 1970s, automobile manufacturers started to increase 
the corrosion resistance of vehicles by using corrosion-resistant materials, 
employing better manufacturing processes, and by designing more 
corrosion-resistant vehicles through corrosion engineering knowledge.  
Because of the steps taken by the manufacturers, today’s automobiles have very 
little visible corrosion and most vehicles survive structurally until the vehicle 
wears out mechanically.  However, the total annual cost incurred is high and 
much can be done to further reduce the cost. 

 
The total cost of corrosion to owners of motor vehicles is estimated at $23.4 billion per year or 79 percent of 

the Transportation category (see figure 13).  This cost is divided into the following three components:  (1) increased 
manufacturing costs due to corrosion engineering and the use of corrosion-resistant materials ($2.56 billion per 
year), (2) repairs and maintenance necessitated by corrosion ($6.45 billion per year), and (3) corrosion-related 
depreciation of vehicles ($14.46 billion per year).   
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Figure 13. Annual cost of corrosion in the motor vehicle industry. 
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Twenty-five years ago, corrosion was of obvious concern to the general public because of visible rusting of car 
bodies and frames.  Because there is generally no extensive car body corrosion being observed in less than 10 years, 
it is commonly believed that corrosion is not a consumer problem anymore.  While there exist few opportunities to 
further improve the corrosion resistance of the body of motor vehicles, some areas for improvement in individual 
systems must be mentioned.  These include fuel and brake systems, as well as electrical and electronic systems.  
Many failures of the latter components are due to corrosion, but because damage is not visible, there is very little 
public outcry and components are merely replaced.  However, manufacturers are slowly upgrading and protecting 
electrical and electronic components from the environment to ensure a longer life. 
 
Ships (Appendix O) 
 

The size of the shipping industry over water can be measured by the 
number of miles that ships sail and the tons of cargo they haul (ton-miles).  
The U.S.-flag fleet can be divided into several categories as follows:  the Great 
Lakes with 737 vessels at 100 billion ton-km (62 billion ton-mi), inland with 
33,668 vessels at 473 billion ton-km (294 billion ton-mi), ocean with 
7,014 vessels at 563 billion ton-km (350 billion ton-mi), recreational with 
12.3 million boats, and cruise ships with 122 boats serving North American 
ports (5.4 million passengers).(55) 

 
The annual corrosion-related costs of the U.S. marine shipping industry is estimated at $2.7 billion (see 

figure 14).  This cost is divided into costs associated with new construction ($1.12 billion), maintenance and repairs 
($810 million), and corrosion-related downtime ($785 million).  Most ships that serve U.S. ports do not sail under 
the U.S. flag, but under that of nations with less restrictive laws and taxation; therefore, it is difficult to estimate the 
national cost of corrosion for this sector.  Furthermore, the shipping industry is very diversified in terms of size, 
cost, and cargo.  Finally, the shipping industry is primarily a commodity industry where short-term profits are often 
more important than long-term savings on assets. 
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Figure 14. Annual cost of corrosion of ships. 
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One of the most significant developments in corrosion control in the shipping industry is the development of 
new long-lasting coatings that require less maintenance and repair than the traditional coatings.  Further 
improvement in corrosion control exists in the manufacturing of double-hulled oil tankers.  As a result of the 
Exxon Valdez oil spill in Prince William Sound, Alaska (March 24, 1989), oil tankers of a certain size must now be 
constructed with double-wall hulls.  The first generation of these oil tankers experienced significant corrosion 
problems that were not anticipated in the design stage. 
 
Aircraft (Appendix P) 
 

In 1998, the combined aircraft fleet operated by U.S. 
airlines was more than 7,000, of which approximately 4,000 
were turbojets.(56)  At the start of the “jet age”  (1950s to the 
1960s), little or no attention was paid to corrosion and 
corrosion control.  These aircraft, which include the Boeing 
707, DC-9, Boeing 727, DC-10, and the earlier versions of 
the Boeing 737 and 747, are characterized by a design that 
primarily addresses strength and fail-safety.  The second 
generation of jet aircraft built in the 1970s and the 1980s 
incorporated some corrosion control, but the emphasis was 
placed on the incorporation of damage tolerance standards 
into the design.  This generation of aircraft include the B-737 

(-300, -400, -500); B-747-400; B-757; B-767; MD-81, -82, and -83; MD-88; MD-11; and F-100.  The third 
generation of jet transport aircraft includes the Boeing 777 and the new generation Boeing 737.  In addition to key 
characteristics of the first- and second-generation aircraft, the third-generation aircraft are characterized by the 
incorporation of significant improvements in corrosion prevention and control in the design. 
 

The annual (1996) corrosion cost to the U.S. aircraft industry is estimated at $2.225 billion, which includes the 
cost of design and manufacturing at $0.225 billion, corrosion maintenance at $1.7 billion, and downtime due to 
corrosion at $0.3 billion (see figure 15).  With the availability of new corrosion-resistant materials and an increased 
awareness of the importance of corrosion to the integrity and operation of jet aircraft, the current design service life 
of 20 years has been extended to 40 years without jeopardizing structural integrity and significantly increasing the 
cost of operation.(57) 
 

One of the major concerns of the aircraft and airline industry is the continued aging of several types of aircraft 
beyond the 20-year design service life.  This aging of the fleet has been the subject of considerable attention by 
industry and government for many years, and has resulted in increased maintenance efforts for the aging aircraft.  
Due to the competitive nature of the airline industry however, corrosion maintenance is often not performed 
adequately.  This also may have been due to the lack of understanding of the corrosion process and the inability to 
predict the nucleation and growth behavior of corrosion in airframe components.  Hence, corrosion has not been 
incorporated into the damage tolerance assessments, where, instead, a “find and fix” approach has generally 
prevailed.  This approach leads to extensive corrosion of both structural and non-structural components, 
significantly increasing the cost of maintenance.  This may, in the near future, have a significant impact on the 
availability or downtime of the aging aircraft, further increasing the corrosion-related costs.  Finally, as airframes 
continue to age and are kept in service, corrosion will increasingly affect the structural integrity of these airframes.   
 

While it is upon the airframe manufacturers to mitigate corrosion, the operators must have a corrosion control 
program in place throughout the life of the airplane.  The “find and fix” approach must be complemented by an 
approach based on an understanding of the corrosion process and the ability to predict and monitor its behavior.  
Corrosion prediction models must be developed so that a cost-effective corrosion integrity program can be 
developed.  Moreover, there is a need for improved inspection and monitoring techniques to expand the capabilities 
to detect and monitor corrosion and cracks beginning at an early stage.  
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Figure 15. Annual cost of corrosion of aircraft. 

 
 
Railroad Cars (Appendix Q) 

 
In 1998, 1.47 million freight cars were reported to operate in the 

United States.(43)  Covered hoppers at 28 percent make up the largest 
proportion of the freight car fleet, with tanker cars making up the second 
largest proportion at 18 percent.  The type of commodities transported range 
from coal (largest volume) to chemicals, motor vehicles, farm products, 
food products, and metallic and non-metallic ores and minerals.  It is 
estimated that the total annual corrosion-related maintenance cost for 
railroad cars is approximately $504 million ($258 million for external 
coatings and $246 million for internal coatings and liners) (see figure 16). 

 
Railroad freight cars typically suffer from both external and internal corrosion.  While external corrosion, 

primarily due to atmospheric exposure, is a concern, car appearance generally takes precedence.  External corrosion 
is controlled by application of direct-to-metal coating systems (epoxies with or without urethane coating).  Certain 
categories of cars, particularly tank cars, are leased by the shippers; therefore, the lessees often choose to apply an 
exterior paint to address the aesthetics.  Internal corrosion is caused by corrosive cargo, such as coal, salt, or various 
acids. 
 

The rate of corrosion has to be controlled in order to:  (1) prolong the service life of the car, (2) prevent 
contamination of the transported product, such as food products or high-purity chemicals, and (3) prevent hazardous 
spills that could contaminate the environment and pose a public safety hazard.  Protection from internal corrosion is 
achieved by using organic coating systems or rubber linings.  As an alternative, cars for certain corrosive cargo 
services are manufactured from corrosion-resistant materials, such as aluminum or stainless steel, which raises the 
price of a car twofold. 
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Figure 16. Annual cost of corrosion of railroad cars. 

 
 

When it comes to corrosion, there are a limited number of regulations imposed on the industry.(58)  Tank cars 
are required to be periodically inspected for corrosion damage to the shell and the heads.  The frequency of 
inspection, the test techniques, and the acceptance criteria are left to the discretion of the owner/operator.  The most 
common inspection interval for cars transporting benign commodities is 10 years.  Cars that are used in an 
aggressive commodity service are typically inspected every 5 years. 
 

Based on an industry survey, it was found that the railroad companies and shippers do not track 
corrosion-related costs.  Considering that there are 1.47 million freight cars in service today, there is a considerable 
opportunity for the reduction of the corrosion-related costs in the railroad sector.  However, in order to reduce these 
costs, the industry must first make an attempt to estimate the magnitude of the problem by documenting the costs for 
exterior and interior corrosion protection. 
 
Hazardous Materials Transport (Appendix R) 
 

Each year, nearly 2 billion metric tons of hazardous materials 
(HAZMAT) are produced in the United States.(59)  The amount of 
HAZMAT shipments that are shipped each year is approximately 3 billion 
metric tons.  Each shipment will be moved several times before reaching its 
destination.  Bulk transportation of HAZMAT includes overland shipping 
by tanker truck and rail tank car, and by special containers that are loaded 
onto vehicles.  Over water, ships loaded with specialized containers, tanks, 
and drums are used.  In small quantities, HAZMAT requires specially 
designed packaging for truck and air shipment. 

 
The total cost of corrosion for HAZMAT transportation is at least $0.887 billion per year (see figure 17).  The 

elements of this cost include the corrosion-related cost of transport vehicles ($400 million per year), the cost of 
specialized packaging ($487 million per year), and the direct cost of $0.5 million per year of accidental releases and 
other corrosion-related transportation incidents.  The indirect costs of releases are not known. 
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Figure 17. Annual cost of corrosion for hazardous materials transport. 

 
 
Production and Manufacturing 
 

This group includes industries that produce and manufacture products of crucial importance to the economy 
and the standard of living in the United States.  These include gasoline products, mining, petroleum refining, various 
chemical and pharmaceutical products, paper, and agricultural and food products.  Figure 18 shows the annual cost 
of corrosion in the Production and Manufacturing category to be $17.6 billion, which is 12.8 percent of the total cost 
of the sector categories examined in this study.  The Production and Manufacturing category is divided into the 
following industry sectors:  (1) oil and gas exploration and production, (2) mining, (3) petroleum refining, 
(4) chemical, petrochemical, and pharmaceutical, (5) pulp and paper, (6) agricultural production, (7) food 
processing, (8) electronics, and (9) home appliances. 
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Figure 18. Annual cost of corrosion in the Production and Manufacturing category. 
 
