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Abstract  

 

Researchers and policy makers increasingly recognize the need to adapt to future changes in 

climate, given that past emissions of greenhouse gases have already committed the world to 

some level of climate change. However, current understanding of the costs and benefits of 

adaptation measures is still fairly rudimentary, and far from comprehensive. This paper assesses 

the current state of knowledge on the magnitude of adaptation costs in the United States. While 

incomplete, the studies suggest that adaptation cost could be as high as tens or hundreds of 

billions of dollars per year by the middle of the century. The paper identifies key studies in each 

sector, surveys the cost estimates and approaches to cost estimation. The paper also highlights 

methodological issues in interpreting, comparing, and aggregating adaptation cost estimates, and 

discusses the policy implications of the results. Steps are recommended to make future 

adaptation cost studies more comparable within and across studies,  and more accessible and 

relevant to policy and decision makers. 
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Introduction  

Climate adaptation refers to actions the public or private sector can take to reduce the negative 

impacts of actual or expected climate change on human and natural systems, or take advantage of its 

positive effects (IPCC, 2007b). Information on the costs of adaptation can inform planning and decision 

making at all levels of government. National strategies that weigh the tradeoffs between mitigation and 

impacts rely on assessments of the full economic cost of climate change, which includes both adaptation 

costs and the residual damages remaining after adaptation. At all levels of government, estimates of 

adaptation costs indicate potential financial and investment needs. Information on adaptation costs also 

contributes to identifying and analyzing available options and developing national, state, and local plans 

for adaptation.  

This paper assesses the state of the adaptation cost literature for the United States (U.S.) from 

several perspectives:  the breadth, depth, and findings of studies of adaptation costs in the U.S.; 

methodological issues in interpreting, comparing, and aggregating adaptation cost estimates; the 

implications and relevance of the literature for adaptation policy and the types of data that decision 

makers need at all levels of government; and recommendations for moving forward. The review is based 

on an extensive search for documents (published in 2010 and earlier) estimating the prospective cost of 

adapting to climate change in the U.S., for a wide range of sectors and categories of impacts. The intent 

was to cast a net widely enough to capture all national studies and a representative selection of studies 

across the sectors, but not necessarily to be comprehensive. (The appendix provides additional 

information on search parameters and keywords.)  

The results of this assessment suggest that the dollar value of adaptation could easily exceed tens 

or hundreds of billions of dollars annually. However, gaps in the inclusion of key impact categories, the 

limited number of adaptation options included, and differences in the cost methodologies, climate 

scenarios, time frames and other study parameters complicates the process of aggregating or comparing 

the studies in a manner that is helpful to decision makers, and suggests that costs could well be higher. 

Moreover,  more than half of these studies come from outside the peer-reviewed literature. It has not been 

possible to review each study for quality, and so conclusions about the magnitude of adaptation costs 

should be viewed with this caveat in mind. In addition, several studies in coastal resources, energy, and 

the water sector are more than two decades old; while climate projections and markets have changed since 

the studies were completed, they are included here because of the insights they can provide, given the 

scarcity of more recent studies.  

Developing a complete picture of the resources required for adaptation will necessitate not only 

evaluating (and potentially expanding) the adaptation cost literature, but also going beyond the literature 

that estimates the dollar cost of adapting to future climate change. Estimates of the historic costs of 

responding to specific extreme climate or weather events (e.g., responding to a health crisis or specific 

hurricane), as well as the costs of specific programs (such as warning systems) that may be implemented, 

irrespective of climate change, will also be instructive of potential costs. Estimates of adaptation needs 

expressed in metrics other than costs (such as energy capacity needs or water demands) may be 

instrumental in developing a fuller picture of adaptation resource needs. As a first step, this paper focuses 

on existing estimates of the dollar cost of adapting to climate change.  
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The remainder of the paper is divided into four sections. The first two sections review the 

literature on adaptation costs in the U.S. The first section focuses on national and regional estimates, 

sector by sector, and the second highlights state and local estimates. These two sections report estimated 