 

Oil and Gas Exploration and Production (Appendix S) 
 

Domestic oil and gas production can be considered to be a stagnant 
industry, because most of the significant available onshore oil and gas 
reserves have been exploited.  Oil production in the United States in 1998 
consisted of 3.04 billion barrels.(60)  The significant recoverable reserves left 
to be discovered and produced in the United States are probably limited to less 
convenient locations such as in deep water offshore, remote arctic locations, 
and difficult-to-manage reservoirs with unconsolidated sands.  Materials and 
corrosion control technology used in the traditional onshore production 

facilities have not significantly changed since the 1970s. The material and corrosion control technology required for 
the more difficult production locations must be more reliable due to the excessive cost of replacement or failure in 
these locations.  The commodity price of oil will continue to dictate whether or not these new developments will 
even be considered. 
 

The majority of cost-savings for any oil production facility is in the prevention of failure in one of the 
production arteries, such as downhole tubing, surface pipelines, and production vessels.(61-62)  Downhole tubing, 
surface pipelines, pressure vessels, and storage tanks in oil and gas production are subject to internal corrosion by 
water, which is enhanced by the presence of CO2 and H2S in the gas phase.  Internal corrosion control is a major 
cost item consideration.  The total cost of corrosion in the U.S. oil and gas production industry is estimated to be 
$1.372 billion annually, made up of $589 million for surface piping and facility costs, $463 million in downhole 
tubing expenses, and $320 million in capital expenditures related to corrosion.  Figure 19 shows the annual 



Corrosion Costs and Preventive Strategies in the United States 
 

 
 

43 

corrosion cost for oil and gas production to be approximately 8 percent of the Production and Manufacturing 
category. 
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Figure 19. Annual cost of corrosion in the oil and gas exploration and production industry. 

 
 

The relatively high costs associated with oil and gas production in the United States put the industry at a 
distinct disadvantage compared to the Middle East and the former Soviet Union, where the only barriers to increased 
production are investment capital and political complications.  To remain competitive with the world market, 
maintenance costs must be kept to a minimum.  In addition, the conservative culture in the oil industry seldom 
allows for new technology to be implemented.  The use of corrosion-resistant alloys is currently limited by the high 
capital investment associated with these materials.  Furthermore, a large portion of the cost to control internal 
corrosion lies in the use of corrosion inhibitors.  Optimization of the inhibitor usage could be accomplished through 
the use of more advanced inhibitor treatment schemes, such as active monitoring systems connected to inhibitor 
pumps to adjust the dosage as corrosivity increases or decreases. 
 
Mining (Appendix T) 
 

Corrosion in the mining industry is not considered to be a significant 
problem.  In the few instances where corrosion is a concern, the mining 
industry relies heavily on past experience and the knowledge of equipment 
suppliers to quickly resolve any problems in order to maintain production.  
There is a general consensus among mining engineers that the life-limiting 
factors for mining equipment are wear and mechanical damage before 
corrosion becomes an issue.(63)  Maintenance painting, however, is heavily 
relied upon to prevent corrosion, with an average annual estimated expenditure 
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for the coal mining industry of $93 million, which is a very small portion of the overall cost in the Production and 
Manufacturing category (see figure 20). 
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Figure 20. Annual cost of corrosion in the mining industry. 

 
 
Petroleum Refining (Appendix U) 
 

Petroleum is the single largest source of energy for the United States.  
The nation uses twice as much petroleum as either coal or natural gas.  The 
U.S. refineries process approximately 23 percent of the world’s petroleum 
production and represent the largest refining capacity in the world, with 
163 refineries.(64)  Most refineries are concentrated on the West and Gulf 
coasts, primarily because of access to major sea transportation and shipping 
routes.  The majority of refineries are concentrated in large, integrated 
companies with multiple refining facilities.  In 1996, U.S. refineries supplied 

more than 18 million barrels per day of refined petroleum products, which is an increase of more than 3 million 
barrels per day, compared with 1970.  U.S. refineries rely on both domestic and foreign producers for crude oil.  
Future refining capacity in the United States is predicted to increase slightly and to level off in the next 20 years. 

 
The total annual cost of corrosion for the petroleum refining industry is estimated at $3.692 billion, which is 

21 percent of the Production and Manufacturing category (see figure 21).  Of this total, maintenance-related 
expenses are estimated at $1.767 billion, vessel turnaround expenses at $1.425 billion, and fouling costs are 
approximately $0.500 billion annually.  The costs associated with corrosion control in refineries include both the 
processing side and water handling.  Corrosion-related issues regarding the processing side include the handling of 
organic acids, referred to as naphthenic corrosion, and sulfur species, particularly at high temperatures, as well as 
water carryover in processing vessels and pipelines.  Water handling includes concerns with corrosives such as H2S, 
CO2, chlorides, and high levels of dissolved solids. 
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Figure 21. Annual cost of corrosion in the petroleum refining industry. 

 
 

Increasing regulation and pressure from environmental groups have forced the refineries to implement 
defensive strategies where little attention is paid to improved corrosion control.  This is compounded by overseas 
market forces, such as OPEC, which control the price of the feedstock oil.  In a commodity-driven industry that is 
struggling to compete in the world market, investment in more effective corrosion control strategies often takes a 
backseat to across-the-board cost-cutting measures.  The majority of pipelines and vessels in refineries are 
constructed of carbon steel, and opportunities for significant savings exist through the use of low-alloy steels and 
alloy-clad vessels, particularly as increasingly higher fractions of acidic crude oil are refined. 
 
Chemical, Petrochemical, and Pharmaceutical (Appendix V) 

 
For this sector, the cost of corrosion was estimated as a fraction of the 

annual capital expenditures in the industry.  The total capital expenditures for 
the chemical industry are $15.06 billion, with $0.6 billion to $1.8 billion per 
year in corrosion costs.  For the petrochemical industry, the total capital 
expenditures are $1.84 billion, with $0.07 billion to $0.22 billion per year in 
corrosion costs.  For the pharmaceutical industry, the total capital expenditures 
are $4.0 billion, with $0.18 billion to $0.53 billion per year in corrosion costs.  
Therefore, the three industries combined have total capital expenditures of 
$21.30 billion in 1997, with $0.85 billion to $2.56 billion in annual corrosion 
costs.  The estimated average direct corrosion cost are $1.7 billion per year 
(8 percent of the total capital expenditures). 

 
No calculation was made for the indirect costs of production outages or indirect costs related to catastrophic 

failures.  The costs of operation and maintenance related to corrosion were not readily available; estimating these 
costs would require detailed study of the data records of individual companies. 
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Figure 22 shows the annual corrosion cost for chemical, petrochemical, and pharmaceutical industry to be 
approximately 10 percent of the Production and Manufacturing category. 
 

 

Production and Manufacturing, $17.6 billion

Mining
1%

Oil and Gas Exploration 
and Production

8%

Food Processing
12%

Pulp and Paper
34%

Petroleum Refining
21%

Chemical, Petrochemical, 
Pharmaceutical

10%

Agricultural
6%

Home Appliances
9%

$6.0 billion

 
Figure 22. Annual cost of corrosion in the chemical, petrochemical, and pharmaceutical processing industry. 

 
 

Over the past few years, the chemical, petrochemical, and pharmaceutical industries have placed increasing 
emphasis on minimizing corrosion failures by using corrosion-resistant alloys, corrosion monitoring, and 
implementing planned maintenance.  Many chemical companies are now using risk-based inspection models to 
minimize the likelihood of failure in critical, often pressurized, equipment.  Such models determine the risk level of 
high-risk equipment based on the consequences and propensity of failure.  The safety of surrounding infrastructure 
in the proximity to the plant and public safety is taken into consideration.  
 
Pulp and Paper (Appendix W) 

 
The $165 billion in sales in the pulp, paper, and allied products industry 

supplies the United States with approximately 300 kg of paper per person per 
year.(65)  More than 300 pulp mills and more than 550 paper mills support its 
production.  

 
Paper production consists of a series of processes and can be roughly divided 

into five major manufacturing steps:  pulp production, pulp processing and chemical 
recovery, pulp bleaching, stock preparation, and paper manufacturing.  Each 
manufacturing step has its own unique corrosion problems related to the size and 
quality of the wood fibers, the amount of and the temperature of the processing 

water, the concentration of the treatment chemicals, and the materials used for machinery construction.  Examples of 
corrosion affecting paper production are corrosion products polluting the paper and corrosion of the rolls scarring 
the sheets of paper.  Corrosion of components may result in fractures or leaks in the machines, resulting in 
production losses and/or increased safety hazards.  
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The total annual corrosion costs for the pulp, paper, and paperboard industry, as determined as a fraction of the 
maintenance cost, is approximately $1.97 billion to $9.88 billion (average of $5.93 billion per year).  These 
estimates are between 1.2 percent and 6.0 percent of the total sales for the entire U.S. pulp and paper industry.  
Figure 23 shows the annual corrosion costs for the pulp and paper industry to be approximately 34 percent of the 
Production and Manufacturing category. 

 
Different paper mills take different approaches to corrosion management.  In the majority of the mills, 

corrosion management is the responsibility of maintenance groups.  The primary responsibility of these groups is to 
ensure that production runs continuously for 24 hours per day, 7 days per week.  Only a few mills have dedicated 
corrosion engineers on staff.  Particularly for those mills that have no dedicated corrosion engineers, it is 
recommended that corrosion awareness be increased through organizations such as NACE International or the 
Technical Association of the Pulp and Paper Industry (TAPPI). 
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Figure 23. Annual cost of corrosion in the pulp and paper industry. 

 
 
Agricultural Production (Appendix X) 

 
Agricultural operations are producing livestock, poultry, or other 

animal specialties and their products, and producing crops, including fruits 
and greenhouse or nursery products.(66)  According to the National 
Agricultural Statistics Service, there are approximately 1.9 million farms in 
the United States.(67)  The eight major U.S. field crops are corn, sorghum, 
barley, oats, wheat, rice, cotton, and soybeans.  The major livestock are 
poultry, cattle, hogs, and sheep. 

 
Based on the 1997 Census, the total value of farm machinery and equipment is approximately $15 billion per 

year.  The two main reasons for replacing machinery or equipment include:  (1) upgrading old equipment and 
(2) substitution because of operational failure.  Failure due to corrosion damage would be grouped into this 
category; however, national data on the types of failures occurring in farm equipment were not found.  Discussions 
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with people in this industrial sector resulted in an estimate of corrosion costs in the range of 5 percent to 10 percent 
of the value of all new equipment.  This means that the total cost of corrosion in the agricultural production industry 
is in the range of $0.75 billion to $1.5 billion per year, with an average of $1.12 billion per year. 
 

Corrosion control and prevention can be accomplished by keeping equipment clean and dry after each use, 
applying corrosion-resistant materials or materials with a corrosion allowance, applying external coatings (paints) or 
internal lining systems, or using cathodic protection.  Strategies for maintaining and optimizing inspection programs 
for agricultural equipment (i.e., minimizing safety concerns for fertilizer tanks) with a high corrosion risk need to be 
developed.  Development of new and improved inspection techniques is required to ensure the integrity of 
agricultural equipment. 
 

Figure 24 shows the annual corrosion cost for the agricultural sector to be approximately 6 percent of the 
Production and Manufacturing category. 
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Figure 24. Annual cost of corrosion of the agricultural industry. 