adaptation cost (in 2010 U.S. dollars, unless otherwise noted) for specific impact categories,  touching on 

details of the cost methodology, the geographic scope of the studies, and the impact categories and 

adaptation options included. The third section examines the methodologies used to estimate costs more 

closely, identifies issues in conducting, comparing, and aggregating across studies, and recommends steps 

for improving the comparability and usefulness of future cost studies. The fourth section identifies policy 

implications of the magnitude of the estimates, gaps and limitations in the literature, and methodological 

differences across studies. It recommends changes moving forward to make the literature more useful to 

policy makers. The last section concludes. 

National and Regional Estimates of Adaptation Cost  

Several relatively recent papers survey the state of the adaptation cost literature at the global, 

regional, national and sometimes local levels (Watkiss & Hunt, 2010; Fankhauser, 2010; UNFCCC, 

2010). These papers suggest that, while many cost estimates exist, they employ a mix of methodologies 

and assumptions, and so produce varied and incomplete results. Consequently, recent global adaptation 

cost estimates range widely, from $25 billion per year to well over $100 billion by 2015 to 2030 

(Fankhauser, 2010). National studies conducted for developed countries (primarily Europe) imply 

potentially higher adaptation costs than found in the more aggregate studies (Watkiss & Hunt, 2010).  

Because no national-level analysis exists for the U.S., understanding the potential magnitude of 

adaptation costs requires looking at sectoral assessments. In the U.S., as internationally, information on 

adaptation cost by sector is unevenly distributed. Some sectors have been widely studied, such as coastal 

zones, and others have received much less attention, such as recreation and tourism (Agrawala & 

Fankhauser, 2008). The situation is similar in the U.S. National and regional studies have long been 

available for two well-studied sectors, energy and coastal resources, and studies on infrastructure have 

emerged in recent years. In these sectors, as described below, researchers have developed and applied 

various cost methodologies, often with increasing sophistication over time. Comparing the results of these 

studies is challenging because of differences in methodologies, assumptions, and the types of impacts and 

adaptation options that are included. Moreover, no national estimates of adaptation cost are available for 

many sectors, such as agriculture, recreation and tourism, and human health.
i
 

Sea Level Rise and Coastal Areas 

The cost literature describes various pathways for adapting to the effects of climate change—

particularly sea level rise—on U.S. coastlines. Pathways include (1) shoreline armoring, a form of 

protection employing “hard” structures, such as dikes, seawalls, or bulkheads; (2) grade elevation 

(sometimes referred to as soft protection), which includes beach nourishment or elevating land surfaces; 

(3) accommodation, which includes measures such as flood-proofing (e.g., elevating buildings and 

structures) and redesigning coastal drainage systems; and (4) retreat, which may involve relocating 

properties further inland, regulatory mechanisms (e.g., rolling easements), or simply abandoning property. 

Nearly all adaptation cost studies in this sector address protection, some include retreat, and a few assess 
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accommodation. Costs for other types of adaptation strategies, such as changes in coastal land use or 

constructing wetlands, are not generally available. 

Many studies in this sector take the approach of estimating total cost (sometimes referred to as net 

damages) of sea level rise, defined as the sum of adaptation cost and residual damages. These studies 

determine the extent of protection or other adaptation, and then estimate residual damages in the form of 

the value of storm damages and abandoned or inundated property. Methods in this sector have become 

increasingly refined over time, employing more detailed data on per-unit adaptation cost, and more 

accurate estimates of land elevation. Researchers have also moved from simplified assumptions about the 

extent of protection taking place to modeling the choice among adaptation options as a cost-minimizing 

decision. In addition, researchers have developed methods of valuing abandoned property that incorporate 

data on property values in inundated areas and recognize that other lands may become more valuable as 

the coastline retreats.  