 
 
Food Processing (Appendix Y) 

 
The food processing industry is one of the largest manufacturing sectors 

in the U.S. economy, accounting for approximately 14 percent of total U.S. 
manufacturing output.(68)  According to composite statistics, sales for public 
food processing companies totaled $265.5 billion in 1999.  Food processing 
equipment includes stoves, ranges, hoods, meat blocks, tables, counters, 
refrigerators, sinks, dishwashing machines, and steam tables. 

 
Product quality, health, and sanitation issues are major concerns in the 

food processing industry.  The industry cannot tolerate corrosion products (i.e., heavy metals) in the manufactured 
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product.  The industry, therefore, needs to account for corrosion control before production starts.  The use of 
stainless steel in food processing is required for corrosion control and prevention.  The total estimated cost of 
stainless steel for the food processing industry is $1.8 billion per year.  This cost includes stainless steel used in 
beverage production, food machinery, cutlery and utensils, commercial and restaurant equipment, and appliances.  
The annual cost for aluminum cans is $250 million and the annual cost for corrosion inhibitors in the food 
processing industry is approximately $50 million.  Therefore, the total estimated cost of corrosion in this sector is 
$2.1 billion per year.  Figure 25 shows the annual corrosion cost for the food processing sector to be approximately 
12 percent of the Production and Manufacturing category. 
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Figure 25. Annual cost of corrosion in the food processing industry. 

 
 

Maintenance management systems are implemented in food processing plants to monitor machine production 
histories, downtime, and reliability to prioritize equipment and maintenance problems.  Reliability-based 
maintenance (RBM) teams are used in conjunction with maintenance management systems to predict maintenance 
and root-cause analysis of food processing equipment failures.  Strategic maintenance programs are part of the 
plant’s overall vision of the future, which aims at boosting production efficiency. 
 
Electronics (Appendix Z) 
 

Corrosion in electronic components manifests itself in several ways.  Computers, 
integrated circuits, and microchips are now an integral part of all technology-intensive 
industry products, ranging from aerospace and automotive to medical equipment and 
consumer products, and are therefore exposed to a variety of environmental conditions.  
Corrosion in electronic components are insidious and cannot be readily detected; 
therefore, when corrosion failure occurs, it is often dismissed as just a failure and the 
part or component is replaced.   
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Because of the difficulty of detecting and identifying corrosion failures, the cost of corrosion is difficult to 
determine.  Arguably, in many instances, particularly in the case of consumer electronics, such devices would 
become technologically obsolete long before corrosion-induced failures.  In addition, while corrosion-related user 
costs, due to irretrievable lost data, could be staggering, as the electronic information and data exchanges become 
more intensive, most sensitive information is frequently backed up.  Capital-intensive industries with significant 
investments in durable equipment with a considerable number of electronic components, such as the defense 
industry and the airline industry, tend to keep the equipment for longer periods of time, and corrosion is likely to 
become an issue.  Although the cost of corrosion in the electronics sector could not be estimated, it has been 
suggested that a significant part of all electric component failures are caused by corrosion. 
 
Home Appliances (Appendix AA) 
 

The appliance industry is one of the largest consumer product industries.  
For practical purposes, two categories of appliances are distinguished:  Major 
Home Appliances and Comfort Conditioning Appliances.  In 1999, a total of 
70.7 million major home appliances and a total of 49.5 million comfort 
conditioning appliances were sold in the United States, for a total of 120.2 
million appliances. 
 

The average consumer buying an appliance is only marginally interested 
in corrosion issues; therefore, during the useful life of the appliance, no 
corrosion management is done by consumers.  For example, very few people 
realize that there is an anode in every water heater, and that this sacrificial bar 
of metal should be checked and, if necessary, replaced with a new one, to 

prevent water heater failure due to internal corrosion.  The life expectancy of appliances is determined from past 
experience and sales data.  Improved corrosion design for appliances can increase their life expectancy.  However, if 
improved corrosion protection would mean the use of more expensive components for the appliances, then 
consumers may not be interested. 
 

A corrosion cost calculation was made for the sacrificial anodes in the 104 million water heaters in the United 
States.  The benefits of anode maintenance are longer tank life, less rust buildup, and savings on costly changeovers.  
The increased life expectancy from anode maintenance can save money for consumers.  However, a cost-benefit 
analysis may show that the cost of replacing anodes could exceed the benefits of increasing the life expectancy of 
water heaters.  The annual cost of replacing water heaters was estimated at $460 million per year, the cost of anode 
replacement was estimated at $780 million per year, and a hypothetical design improvement that would increase the 
life expectancy of water heaters by 1 year was estimated to result in a savings of $778 million per year. 
 

A corrosion cost calculation was also made for the annual coating costs of the 120.2 million newly purchased 
major appliances in the United States.  Based on an estimated installed cost of coatings of $2 per appliance, the total 
cost is approximately $240 million per year.  The cost of $2 is a marginal value in the average cost of appliances.  
Therefore, this cost is probably worth spending because of the more appealing appearance of non-corroding 
appliances.  On the other hand, the internal components of appliances that are not directly visible to consumers 
should be protected from corrosion as well.  For example, the above calculation does not consider the application of 
internal coatings, such as galvanizing steel, for a longer life. 
 

The assumptions made in the anode calculations and the coating calculations are only approximations, and no 
adjustment is provided for the use of corrosion-resistant materials in most appliances.  The calculations are probably 
not very accurate because of the great variety in appliances.  Considering the great costs of appliances to consumers, 
and the fact that the potential savings from longer life expectancies can be considerable, it is recommended that a 
broad study, including a full analysis of statistical data, be performed to research the potential cost-savings related to 
increased life expectancies of appliances. 
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In summary, the cost of corrosion in home appliances is significant.  The first cost is the purchase of 
replacement appliances because of premature failures due to corrosion. It is evident that water heater replacement is 
often attributed to corrosion.  For water heaters alone, this cost was estimated at $460 million per year, using a low 
estimate of 5 percent of the replacements being corrosion-related.  The cost of internal corrosion protection for all 
appliances includes the use of sacrificial anodes ($780 million per year), corrosion-resistant materials (no cost 
estimate), and internal coatings (no cost estimate).  The cost of external corrosion protection using coatings was 
estimated at $260 million per year.  Therefore, the estimated total annual cost of corrosion in home appliances is 
$1.5 billion per year ($460 million  +  $780 million  +  $260 million). 
 

Figure 26 shows the annual corrosion cost for the home appliance sector to be approximately 9 percent of the 
Production and Manufacturing category. 
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Figure 26. Annual cost of corrosion of the home appliance industry. 

 
 
Government 
 

Federal, state, and local governments play increasingly important roles in the U.S. economy, with a 1998 GDP 
of approximately $1.105 trillion.  While the government owns and operates large assets under various departments, 
the U.S. Department of Defense (DOD) was selected because of its significant direct and indirect impact on the U.S. 
economy.  A second government sector that was selected is nuclear waste storage under the U.S. Department of 
Energy (DOE).  The cost of corrosion in these two sectors was used to estimate the cost of corrosion for the 
Government category.  This cost was $20.1 billion per year, which is 14.6 percent of the corrosion costs for all 
sector categories (see figure 27). 
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Figure 27. Annual cost of corrosion in the Government category. 
 
 
Defense (Appendix BB) 
 

The ability of the U.S. Department of Defense (DOD) to respond rapidly 
to national security and foreign commitments can be adversely affected by 
corrosion.  Corrosion of military equipment and facilities has been, for many 
years, a significant and ongoing problem.  The effects of corrosion are 
becoming more prominent as the acquisition of new equipment is slowing 
down and as the service of aging systems and equipment is becoming 
increasingly relied upon.  The data provided by the military services (Army, 
Air Force, Navy, and Marine Corps) indicate that corrosion is the number one 

cost driver in life-cycle costs.  The total annual cost of corrosion incurred by the military services for both systems 
and infrastructure was estimated at $20 billion.(69)   

 
A considerable portion of the cost of corrosion to the Army is attributed to ground vehicles, including tank 

systems, fighting vehicle systems, fire support systems, high-mobility multipurpose wheeled vehicles (HMMWV), 
and light armored vehicles.  Other systems that are affected by corrosion include firing platforms and helicopters.  
Many of the Army systems are well beyond their design service lives and because of generally aggressive operating 
environments, corrosion is becoming increasingly severe and costly.  While often replacement of the aging systems 
is not budgeted, insufficient use is being made of existing technology to maintain these systems in a cost-effective 
manner.  Even with the procurement of new equipment such as the HMMWV, the use of corrosion-resistant 
materials and design are often neglected in favor of quantity of procurement and system properties. 
 

In recent years, the Air Force has experienced considerable corrosion problems.  As with the commercial 
aircraft industry, corrosion on airframes in the past has not been considered to have a significant impact on structural 
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integrity; therefore, a “find and fix” approach has long been the preferred way to deal with corrosion in aircraft.  
With no significant funding available for new system acquisition, the Air Force is forced to extend the operational 
life of many of the aircraft, such as the KC-135 tanker, far beyond their design service life.   
 

Because of their missions, the Navy and the Marine Corps have always operated in corrosive marine 
environments.  The Navy operates the fleet, as well as naval aircraft, and harbor and dock facilities.  The fleet 
consists of various types of surface ships and submarines that are continuously exposed to marine environments.  
The primary defense against corrosion is the diligent use of protective coatings.  In addition to protective coatings, 
cathodic protection systems are used for corrosion protection of the underwater hull.  In recent years, cost-effective 
and durable paint systems have been introduced to replace what used to be very labor-intensive and inferior paint 
systems.  Navy aircraft require constant maintenance due to operation in predominantly marine environments.  As in 
the Air Force, many aircraft systems are operating beyond their design service life, which leads to an increase in the 
cost of corrosion maintenance. 

 
The aging of military systems poses a unique challenge for maintenance and corrosion engineers in all four 

services.  A most serious problem facing the military is aging equipment with no immediate promise of replacement.  
Therefore, there is a pressing need to develop corrosion maintenance programs that can carry the various aging 
systems well into the 21st century.  Such a program requires cooperation between all the services and the 
commitment of system managers and maintenance personnel to succeed.  In order to preserve the aging military 
assets, a DOD-wide corrosion control and maintenance plan must be developed and implemented.  An important 
component of such a program is the gaining of awareness and recognition by all military personnel that corrosion is 
an important factor in the life, readiness, and integrity of all military systems.  Courses and training will be needed 
to develop the knowledge to deal with corrosion.  Funding needs to be made available to develop predictive 
corrosion models and new inspection and monitoring techniques that will enable system management to maintain 
their systems in a cost-effective manner. 
 
Nuclear Waste Storage (Appendix CC) 
 

Nuclear wastes are generated from spent nuclear fuel, dismantled nuclear 
weapons, and products such as radioactive pharmaceuticals.  The most 
important design item for the safe storage of nuclear waste is the effective 
shielding of radiation and the prevention of leaking radioactive waste.  In 
order to minimize the probability of nuclear exposure, special packaging is 
designed to meet the protection standards for temporary dry or wet storage, or 
for permanent underground storage.  The most common materials of 
construction include steel and concrete.  The wall thickness of the package is 
generally thick in comparison to the contained volume.  Currently, nuclear 
waste is stored at temporary locations, including water basins in nuclear power 
plants and at dry locations above ground.  Deep underground storage in Yucca 
Mountain, Nevada has been proposed as a permanent storage solution. 

 
Corrosion is not considered a major issue in the transportation of nuclear wastes due to the stringent packaging 

requirements and the relatively short duration of the transport;(59) however, corrosion is an important issue in the 
design of the casks used for permanent storage, which have a design service life of several thousand years.  In 1998, 
the Office of Civilian Radioactive Waste Management in DOE published an analysis of the total life-cycle cost for 
the permanent disposal of radioactive waste in Yucca Mountain, Nevada.(70)  This analysis was based on the most 
current plans, strategies, and policies.  The total estimated repository cost by the construction phase (2002) was 
estimated at $4.9 billion, with an average cost per year (from 1999 to year 2116) of $205 million.  It is anticipated 
that about 20 percent of this annual cost, or $42 million, is corrosion-related.  
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Summary of Sector Studies 
 

Table 7 shows the costs of corrosion for each industry sector analyzed in the current study.  The dollar values 
are rounded to the nearest $0.1 billion because of the uncertainty in the applied methods.  The total cost of corrosion 
in the analyzed sectors was $137.9 billion per year.  Figure 28 shows the data in graphical form.  The cost of 
$137.9 billion was believed to be a very conservative estimate.  In each sector, only the “major” corrosion costs 
were considered.  In addition, even major costs were left out when no basis for an estimate was found; most notable 
were:  (1) no operation and maintenance costs were included for the Chemical, Petrochemical, and Pharmaceutical 
sector, (2) no capital costs were included for the Pulp and Paper sector, (3) no capital costs were included for the 
Gas and Distribution sector, and (4) replacement costs were considered only for water heaters in the Home 
Appliances sector.  In most cases, conservative estimates were made when no basis was available; otherwise, most 
notable was that only 5 percent of water heaters are replaced due to corrosion.  Therefore, the total cost of corrosion 
is a conservative value and is probably higher than that presented in this study. 
 
 

Table 7. Summary of estimated direct cost of corrosion for industry sectors analyzed in this study. 
 

ESTIMATED DIRECT 
COST OF CORROSION 

PER SECTOR CATEGORY INDUSTRY SECTORS APPENDIX 

$ x billion percent* 
Highway Bridges D 8.3 37 
Gas and Liquid Transmission Pipelines E 7.0 31 
Waterways and Ports F 0.3   1 
Hazardous Materials Storage G 7.0 31 
Airports H ** ** 

Infrastructure 
(16.4% of total) 

Railroads I ** ** 
SUBTOTAL $22.6 100% 

Gas Distribution J 5.0 10 
Drinking Water and Sewer Systems K 36.0 75 
Electrical Utilities L 6.9 14 

Utilities 
(34.7% of total) 

Telecommunications M ** ** 
SUBTOTAL $47.9 100% 

Motor Vehicles N 23.4 79 
Ships O 2.7   9 
Aircraft P 2.2   7 
Railroad Cars Q 0.5   2 

Transportation 
(21.5% of total) 

Hazardous Materials Transport R 0.9   3 
SUBTOTAL $29.7 100% 

Oil and Gas Exploration and Production S 1.4   8 
Mining T 0.1   1 
Petroleum Refining U 3.7 21 
Chemical, Petrochemical, Pharmaceutical V 1.7 10 
Pulp and Paper W 6.0 34 
Agricultural X 1.1   6 
Food Processing Y 2.1 12 
Electronics Z ** ** 

Production and 
Manufacturing 
(12.8% of total) 

Home Appliances AA 1.5   9 
SUBTOTAL $17.6 100% 
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Table 7.   Summary of estimated direct cost of corrosion for industry sectors analyzed to this study (continued). 

CATEGORY INDUSTRY SECTORS APPENDIX 
ESTIMATED DIRECT 

COST OF CORROSION 
PER SECTOR 

   $ x billion percent* 
Defense BB 20.0 99.5 Government 

(14.6% of total) Nuclear Waste Storage CC 0.1   0.5 
SUBTOTAL $20.1 100% 

TOTAL $137.9  
*Individual values do not add up to 100% because of rounding. 
**Corrosion costs not determined. 
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Figure 28. Summary of estimated direct cost of corrosion for industry sectors analyzed in this study. 
 
 

These data show that the highest corrosion costs are incurred by drinking water and sewer systems.  The largest 
value of $36.0 billion per year for both types of systems together is due to the extent of the water transmission and 
distribution network in the United States.  For the U.S. population of 265 million people, an average of 550 L 
(145 gal) per person per day is used for personal use and for use in production and manufacturing.  The metal piping 
systems are aging and will require increased maintenance in the future.  For the drinking water sector, large indirect 
costs are expected as well, but are not quantified in the current study. 
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The second largest corrosion cost ($23.4 billion per year) was found in the motor vehicles sector.  With more 
than 200 million registered vehicles, the corrosion impact consists of corrosion-related depreciation costs 
(62 percent), corrosion-resistant materials of construction (10 percent), and the cost of increased maintenance 
because of corrosion (28 percent).  The indirect cost in this sector is expected to be large, especially because of the 
time users of motor vehicles lose when having to deal with car maintenance and repair. 
 

The third largest corrosion cost ($20 billion per year) was observed in defense systems.  Reliability and 
readiness are of crucial importance, and thus, military vehicles, aircraft, ships, weapons, and facilities must be 
continuously maintained.  A determining factor in the defense sector is the readiness for operation under any 
circumstance and in corrosive environments such as seawater, swamps or wetlands, and in rain and mud. 
 

Large corrosion costs were also found in the sectors for highway bridges ($8.3 billion per year), gas and liquid 
transmission pipelines ($7.0 billion per year), electrical utilities ($6.9 billion per year), pulp and paper ($6.0 billion 
per year), and gas distribution ($5.0 billion per year).  There were two factors that were important for these sectors:  
(1) large number of units, and (2) severely corrosive environments.  The following lists specific concerns regarding 
corrosion for some of the sectors that have large corrosion costs: 
 

• The national system of highways requires many bridges to be maintained.  With the 
commonly used approach that bridges are constructed to have a design life, rather than “being 
there forever,” the burden to maintain and repair this infrastructure will continue to grow 
because of aging components. 

• The network of transmission pipelines is quite large [779,000 km (484,000 mi)] and transports 
potentially corrosive liquids and gas, which makes their operation sensitive to public opinion 
related to environmental spills and highly publicized ruptures.  Although pipelines have 
proven to be the safest way to transport large quantities of product over long distances, 
preventing corrosion costs is a significant cost. 

• The same argument for potential spills (oil) holds for the hazardous materials storage sector.  
Corrosion protection is a significant cost per tank for both underground and aboveground 
tanks, and the total number of HAZMAT storage tanks is estimated at 8.5 million. 

• Electrical utilities have large corrosion costs due to the effected operation and maintenance 
costs, depreciation costs, and the cost of forced outages.  The greatest cost is found for nuclear 
power-generated plants, because of the higher inspection frequency in nuclear plants as 
opposed to fossil fuel plants. 

• The pulp and paper industry uses corrosive media to make pulp from wood.  Changes in 
processing conditions over the last decades have had a significant impact on the materials 
used for construction.  Paper quality and processing reliability are driving spending in this 
sector.  

 
In the following discussion, the individual sector analyses will be extrapolated to calculate total corrosion costs 

in the United States. 
 
 

DISCUSSION 
 

Extrapolation to Total Cost of Corrosion 
 

Since not all BEA industry categories were examined, the sum of the estimated direct corrosion costs of the 
analyzed industry sectors does not represent the total cost of corrosion in the entire U.S. economy.  Table 8 shows 
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how the corrosion costs of the analyzed sectors are distributed over the BEA categories and how the extrapolation 
was executed to calculate the total cost of corrosion in the United States. 
 

The impact of corrosion (total direct cost) showed large differences between the BEA industry categories (see 
figure 29a).  The largest impact is for the Transportation and Utilities, and Manufacturing.  Construction is large as 
well because it is extrapolated assuming the same corrosion impact as Transportation and Utilities.  If the direct 
corrosion costs are expressed as a percentage of the GDP of the BEA industry category, the relative impact can be 
shown (see figure 29b).  The largest relative impact (in percent) is seen for the Transportation and Utilities, 
Construction, Federal Government, and Manufacturing BEA categories. 

 



Table 8. Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 U.S. GDP for BEA industry categories. 
 

Detailed 
GDP 

Covered 
GDP 

Non- 
Covered 

GDP 

Cost of 
Corrosion 
per Sector 

Cost of 
Corrosion for 

Covered 
Sectors 

Corrosion 
Fraction of 

GDP 

Extrapolated 
Cost of 

Corrosion BEA Categories BEA Subcategories Appendix Sector Name 

$ x billion $ x billion $ x billion $ x billion $ x billion % $ x billion 
Agricultural, Forestry, 
and Fishing Farms, agricultural services X Agricultural 127.3 127.3  1.1 1.1 0.86% 1.1 

Metal, coal, and non-metallic minerals T Mining 28.2 0.1 
Mining 

Oil and gas extraction S Oil and Gas Exploration 
and Production 77.4 

105.6  
1.4 

1.5 1.42% 1.5 

Motor vehicles and equipment 72% of N (*) Motor Vehicles 107.2 16.9 
Miscellaneous manufacturing industries AA Home Appliances 25.7 1.5 
Food and kindred products Y Food Processing 124.8 2.1 
Paper and allied products 55.1 
Printing and publishing 

W Pulp and Paper 
94.0 

6.0 

G Hazardous Materials 
Storage 7.0 

Chemicals and allied products 
87.5% of V (**) Chemical, Petrochemical, 

Pharmaceutical 

168.4 
1.5 

Rubber and miscellaneous plastics 
products 12.5% of V (**) Chemical, Petrochemical, 

Pharmaceutical 55.1 0.2 

Petroleum and coal products U Petroleum Refining 32.9 

663.2  

3.7 

38.9 5.87% 38.9 

Electronics and other electric equipment Z (****) Electronics 172.8 No estimate 
made 

Lumber wood products - - 41.4 
Furniture and fixtures - - 24.1 
Stone, clay, and glass products - - 38.2 
Primary metals industry - - 54.1 
Fabricated metals products - - 102.2 
Industrial machining and equipment - - 150.8 
Other transportation equipment - - 59.2 
Instruments and related products - - 57.7 
Tobacco products - - 16.8 
Textile mill products - - 25.4 
Apparel and other textile products - - 25.8 

Manufacturing 

Leather and leather goods - - 4.2 

 772.7 
- 

- 
Same as in 
analyzed 

sectors: 5.87% 
45.3 

           

58 



Table 8.   Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 U.S. GDP for BEA industry categories (continued). 
           