Only a few total cost studies explicitly report adaptation cost (see Table 1). The most recent of 

these is Neumann et al. (2011), which models the optimal adaptive response to sea level rise in different 

areas of the U.S. The study estimates a time stream of adaptation costs for shore protection and beach 

nourishment through 2100, for low (29 cm), mid (67 cm), and high (126 cm) sea level rise scenarios. The 

study also estimates total cost (which includes both adaptation cost and residual damages, in the form of 

the value of abandoned property). For a 67 cm sea level rise, total cost is $254.1 billion (undiscounted) 

and $68.3 billion (discounted at 3 percent). Comparing total cost with the adaptation cost reported in 

Table 1 suggests that adaptation cost strongly outweighs residual damages; for the 67 cm scenario, 

adaptation cost comprises over 80 percent of total cost. Although damages are higher than those estimated 

in most earlier studies, they amount to only one-fourth the total value of low-lying property vulnerable to 

sea level rise, indicating the importance of developing adaptive responses based on site-specific 

information (Neumann et al., 2011).  

[Insert Table 1 here] 

Two much earlier studies also report adaptation cost explicitly. It is complicated to compare the 

results of these studies with those of Neumann et al. (2011), due to differences in how the 

protect/abandon decision is modeled, sea level rise scenarios used, adaptation options included, and the 

choice of methodology. Titus et al. (1991) estimate costs for protecting developed sheltered shores and 

open coasts, using shore protection, grade elevation, and accommodation. The study examines three sea 

level rise scenarios (50, 100, and 200 cm), and calculates aggregate adaptation cost (undiscounted). The 

sum of costs across the three adaptation options is similar in magnitude to estimated cost in Neumann et 

al. for the 67 cm sea level rise scenario (between the 50 cm and 100 cm used by Titus et al.). This 

comparison is somewhat misleading, however, because Titus et al. include the cost of elevating land and 

structures, which account for nearly half of total estimated adaptation cost. In contrast, Weggel et al. 

(1989) estimate the (undiscounted) cost associated with a 200 cm sea level rise to be an order of 

magnitude lower. Weggel et al. include the cost of relocating houses and other structures inland (retreat), 

but do not consider soft protection pathways (such as beach nourishment or raising the profile of the 

land). The three studies in Table 1 also estimate regional totals; the Southeast (including Florida) clearly 

has the highest adaptation cost among the regions.  
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Several other studies assess the protect/abandon decision and estimate economic cost (i.e., total 

damages), including both adaptation costs and residual property impacts. Neumann & Livesay (2003) and 

Yohe et al. (1999) both estimate total damages (using a 3 percent discount rate) for a 67 cm sea level rise, 

obtaining results in the range of $4.3 billion to $4.6 billion, an order of magnitude lower than the results 

of Neumann et al.(2011) (for total damages). Yohe et al. (1996) examine a 100 cm sea level rise, and find 

slightly larger damages than those of the two studies estimating damages for a 67 cm sea level rise. 

Several additional studies were conducted in the 1980s and 1990s (see, for example, Barth & Titus, 1984; 

Smith & Tirpak, 1989; Titus, 1998). While these studies explicitly model adaptation cost as part of the 

protect/abandon decision, they do not report adaptation cost separately and so cannot easily be compared 

with the national assessments of adaptation cost reported in Table 1 above (except to point out that total 

damages must represent an upper bound on adaptation cost). 

Overall, the U.S. coastal zone is one of the most studied sectors ,with around a dozen studies, 

including several studies that include national and regional costs and numerous studies that focus on 

California and locations in the Northeast, Southeast, and Gulf Coast areas. Studies generally consider 

protection options, including both hard structures (such as dikes, seawalls, and bulkheads) and soft- 

engineering measures (such as beach nourishment or sediment management), with some studies also 

considering forms of accommodation or retreat. The methodologies for estimating adaptation cost and 

damages from sea level rise have become more site-specific and comprehensive over time and, despite the 

age of some of the studies, the sea level rise examined in these studies is within the range currently 

projected.
ii
 The most recent study, conducted in 2011, suggests that adaptation costs for a 67 cm SLR 

could average about $2 billion annually through 2100. However, the range of adaptation cost estimates 

also suggests that estimates may be very sensitive to how studies are conducted and to the formulation of 

the protect/abandon decision. They may also be very sensitive to how costs for specific sites are scaled to 

the national level, and how property at risk is estimated (i.e., the elevation data used). 