Detailed 
GDP 

Covered 
GDP 

Non- 
Covered 

GDP 

Cost of 
Corrosion 
per Sector 

Cost of 
Corrosion for 

Covered 
Sectors 

Corrosion 
Fraction of 

GDP 

Extrapolated 
Cost of 

Corrosion BEA Categories BEA Subcategories Appendix Sector Name 

$ x billion $ x billion $ x billion $ x billion $ x billion % $ x billion 

Trucking and warehousing R Hazardous Materials 
Transport 109.3 0.9 

Q Railroad Cars 0.5 
Railroad transportation 

Local and interurban passenger transit 
I Railroads 

41.6 No estimate 
made 

O Ships 2.7 
Water transportation 

F Waterways and Ports 
14.1 

0.3 
P Aircraft 2.2 

Transportation by air 
H Airports 

88.2 No estimate 
made 

Pipelines, except natural gas 68% of E (***) Gas and Liquid 
Transmission Pipelines 6.1 4.8 

32% of E (***) Gas and Liquid 
Transmission Pipelines 2.2 

J Gas Distribution 5.0 

K Drinking Water and 
Sewer Systems 36.0 

Electric, Gas, and Sanitary Services 

L Electrical Utilities 

206.0 

465.3  

6.9 

61.5 13.22% 61.5 

Communications, inc. telephone, radio, TV M (****) Telecommunications 234.1 No estimate 
made 

Transportation and 
Utilities 

Transportation services - - 28.5 
 262.6 

- 
- 

Same as in 
analyzed 
sectors: 
13.22% 

34.7 

Auto repair services and parking 28% of N (*) Motor Vehicles 80.9 80.9  6.5 6.5 8.03% 6.5 

Miscellaneous repair services - - 24.5  24.5 - - 2.0 

Amusement and recreation - - 72.2  72.2 - - 

Same as in 
analyzed 

sector: 8.03% 5.8 

Hotels and other lodging places - - 76.0 

Personal services - - 55.4 

Business services - - 447.1 

Motion pictures - - 28.8 

Health services - - 492.6 

Legal services - - 116.4 

Educational services - - 66.7 

Social services - - 57.1 

Membership organizations - - 54.0 
Other services - - 251.5 

Services 

Private households - - 14.0 

 1,659.6 - - 0.0% 0 
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Table 8.   Extrapolation of the direct cost of corrosion from analyzed industry sectors to the 1998 U.S. GDP for BEA industry categories (continued). 
           

Detailed 
GDP 

Covered 
GDP 

Non- 
Covered 

GDP 

Cost of 
Corrosion 
per Sector 

Cost of 
Corrosion for 

Covered 
Sectors 

Corrosion 
Fraction of 

GDP 

Extrapolated 
Cost of 

Corrosion BEA Categories BEA Subcategories Appendix Sector Name 

$ x billion $ x billion $ x billion $ x billion $ x billion % $ x billion 

Construction Construction - - 378.1  378.1 - - 

Same as in 
Utilities 

Category: 
13.22% 

50.0 

Wholesale Trade Wholesale trade - - 610.9  610.9 - - 0.0% 0 
Retail Trade Retail trade - - 796.8  796.8 - - 0.0% 0 
Finance, Insurance, 
and Real Estate Finance, insurance, and real estate - - 1,689.4  1,689.4 - - 0.0% 0 

Statistical Discrepancy Statistical discrepancy - - -24.8  -24.8 - - 0.0% 0 
BB Defense 20.0 20.0 

Federal general government 
CC Nuclear Waste Storage 

298.6 298.6 - 
0.1 0.1 

6.70% 20.1 
Federal 

Federal government enterprises - - 62.1  62.1 - - 0.0% 0 
State and local general government DD Highway Bridges 680.7 680.7  8.3 8.3 1.22% 8.3 

State and Local 
State and local government enterprises - - 64.4  64.4 - - 0.0% 0 

TOTAL 
GDP 

Covered 
GDP 

Non-
Covered 

GDP 
TOTAL 

TOTAL in 
Sectors That 

Were 
Analyzed 

 
TOTAL 
in U.S. 

Economy 

$8,790.1 $2,421.6 $6,368.5 $137.9 $137.9  $275.57 

 

 27.55% 72.45%    3.1% of GDP 

      *Based on the estimated cost of corrosion of motor vehicles found in the sector analysis, 72% is assigned to Manufacturing Motor Vehicles and Equipment, while 28% is assigned to Auto Repair 
Services and Parking. 

    **12.5% of the total value of shipments in the Chemical, Petrochemical, and Pharmaceutical industry is for Plastics Material and Resin Manufacturing (11.0%) and Synthetic Rubber 
Manufacturing (1.5%). 

  ***Based on the mileage of transmission and gathering pipelines (328,000 km for gas and 154,000 km for oil), 32% of the corrosion costs of transmission pipelines is assigned to liquid lines, and 
68% to gas lines. 

****Placed in non-covered GDP, because the sector analysis for Electronics and for Telecommunications resulted in “no estimate made.” 
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Figure 29a. Direct corrosion costs per BEA industry category. 
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Figure 29b. Corrosion costs as a percentage of GDP per BEA industry category. 
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The total cost of corrosion in the analyzed sectors was $137.9 billion per year.  This estimate was based on 
detailed analysis of industrial sectors that are known to have a significant corrosion impact.  The sum of these 
sectors represented 27.55 percent of the GDP.  Based on the procedure for extrapolation, which used the percentage 
of cost of corrosion for BEA subcategories, an estimated total direct cost of corrosion of $275.7 billion per year was 
calculated.  This is 3.1 percent of the 1998 U.S. GDP. 
 

Figure 30 illustrates the impact of corrosion on the nation’s economy.  The purpose of this figure is to show the 
relative corrosion impact (3.1 percent) with respect to the total GDP.  In fact, corrosion costs are as great as or 
greater than some of the individual categories, such as agriculture and mining. 
 
 

Extrapolated 
Corrosion Costs: 
$276 billion, 3.1%

1998 U.S. Gross 
Domestic Product 

($8.79 trillion)
 

Figure 30. Diagram illustrating the impact of corrosion on the U.S. economy. 
 
 

It must be noted that a straight, linear extrapolation is not recommended because of the expected lower overall 
corrosion impact in some of the non-analyzed sectors (i.e., Wholesale Trade, Retail Trade, and Finance, Insurance, 
and Real Estate).  If one would proceed with the linear extrapolation, the $137.9 billion for 27.55 percent of GDP 
would result in an estimate of total annual direct corrosion cost of $500.5 billion per year (5.8 percent of GDP) (see 
figure 31).  However, a doubling of the extrapolated direct costs may be justified if indirect costs would be taken 
into account. 
 

In comparison, the non-linear extrapolation shows a stepwise, cumulative calculation for total corrosion cost.  
Table 9 shows a summary of the partial and cumulative fractions of the GDP for different industry categories, and 
the corrosion cost that was analyzed and/or extrapolated for each.  Figure 32 shows the non-linear extrapolation 
graphically, and figure 33 shows the corrosion cost per BEA category. 
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Figure 31. Illustration of linear extrapolation of cost of corrosion based on the assumption that non-analyzed 

sectors have a corrosion impact that is identical to the analyzed sectors. 
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Figure 32. Illustration of non-linear extrapolation of cost of corrosion based on assumption that non-analyzed 

sectors have a different corrosion impact, depending on industry category. 
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Table 9. Schematic for non-linear extrapolation graph. 
 

GDP GDP Corrosion 
Cost 

Cumulative 
GDP 

Cumulative 
Corrosion 

Cost   

$ x billion % $ x billion % $ x billion 
Agricultural, Forestry, 
and Fishing 127.3 1.448 1.1 1.45 1.1 

Mining 105.6 1.201 1.5 2.65 2.6 

Manufacturing 663.2 7.545 38.9 10.19 41.5 

Transportation and Utilities 465.3 5.293 61.5 15.49 103.0 

Services 80.9 0.920 6.5 16.41 109.5 

Federal Government 298.6 3.397 20.1 19.81 129.6 

ANALYZED 

State and Local Government 680.7 7.744 8.3 27.55 137.9 

Manufacturing 772.7 8.791 45.3 36.34 183.2 

Transportation and Utilities 262.6 2.987 34.7 39.33 217.9 

Services - Misc. Repair 24.5 0.279 2.0 39.61 219.9 
Services - Amusement 
and Recreation 72.2 0.821 5.8 40.43 225.7 

Services - Other 1,659.6 18.880 - 59.31 225.7 

Construction 378.1 4.301 50.0 63.61 275.7 

Wholesale Trade 610.9 6.950 - 70.56 275.7 

Retail Trade 796.8 9.065 - 79.62 275.7 
Finance, Insurance, 
and Real Estate 1,689.4 19.219 - 98.84 275.7 

Statistical Discrepancy - 24.8 - 0.282 - 98.56 275.7 

Federal Government 62.1 0.706 - 99.27 275.7 

EXTRAPOLATED 

State and Local Government 64.4 0.733 - 100.00 275.7 

TOTAL $8,790.1 TOTAL $275.7   
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Extrapolated Corrosion Costs: $276 billion, 3.1% of GDP

Transportation and 
Utilities
34.9%

Manufacturing
31.5%

Construction
18.1%

Federal Government
7.3%

Services
5.2%

State and Local 
Government

3.0%

 
 
 

Figure 33. Total direct corrosion costs for BEA categories. 
 

The direct corrosion costs were estimated based on direct costs to the owners or operators.  The indirect costs 
incurred by other than owners or operators were not included in the cost estimates.  Definitions of direct and indirect 
costs are given in “Economic Analysis” (Appendix C).  For one particular economic sector, i.e. Highway Bridges 
(Appendix D), an attempt was made to estimate the indirect costs to users of bridges. An analysis of the indirect cost 
for bridges indicated that the indirect cost due to traffic congestion during repairs, resulting in lost productivity, can 
be 10 times or more greater than the direct bridge cost of corrosion.  Analysis of electrical utilities indicated that the 
indirect costs (taxes and overhead costs to the user) were 1.7 times the direct cost to the utility owner/operator. 
 

At 3.1 percent of the GDP, the cost of corrosion to the U.S. economy is already significant if only based on the 
direct cost of corrosion.  However, the impact of corrosion can be significantly greater when indirect costs are 
included.  The assumption can be made that the indirect costs over the entire industry can be equal to, if not greater 
than, the direct costs.  This would result in a total direct and indirect impact of corrosion of approximately 
$551.4 billion annually, or 6.3 percent of the GDP (see figure 34). 
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Figure 34. Comparison of methods to determine total U.S. cost of corrosion. 

 
 
Comparing the total impact of corrosion (direct costs + indirect costs), based on the extrapolated values from 

the industry sector costs ($551.4 billion per year) to the cost of products and services used for corrosion control 
methods ($121 billion), shows a considerable difference in cost.  This difference can be explained by the fact that in 
the latter estimation, only materials and outside services are included.  As demonstrated, a large portion of the cost 
of corrosion is owner/operator corrosion management (not included in “outside services”) and indirect costs.  
 

In the above analysis, a best effort was made to extrapolate without bias, so that neither a high nor a low cost 
number would be achieved.  However, it was decided to err on the conservative (low) side of the cost of corrosion 
when estimating sector costs.  The following provides specifics on the justification for the extrapolations made in 
this study: 
 

• The sectors for Electronics and Telecommunications were arranged under the non-covered 
portion of the GDP, because the sector analyses resulted in "no estimate made."  The average 
percentage for Manufacturing was applied to extrapolate for Electronics and the average 
percentage for Transportation and Utilities was applied to extrapolate for 
Telecommunications. 