In aggregate, studies of the effects of sea level rise on coastal areas provide the information 

needed to begin to assess the cost of adapting U.S. coastal property to climate change at the national and 

regional levels. However, in several respects existing studies may understate adaptation costs. Studies are 

limited to a focus on coastal property (private); the determination of appropriate options does not include 

actions that might be needed to protect ecosystems and maintain the stream of services from public and 

private infrastructure located on the coasts. Further, the focus on engineering type adaptation options 

assumes that options are seamlessly and optimally implemented, and so may overstate effectiveness and 

understate costs (see discussion in Interpreting and Comparing Adaptation Cost Studies). Last, studies 

focus on gradual sea level rise, and do not take into account the effects of extreme events, such as 

hurricanes and associated storm surges; effects that recent events (e.g., hurricane Sandy) suggest may be 

significant (as well as uncertain) and so influence adaptation decisions. 

Infrastructure: Water Resources, Transportation, Telecommunications, and Structures 

The infrastructure sector (as defined here) includes water resources, transportation, 

telecommunications, and general physical infrastructure (public and private assets). Infrastructure studies 

typically estimate adaptation cost as the incremental maintenance and replacement cost attributable to 

climate change, and sometimes include the additional cost of using more resilient designs. Given the 

importance of these sectors to both economic production and human health and safety, information on 
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adaptation cost at the national level is surprisingly limited. National-level studies exist only for water 

supply, bridges, and roads. Two additional studies examine effects in two regions: Alaska (for 

infrastructure, broadly defined) and the Great Lakes region (water treatment cost). These national and 

regional studies are summarized in Table 2.
iii

 

[Insert Table 2 here] 

Two national studies examine different aspects of water supply: NACWA & AWMA (2009) and 

Frederick & Schwarz (2000). The NACWA & AWMA study assesses the cost (through 2050) of adapting 

drinking water and wastewater utilities, under two climate scenarios that vary in severity and include 

changes in temperature, precipitation, and sea level rise. For drinking water utilities, adaptation options 

include conservation, developing new sources (e.g., desalination), flood protection, and changing water 

management practices. Discounted at about 3 percent, the incremental capital and operating cost of these 

options ranges from $328.7 billion to $700.0 billion, depending on the climate scenario. For wastewater 

treatment utilities, adaptation options include building infrastructure to manage wet weather flow, 

increasing effluent treatment, encouraging recycling and reuse, and adopting coastal protection and 

relocation, as needed. Discounted incremental cost for these utilities ranges from $124.4 billion to $254.9 

billion.  

The second national study, Frederick & Schwarz (2000), estimates the incremental cost of 

maintaining (non-irrigation) water supplies under different climate change projections. They examine 

alternative management scenarios representing different goals for how streamflow is managed. The upper 

end of the range in Table 2 assumes an environmental management approach (maintains streamflows 

despite climate change) and finds costs that are more than double those at the lower end of the range, 

which assumes an efficient management approach (allowing streamflows to fall to critical levels). The 

authors examine cost under two climate projections, which differ in how dry/wet the U.S. becomes 

overall, and find dramatic differences. National incremental cost associated with the dry scenario could 

easily exceed $100 billion annually, depending on the management scenario. Under the wet scenario, the 

cost of maintaining water uses is estimated to be zero.  

The results from Frederick & Schwarz (2000) highlight how critical factors—in addition to 

climate—can change estimated adaptation costs significantly. The study estimates costs that are an order 

of magnitude larger than those in other studies. Frederick & Schwarz include two adaptation options: 

water conservation and developing new water supplies. Most of the costs estimated for the drier climate 

scenario stem from increasing water supplies; in turn, options to increase water supplies include both 

investments in infrastructure (such as desalination) and purchases of water. In contrast, adaptation costs in 

other water resource studies—which are an order of magnitude less than Frederick & Schwarz—stem 

primarily from capital and operating costs. Frederick & Schwarz do not report how much of the cost of 

increasing water supplies is related to purchases. 