• The data from the analyzed sectors showed that it is justified to assign more weight (larger 
percentage) to the economic categories of Transportation and Utilities (13.22 percent), 
Manufacturing (5.87 percent), and Repair Services (8.03 percent) than to other categories.  
For Manufacturing, sectors totaling $663.2 billion were analyzed in detail and extrapolated to 
the non-analyzed $772.7 billion in this category.  For Services, no other data were available 
than the coarse estimate of 28 percent of the motor vehicles cost under Auto Repair Services 
and Parking.  It was judged that Miscellaneous Repair Services and Amusement and 
Recreation may have the same impact (8.03 percent); therefore, those two categories were 
extrapolated, while the corrosion impact in the other Services was assumed to be zero. 
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• Identifying corroding components in sectors related to Wholesale Trade, Retail Trade, and 
Finance, Insurance, and Real Estate is difficult.  In these categories with low corrosion impact 
(no large capital investments in equipment and buildings that could be susceptible to 
corrosion), the cost of corrosion was estimated to be zero.  The same reasoning was used for 
the category of Government (non-defense).  

• The BEA industry category Construction was extrapolated using the average percentage 
determined for Transportation and Utilities.  This category did not have an analyzed industry 
sector.  However, it was judged that the methods used to protect buildings from corrosion are 
also used to protect buildings in power plants, airports, railroads, pipelines, drinking water, 
sewage, and natural gas. 

• It was considered that categories such as Real Estate (for example, buildings in marine 
environments, corrosion of parking garages, and corrosion of metallic siding) could possibly 
be underestimated.  After evaluating this issue, it was found that this would not be significant, 
because Real Estate was listed in the BEA category under Finance, Insurance and Real Estate.  
This can be interpreted to address the economical process of buying and selling real estate.  
The extrapolation of Construction, using the average percentage for Transportation and 
Utilities, is intended to include corrosion concerns in buildings and structures, for both new 
construction and existing structures. 

• In the category Government no other corrosion impact was identified other than Defense and 
Nuclear Waste Storage.  One could suggest that a significant corrosion impact would have 
been overlooked for the large number of government installations and buildings, and for 
government vehicles (for example, postal service and police cars).  However, all of these 
items are considered to be covered sufficiently under Construction (extrapolated to be 
$50.0 billion in table 8) and Motor Vehicles. 

• In the current research, no extrapolation was made for Wholesale Trade and Retail Trade.  
Only if it would be assumed that large additional inventory would be kept to replace corroded 
items, then a cost of corrosion could be assigned.  However, in today's business environment, 
companies keep minimum inventory and work with the shortest possible lead-time for 
ordering parts.  It is known that the quantities of replacement equipment that are held in 
inventory have decreased during the last decades.  Therefore, no large corrosion cost is 
expected for inventory.  It is possible that the cost of lost time during the procurement of 
replacements is significant, but that cost was not quantified in the current study.  Because of 
the absence of detailed data and the expected low corrosion cost, it was judged that assigning 
zero corrosion cost would be reasonable. 

 
Summary of Total Cost of Corrosion Calculation 

 
The research presented in this report showed that the direct cost of corrosion in the United States was 

approximately $275.7 billion per year, which is 3.1 percent of the GDP.  The industrial areas with major corrosion 
impact are the transportation and utilities industry; the manufacturing industry; and federal, state and local 
governments.  This percentage lies in the range that previous studies for various countries showed in the past.  
However, the current study was more detailed and specified corrosion costs using two methods:  (1) cost of 
corrosion control methods and services, and (2) corrosion costs in individual industrial sectors.  It is estimated that 
the indirect cost to the end user can double the economic impact, making the cost of corrosion, including indirect 
costs, $551.4 billion or more. 
 

Of the corrosion control methods, paints and corrosion-control coatings make up the largest portion.  Other 
commonly used methods include the use of corrosion-resistant metals and alloys, the application of cathodic and 
anodic protection, the use of corrosion inhibitors, and the use of polymers.  The cost of corrosion-related services 
was estimated to be small. 
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The aging infrastructure of drinking water and sewer systems is critical, a large cost is incurred in the 
corrosion-related depreciation of motor vehicles, and large costs are incurred for corrosion prevention maintenance 
of critical defense equipment and vehicles.  Highway bridges have large and increasing costs because of the aging 
and expanding highway network.  Gas and liquid transmission pipelines and natural gas distribution pipelines have 
large corrosion costs because of environmental and safety considerations.  A large corrosion cost is related to 
aboveground and underground storage tanks for hazardous materials.  Exterior and interior coatings, and cathodic 
and anodic protection systems make up a significant portion of tank costs, and maintenance and repair of the large 
number of tanks are expensive as well.  The electrical utilities incur corrosion-related costs in operation and 
maintenance, depreciation, and forced outages.  The pulp and paper industry has significant corrosion costs because 
of the environments used in the pulping processes and the restrictions on the use of chemicals and water. 
 

Other industrial sectors were found to have significant corrosion cost as well.  Ships and aircraft require 
regular corrosion-related maintenance.  The oil and gas industry has significant costs for exploration and production, 
and the petroleum refining portions of their businesses, and for the previously mentioned pipelines.  Various 
manufacturing industries have corrosion costs, which are mostly related to the reliability and quality of the 
production process.  Forced outages must be prevented by the application of corrosion protection systems and the 
use of preventive inspection and maintenance. 
 
 

CONCLUSIONS 
 

Preventive Strategies, Barriers, and Recommendations (Appendix DD) 
 

The nation’s infrastructure is essential to the quality of life, industrial productivity, international 
competitiveness, and security.  Everything depends upon a functional, reliable, and safe infrastructure system, 
including food, water, and energy needs; transportation for work; education and recreation; the production and 
delivery of goods and services; communications; and the treatment and disposal of wastes.  Each component of the 
nation’s infrastructure, such as highways, airports, water supply, waste treatment, energy supply, and power 
generation, represents a complex system and significant investments. 
 

Corrosion is damage that results from the interaction of structures and materials with their environment.  In 
some cases, corrosion damage is tolerable and perhaps only leads to somewhat higher maintenance costs and 
minimal losses; however, corrosion can result in catastrophic failures with loss of life and disruption of essential 
services.  In fact, corrosion is a primary cause of degradation and a principal threat to the nation’s infrastructure.  As 
documented in this report, the direct costs of corrosion represent 3.2 percent of the U.S. GDP, and the total costs to 
society can be twice that or greater.  The infrastructure replacement cost is a major driver in the economic impact of 
corrosion and can be greater still if corrosion prevention strategies are not properly employed.  The opportunities for 
savings through improved corrosion control are presented in every industrial sector and can be significant. 
 

The principal challenges in realizing the significant savings that result from improved corrosion control include 
an unfortunate lack of awareness of corrosion costs by the public and policy-makers, and a widely held 
misconception that nothing can be done about corrosion.  The opportunities and the challenges for better corrosion 
control fall into two categories:  First, there are technical issues for the realization of technological advances and the 
implementation of those advances.  Second, there are non-technical issues of perception regarding the policies and 
the practices used for improved corrosion control.  Strategies are presented for progress in both categories.  
 

There is an increasing recognition and a growing shift in emphasis from the building of a new infrastructure to 
the preservation and extended use of existing infrastructure.  In Connecting America – 1999 Report to the Nation,(71) 
the Federal Highway Administrator noted that FHWA has shifted focus from constructing new highways to 
preserving and operating existing highways.  Increased capacity, greater safety, and a longer life are desired from 
the existing infrastructure.  The critical need for progress in preservation and extended use is also pertinent to the 
“invisible” infrastructure  (i.e., those components of the infrastructure that are not recognized by the public and 
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whose performance is taken for granted until a failure or loss of service occurs).  This “invisible” infrastructure 
includes items such as water mains, gas and oil pipelines, power plants, and telecommunications systems. 
 

The preservation and the extension of the useful life of existing infrastructure is a great challenge because of 
the long lives that are desired.  The operating life of critical components of the infrastructure is often extended well 
beyond the original design service life. For instance, the Brooklyn Bridge was constructed in 1883.  Furthermore, 
there are cast-iron water mains that were constructed in the early 1900s and remain in service today.  These water 
mains continue to be a critical component for the municipal water supplies even after nearly 100 years of use. 
 

While the focus may recently have shifted from building a new infrastructure to the preservation and extended 
use of the existing infrastructure, the necessary changes in public attitudes; adjustments to the allocation of 
resources; changes to the industrial, government, and academic institutions; and revisions to policies, practices, and 
procedures have only just begun.  The adjustments made to date do not adequately address the needs and 
opportunities.  There are great opportunities for increased integrity, durability, and savings; however, both systemic 
and programmatic corrections are required so that these benefits can be realized.  
 

In the remainder of this section, the opportunities for improved corrosion prevention and control for increased 
integrity, durability, and savings are presented.  Barriers to progress and the effective implementation of improved 
corrosion control and prevention are identified, and implementation strategies are recommended. 
 

Preventive Strategies 
 

Prior studies, as well as the current study of the costs of corrosion, have found that there are significant 
opportunities for major savings across the entire economy and within a wide range of industrial sectors.  
Opportunities for the U.S. infrastructure were emphasized in this study.  
 

It is widely recognized that there is a significant annual shortfall between investment requirements and 
available revenues for improvement of our public works infrastructure. The issue is addressed in Infrastructure for 
the 21st Century, a report of the Committee on Infrastructure Innovation, National Research Council, 1987.(72)  A 
framework for a research agenda for the technological improvement of the nation’s infrastructure is presented. This 
study provides a solid underpinning for the current work on the impact of corrosion.  
 

Improved corrosion control and management practices address the critical issue of our nation’s aging 
infrastructure and the crucial shortfall between investment requirements and available revenues.  There are 
cost-effective corrosion management procedures that significantly extend the service life of existing systems and 
reduce new construction and replacement requirements.  Unfortunately, these preventive strategies often have not 
been recognized and applied.  Examples are presented in the sector studies for cast-iron water mains in municipal 
water systems, underground storage tanks, and gas transmission pipelines.  In addition, advanced design practices 
for better corrosion management can extend the service life and reduce total life-cycle costs.  Examples are 
presented in the sector studies for highway bridges and for a major procurement of military (HMMWV) vehicles.  
 

The large corrosion costs and the potential for savings provide opportunities for government, industry, and 
academia.  Government and industry can reduce their costs from the direct impact of corrosion.  This study has 
estimated that the indirect costs of corrosion are equal to or greater than the direct costs (up to 10 times greater for 
the life-cycle cost of bridges when loss of productivity due to traffic delays is considered) affecting government, 
industry, and the public.  Advanced technology comes from the research and development efforts of the government, 
industry, and university laboratories.  There are opportunities for focused studies and cross-disciplinary, 
collaborative work. 
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Preventive Strategies in Non-Technical Areas 
 

Changes in non-technical areas are crucial to many corrosion cost-savings opportunities.  Policy and 
management practices set the framework for the decision-making and the resource allocations that ultimately favor 
or restrict the effective implementation of sound corrosion management.  Progress is required in the following areas:  
 

1. Increase awareness of the significant corrosion costs and potential savings. 
2. Change the misconception that nothing can be done about corrosion. 
3. Change policies, regulations, standards, and management practices to increase corrosion 

cost-savings through sound corrosion management. 
4. Improve education and training of staff in the recognition and control of corrosion. 

 
Preventive Strategies in Technical Areas 
 

Opportunities for increased integrity, durability, and savings have both technical and non-technical aspects.  
The latter include the policy and management practices that determine the form and the substance of corrosion 
control.  Technological advances hold the answers to many of the corrosion cost-savings opportunities.  Systemic 
and programmatic changes are required for both the research and the development phases, as well as the technology 
transfer and implementation phases.  Progress is required in the following areas: 
 

1. Advance design practices for better corrosion management. 
2. Advance life prediction and performance assessment methods. 
3. Advance corrosion technology through research, development, and implementation. 

 
In the individual sector studies, numerous challenges and missed opportunities are presented.  “Preventive 

Strategies” (Appendix DD) addresses the issues, benefits, approach, and recommendations concerning these 
opportunities. 
 

Barriers 
 
Barriers to Progress and Effective Implementation 
 

While corrosion management has improved over the past several decades, the United States is still far from 
implementing optimal corrosion control practices.  There are significant barriers to both the development of 
advanced technologies for corrosion control and the implementation of those technological advances.  In order to 
realize the savings from the reduced costs of corrosion, changes are required in three areas:  the policy and 
management framework for effective corrosion control, the science and technology of corrosion control, and the 
technology transfer and implementation of effective corrosion control.  The policy and management framework is 
crucial because it governs the identification of priorities, the allocation of resources for technology development, 
and the operation of the system for implementation. 
 
Barriers to Improved Policy and Management 
 

The following are barriers to more effective policy and management practices for improved corrosion 
prevention and control:  
 

• Lack of awareness of significant corrosion costs and potential savings. 
• Fragmentation of funding and policy responsibilities. 
• Short-range and near-term mentality. 
• Negative impact of deregulation. 
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Lack of Awareness of Significant Corrosion Costs and Potential Savings 
 

The greatest barrier to progress in the policy and management areas regarding the high costs of corrosion and 
the potential savings is a lack of awareness by the management and policy-makers.  Corrosion costs are often not 
recognized, and the impact of these costs on profitability and productivity are not considered.  Moreover, too often 
where major corrosion problems become apparent, cost-effective remedial methods and corrosion control 
technologies are not fully utilized. 
 
Fragmentation of Funding and Policy Responsibilities 
 

The policy and management decisions that concern the assessment of corrosion costs are scattered throughout 
and across multiple organizations.  There is no systematic approach to the consideration of corrosion costs and 
potential savings. Changes to “business as usual” are impeded by organizational inertia.  Because of this inertia, 
existing specifications, regulations, and standards are not readily or quickly changed to incorporate cost-saving 
technology. 
 
Short-Range and Near-Term Mentality 
 

The increasing attention and pressures on short-range performance and the next quarterly report do not favor 
sound corrosion control practices. Well-conceived and irrefutable life-cycle cost-saving practices may not show 
benefits in the short-term analysis. Favorable economic analysis of effective increased capital costs and preventive 
maintenance for corrosion control require the consideration of life-cycle costs. Corrosion damage may be inevitable, 
but it is seldom instantaneous.  Today’s decisions, such as deferred maintenance, will result in definite and 
irreversible damage. 
 
Negative Impact of Deregulation 
 

The deregulation of major industrial sectors has a great potential for a negative impact on cost-effective 
corrosion control.  Few of the barriers to the realization of corrosion cost-savings are lowered or removed by 
deregulation. For example, deregulation typically results in fragmentation and increases the pressures on short-term 
profit-making. 
 
Barriers to Technological Advances for Corrosion Cost-Savings 
 

The following are barriers to technological advances to reduce corrosion costs: 
 

• Fragmentation of organizations, responsibilities, and resources. 
• Corrosion problems are complex and multidisciplinary. 
• Erosion of corrosion research capabilities in the United States. 
• Negative image and perception. 

 
Fragmentation of Organizations, Responsibilities, and Resources 
 

Corrosion science and technology efforts are scattered throughout industrial and government organizations.  
The advantage of this is that corrosion control can be integrated within a system’s approach to performance, 
reliability, and durability.  Unfortunately, these integrated efforts are rare, minimal, and scattered.   
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Corrosion Problems Are Complex and Multidisciplinary 
 

Materials science, electrochemistry, surface science, mechanics, and electrical expertise are all often required 
to address corrosion issues.  It is often difficult to assemble an effective team with expertise in these varied 
disciplines.  Problems arise when this varied expertise is not available and when there is inadequate funding to 
support the effort.  “Quick fixes” are therefore used in solving corrosion problems and in making advances. 
 
Erosion of Corrosion Research Capabilities in the United States 
 

The laboratories and the institutions for corrosion research have been reduced and weakened.  In many cases, 
there are not enough laboratories and institutions left to effectively undertake a major single or collaborative effort.  
Manufacturers call upon their suppliers for technological advances; however, suppliers have insufficient resources 
and commitment.  For example, all metal producers have severely reduced or eliminated their research and 
development efforts.  There have been major reductions and complete elimination of technical groups because of 
downsizing and consolidation.  Institutions such as the Electric Power Research Institute (EPRI) and the Gas 
Research Institute (GRI), now the Gas Technology Institute (GTI), are under severe pressure to sustain funding or to 
reduce their budgets.  The programs of these industry-focused institutions are endangered.  Few government 
agencies have focused efforts in corrosion control commensurate with the magnitude of corrosion problems and 
opportunities.  Furthermore, there is no national agenda for improved corrosion control. 
 
Negative Image and Perception 
 

Corrosion is a negative, deterioration-inducing, and life-threatening phenomenon.  Success with damage 
prevention and life extension is not deemed as worthy of news releases or awards as are new designs and 
construction.  No awards are known to exist for successfully maintaining and preserving the life of a structure; 
however, there are numerous awards for new designs and practices in architecture and civil engineering. 
 
Barriers to the Implementation of Effective Corrosion Control 
 

The following are barriers to the implementation of effective corrosion control to reduce corrosion costs: 
 
• Absence of a strong market incentive. 
• Lack of presentation of corrosion technology in a usable form. 
• Uncertainty in the calculation of savings. 

 
Absence of a Strong Market Incentive 
 

There is often a disparity between those who control corrosion costs and those who incur the costs.  This can 
lead to a mentality of “build it cheaper and fix it later” and a disregard for life-cycle costs.  The situation is 
exacerbated when the builder is not made responsible for the repair costs (for example, federal funds are used to 
build bridges, yet state funds are used to maintain the bridges).  This can lead to conflicts in the trade-off between 
lower construction costs and higher maintenance costs.  In addition, the indirect costs of corrosion, often borne by 
the public, may not be allocated to the owner/operator.  Conversely, the owner/operator cannot take credit for or 
receive additional compensation for long-term savings. 
 
Lack of Presentation of Corrosion Technology in a Usable Form 
 

Progress is required in the presentation of corrosion science and technology to designers, engineers, and 
operators in terms and formats that can be understood and effectively applied. Presently, information is not readily 
available and usable by the decision-makers in the design, manufacture, and operation phases.  
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Uncertainty in the Calculation of Savings 
 

Greater uncertainty reduces confidence and increases the reluctance to incur additional initial costs with the 
promise of increased savings later.  The science and procedures of life prediction and performance assessment are 
areas of active research that continue to evolve.  Incorporation of corrosion damage into these models is a 
particularly difficult challenge.  While cost-benefit procedures are well established, there are no long-term 
performance data (except for accelerated laboratory testing data) for new technologies for input into the calculations; 
rather, estimates of performance under different operating scenarios are used (the uncertainty in these estimates can 
be great). 
 

Recommendations 
 

An implementation strategy is needed for progress in three important categories: 
 

• Policy and management framework to realize corrosion cost-savings. 
• Technological advances for corrosion cost-savings.  
• Implementation of more effective corrosion control.  

 
The goal should be to develop and carry out a national agenda to reduce the economic impact of corrosion.  No 

simple solution or single strategy will accomplish this goal; rather, progress can be made on several fronts, any of 
which will have significant benefits. 
 

Advances in management and public policy, as well as advances in science and technology, are required.  It is 
necessary to engage a larger constituency comprised of the primary stakeholders, government and industry leaders, 
the general public, and consumers.  A major challenge involves disseminating corrosion awareness and expertise 
that are currently scattered throughout government and industry organizations.  In fact, there is no focal point for the 
effective development, articulation, and delivery of corrosion cost-savings programs.  
 

Two major recommendations are made below, followed by sets of recommendations in the areas of policy, 
science, and implementation.  
 
Recommendation to Form a Committee on Corrosion Control and Prevention of the 
National Research Council 
 

Several of the opportunities identified in this project are systemic and pertain to national interests above and 
beyond particular economic sectors.  While significant corrosion cost-savings programs in specific economic sectors 
or particular technologies can be realized, a national-level effort is recommended to address these issues for the 
government, the public, and the scientific and engineering communities.  Innovative means and programmatic 
changes are required in order to make progress toward these goals on a national level.  A National Research Council 
(NRC) Committee is recommended in order to elicit the input and the participation of a wide range of stakeholders, 
such as federal agencies, the industry and professional community, and the public. 
 

The focus of a Committee on Corrosion Control and Prevention would be on the preservation and the extended 
use of existing infrastructure and equipment.  Representative major items include highway systems, drinking water 
systems, gas and oil pipelines, electric power plants, airplanes, and automobiles.  There are three facets of the 
problem identified throughout this report that need to be addressed: 
 

1. Policy and management framework, with special consideration of the effects of regulations, 
funding and procurement methods, and tax policy. 
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2. Science and technological advances in the development of a national agenda of research 
needs, assessment of facilities and expertise for conduct of research, and the recommendation 
of budget and funding alternatives. 

3. Technology transfer and implementation for more effective movement of research to practice; 
cross-fertilization among industries; and education and training of managers, designers, and 
operators. 

 
Recommendation to Develop a National Focus on Corrosion Control and Prevention 
 

A useful and appropriate organizational template for the national focus on corrosion prevention and control is 
the National Cancer Institute (NCI).  Corrosion is the cancer of our automobiles, airplanes, highway systems, and 
other crucial infrastructure.  The NCI Director identified the following functions for NCI.  Corrosion terminology 
was added in italics by the authors of this report.  

 
• Conduct, coordinate, and support cutting-edge research and its application.  
• Build upon past discoveries and promote creativity and innovation.  
• Support development of, access to, and the use of new technologies.  
• Disseminate cancer (corrosion) information.  
• Support training and career development for cancer researchers (corrosion managers, 

technicians, engineers, and scientists).  
• Facilitate the movement of research findings into clinical (industrial) practice.  
• Maintain support mechanisms and collaborative environments to link scientists 

(designers/engineers/operators) with their colleagues and with critical technological and 
information resources.  

• Develop strategies to define, improve, measure, and monitor the quality of cancer (corrosion) 
prevention and care (corrosion control) and reduce disparities in outcomes.  

 
NCI deals with all of the scientific, technological, policy, and educational issues to reduce losses due to cancer.  

An analogous treatment of corrosion through the formation of a National Corrosion Center is required to reduce the 
staggering cost of corrosion. 
 
Recommendations for Improved Policy and Management 
 

The following recommendations are made in the area of policy and management that will result in corrosion 
cost-savings: 
 

• Establish a committee on corrosion control and prevention. 
• Raise the awareness of the general public and policy-makers. 
• Avoid a “build it cheap and repair it later” mentality. 
• Treat preventive maintenance and life-extension costs on the same basis as new construction 

and capital costs. 
• Raise awareness of “remedial treatment vs. replacement.” 
• Overcome the barriers of fragmentation. 
• Consider the consequences of corrosion. 
• Change resource allocations to develop effective corrosion cost-savings technology. 
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Establish a Committee on Corrosion Control and Prevention 
 

This committee of the National Research Council will identify and promote innovative means and 
programmatic changes for the preservation and the extended use of the existing infrastructure and equipment. 
 
Raise the Awareness of the General Public and Policy-Makers 
 

In order to raise the awareness of the general public and policy-makers, innovative means are required to 
identify the large potential savings in corrosion costs and to change the misconception that nothing can be done 
about corrosion.  Efforts are required at the federal, state, and local levels to educate policy-makers and the financial 
entities responsible for investment and resource allocation decisions. 
 
Avoid a “Build It Cheap and Repair It Later” Mentality 
 

Changes are required in policy management and financial procedures for corrosion control and maintenance to 
avoid a “build it cheap and repair it later” mentality.  Poor corrosion control practices result from mistaken and 
short-term economics that further result in excessive costs later. Tax laws, budget allocations, and accounting 
practices can bias decisions away from sound corrosion control.  
 
Treat Preventive Maintenance and Life-Extension Costs on the Same Basis as New 
Construction and Capital Costs 
 

Sound corrosion control extends service life and reduces the demand for new construction and replacement.  
Preventive maintenance and life-extension projects should not be overlooked by budget allocation where they are 
combined with routine maintenance costs and regular maintenance budgets.  Equivalent treatment regarding budget 
allocation, accounting practices, and taxation would put these viable and useful alternatives on more equal footing 
and remove the present bias against life-extension projects. 
 
Raise the Awareness of “Remedial Treatment vs. Replacement” 
 

When corrosion problems are recognized, there is a common perception that all is lost and must be replaced.  
However, sound technical, remedial treatments are often better economic practice than replacement and new 
construction and should be considered.  Policy and procurement procedures may not recognize the remedial option, 
thereby removing a viable alternative from consideration.  For example, cathodic protection extends the life of 
bridges, parking garages, pipelines, storage tanks, and water mains.  This technology has been applied to existing 
structures after corrosion damage was discovered and has successfully mitigated further corrosion. 
 
Overcome the Barriers of Fragmentation 
 

Practices and procedures should be established to overcome fragmentation where the policy and management 
decisions that determine corrosion control and costs are scattered throughout and across multiple organizations.  
Government agencies, industry consortia, and technical associations can be effective communication conduits to 
fragmented industries.  
 
Consider the Consequences of Corrosion 
 

Because corrosion can have a major effect on the useful life and the operating costs of a structure, the impact 
of corrosion should be on the checklist of items to be considered for all major procurement and construction 
projects.  The goal is to use policies and management practices to enhance the implementation of corrosion 
cost-savings, improve tax and financial practices to promote effective corrosion management, and increase 
regulations and standards that effectively promote sound corrosion management. 
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Change Resource Allocations to Develop Effective Corrosion Cost-Savings Technology 
 

There needs to be a commensurate increase in resources (funds and staff) to balance the increased emphasis on 
the preservation and extension of the use of existing structures.  This includes resources for research; 
implementation of research in practices, and education, training, and public awareness. 
 
Recommendations for Technological Advances for Corrosion Cost-Savings 
 

The following recommendations are made for technological advances that will result in corrosion cost-savings: 
 
• Develop a national agenda for corrosion research. 
• Reverse the loss of research capabilities for corrosion control in the United States. 
• Further research on performance assessment and life prediction. 
• Further research on preservation and life extension. 
• Further research on corrosion performance and the status of existing structures. 
• Promote collaboration through centers, networks, and consortia. 

 
Develop a National Agenda for Corrosion Research 
 

Topics that need to be considered in a national agenda for corrosion research include design practices for better 
corrosion management; life prediction and performance assessment methods; improved understanding of corrosion 
processes; detection and evaluation methods for corrosion damage; and advances in corrosion control technologies, 
such as protective coatings, corrosion-resistant materials, inhibitors/water treatment, and cathodic protection. 
 
Reverse the Loss of Research Capabilities for Corrosion Control in the United States 
 

Changes in the allocation of existing resources and an increase in allocations are required for further corrosion 
research in the United States.  A critical review and subsequent modifications to the policies that are 
incentives/disincentives for the conduct of industrial research are required.  Industrial laboratories have been 
ravaged by corporate consolidation and downsizing. Few government agencies have corrosion research efforts 
commensurate with the magnitude of corrosion problems.  Industry-focused institutions such as the Electric Power 
Research Institute (EPRI) and the Gas Technology Institute (GTI) are under severe pressure and corrosion research 
programs are endangered.  
 
Further Research on Performance Assessment and Life Prediction 
 

The effective determination of the remaining life of a structure and the effects of alternative operation and 
repair options is the major challenge of corrosion science and engineering.  The current models and methodologies 
for life prediction and performance are rudimentary and lack sufficient accuracy and reliability for a number of 
crucial applications.  Progress is required in the fundamental understanding of corrosion processes, detection and 
inspection techniques, material property and performance databases, and modeling of complex systems. 
 
Further Research on Preservation and Life Extension 
 

Research topics that should be further developed include life extension, remedial methods to control corrosion, 
preventive maintenance, new designs and materials for existing structures, and alternative designs and materials for 
existing structures and systems. 
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Further Research on Corrosion Performance and the Status of Existing Structures 
 

The scientific analysis of corrosion problems and the evaluation of alternative remedial actions are hampered 
by non-existent or inadequate data on real structures.  Information is desired on service conditions, corrosive 
environments, and performance over the life of the structure.  Progress is required in both the methods and the 
instruments to determine the current status of existing structures.  Progress is additionally required in the 
information systems to gather, analyze, and disseminate the data.   
 
Promote Collaboration Through Centers, Networks, and Consortia 
 

Progress on complex and interrelated corrosion problems can benefit from the efforts of scientists and 
engineers from diverse disciplines working together in teams.  
 
Recommendations for Implementation of Effective Corrosion Control 
 

In addition to the recommended actions in policy and science matters, it is imperative to improve 
implementation of existing and new technologies.  The following are recommendations for the implementation of 
effective corrosion control: 

 
• Change the contemporary design paradigm. 
• Implement the current knowledge. 
• Support national demonstrations of advanced corrosion control. 
• Identify emerging trends in corrosion control. 
• Translate, disseminate, and promote advances in corrosion control. 
• Promote widespread use of effective corrosion control. 
• Build information systems to collect and share corrosion technology. 
• Provide education and training in the recognition and control of corrosion. 
• Provide training, education, and career development. 

 
Change the Contemporary Design Paradigm 
 

There is a crucial need for a change in the design paradigm to include consideration of corrosion control as an 
integral part of the design process.  Designers routinely deal with the effects of structural loads (mechanical stresses) 
and high-temperature effects (thermal stresses) on the strength and the performance of structures.  The treatment of 
corrosion (chemical stresses) in the design process is often inadequate.  While technological advances for life 
prediction and performance assessment will no doubt facilitate the treatment of corrosion through design in the 
future, the availability of adequate tools is not the primary problem.  

 
The primary problem is that corrosion is often not considered in the design phase of a structure.  Consideration 

needs to be given to the impact of corrosion on service life, the effects of corrosion on maintenance costs during the 
life of a structure, the benefits of alternate materials of construction, and the effects of alternative methods of 
corrosion control built into the structure and applied to the structure throughout its service life.  Furthermore, a cost-
benefit analysis or life-cycle cost analysis provides a quantitative basis for the selection of design alternatives. 
 
Implement the Current Knowledge 
 

The state of knowledge for corrosion control is generally beyond current practices, primarily because the 
decision-makers are not aware of either the magnitude of corrosion costs or the existence of effective corrosion 
control options.  To align practices more closely with the state of knowledge, communication needs to be improved 
between policy-makers and technical staff familiar with corrosion control.  In addition, policies and practices that 
encourage and reward the use of sound corrosion control need to be developed and implemented. 
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More effective transfer and implementation of corrosion control technology can be realized through the 
encouragement of technology transfer among peers, support for innovation champions, through demonstrations and 
experiments, by the dissemination of information on costs and benefits, and cooperative research and development 
efforts.  Successful technology development and implementation can be encouraged and realized with either a 
centralized or a decentralized organization.  FHWA programs for highway systems and the U.S. Department of 
Agriculture’s Cooperative Extension Service are examples of centralized and decentralized organizations, 
respectively, that have had major success in fostering the implementation of current technology.   
 
Support National Demonstrations of Advanced Corrosion Control 
 

National demonstration projects of advanced corrosion control should be supported as an effective means to 
rapidly move advances in corrosion control into use on a broad basis.  New systems are put into service under 
controlled and well-monitored conditions.  Results are subsequently disseminated to the affected community. 
 
Identify Emerging Trends in Corrosion Control 
 

Accurate and reliable information regarding incidents of corrosion failure, detection of corrosion damage, and 
the efficacy of corrosion control methods can greatly benefit decision-making.  Some industries have reasonable 
information systems in place; however, many do not.  Even where the information systems exist, great 
improvements could be made to add more useful information relevant to corrosion control. 
 
Translate, Disseminate, and Promote Advances in Corrosion Control 
 

An effort should be made to translate, disseminate, and promote advances in corrosion control to decrease the 
gap between scientific advances and implementation.  The scientific advances in preventing, detecting, and treating 
corrosion should be translated into procedures and methods applicable in service to preserve and extend the life of 
existing structures. 
 
Promote Widespread Use of Effective Corrosion Control 
 

There is clearly a disparity in the application of effective corrosion control among industrial sectors and among 
entities within an industrial sector.  The overall goal is to identify the barriers that impede the application of 
effective corrosion control and to take action to stimulate more widespread use of effective corrosion control.  
 
Build Information Systems to Collect and Share Corrosion Technology 
 

Emerging information technologies show great promise for the compilation and delivery of corrosion 
technology in flexible and effective formats.  Technical associations, such as NACE International, have been 
particularly effective and efficient in the gathering, documentation, and dissemination of corrosion control 
technology.  Government-sponsored projects are recommended for the further development of these information 
systems. Material property databases, performance/service experience, and literature compilations are extremely 
beneficial in the development of information technology regarding corrosion control and management. 
 
Provide Education and Training in the Recognition and Control of Corrosion 
 

A particular problem in dealing with corrosion-related issues is that decision-makers simply do not have 
information regarding corrosion control.  Effective education and training tools are required to address this problem 
at multiple levels, including-policy makers; production and finance managers; designers and engineers; and 
operation, construction, and manufacturing staff.  Partnerships between government and industry with technical 
associations are a recommended approach in the development and the delivery of these tools.  Input from the 
management and business communities, as well as from the technical communities, is required.   
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Provide Training, Education, and Career Development 
 

The challenges of corrosion control continue to evolve as materials are used in more demanding applications 
and in more hostile environments, as performance demands increase, and as service lives are extended to longer 
periods.  A well-trained and effective workforce is required to meet these challenges.  
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