A study of the cost of adaptation to climate change for water infrastructure in OECD countries 

adopted a top down approach to estimating infrastructure costs, beginning from a methodology developed 

by the World Bank to estimate costs to developing countries (Hughes et al., 2010; World Bank, 2010a, 

2010b). The study finds significantly lower adaptation costs than the water infrastructure studies 

discussed here, possibly due in part to the top down approach. However, the study also illustrates the 

importance of considering non-engineering options, such as behavioral change. Assuming that adaptation 
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focuses on engineering options, Hughes et al. (2010) estimated adaptation costs (capital and operating 

costs) at about 1 to 2 percent of baseline costs for all OECD countries, or about $5.5 billion per year. 

Including the use of economic incentives to affect patterns of water use produced a net savings of more 

about $7.6 billion per year for all OECD countries combined. Including non-engineering options might 

similarly reduce U.S. cost estimates.  

Transportation infrastructure, including roads, bridges, ports, and airports, can be vulnerable to 

changes in temperature and precipitation, the intensity and duration of flooding and other extreme events, 

and sea level. Such changes can affect the life span and quality of infrastructure, the flow of 

transportation services, and safety. Two studies evaluate the cost of adapting transportation infrastructure 

nationally in the U.S. Wright et al. (2012) estimate the cost of strengthening bridges vulnerable to climate 

change under alternative future climates. They examine both proactive adaptation (strengthening bridges 

in anticipation of climate change) and reactive adaptation (making repairs in response to climate change). 

They estimate cumulative (undiscounted) cost for two periods: 2010–2055 and 2055–2090. For some 

climate scenarios, the cost of proactive adaptation during the early period may be double to triple that of 

the later period; under other scenarios, costs during the two periods are roughly equal. The authors 

suggest that adaptation cost will be higher in early years for scenarios where climate change is more 

rapid, requiring more adaptation in early decades. Reactive adaptation is approximately 30 percent more 

expensive than proactive adaptation, for a given scenario.  

Chinowsky et al. (n.d.) estimate annual adaptation cost, which includes maintenance and 

construction costs associated with design changes to maintain the current level of road service. The study 

projects temperature and precipitation under two climate scenarios, for the years 2025, 2050, and 2075, 

and estimates adaptation cost for the same years. In 2050, annual adaptation cost for paved and unpaved 

roads combined could be $1.6 billion (undiscounted), for a 1 degree C temperature rise, and $2.5 billion 

(undiscounted), for a 1.5 degree C temperature rise. Discounted cost (presented in Table 2) declines in 

2075 due to the influence of discounting, which diminishes the present value of future costs. Paved roads 

are expected to be more susceptible to climate change, since they are affected by both precipitation and 

heat, whereas unpaved roads experience only precipitation-related effects (Chinowsky et al., n.d.). Paved 

roads comprise a much larger share of total adaptation cost than unpaved roads, due to the larger 

contribution (70 percent) of paved roads to the total road network and because paved roads are affected 

by multiple climate stressors. In 2050, for example, paved roads account for around 95 percent of 

discounted adaptation cost, under either climate scenario. 

Three of the four national studies discussed above provide regional results. Frederick & Schwarz 

(2000) build up national estimates from detailed data on consumptive uses, water scarcity indices, and 

other measures for 18 separate U.S. regions. The primary adaptation cost in this study—developing new 

water supplies—varies regionally, with about half of the regions showing zero costs. Regional costs 

(cumulative, discounted at 3 percent) in the NACWA & AWMA (2009) study are uniformly positive, and 

vary from a low of $2 billion in Alaska to a maximum of between $181 billion to $350 billion in the 

Southwest. For transportation infrastructure, Chinowsky et al. (n.d.) report annual adaptation costs for 

paved and unpaved roads by census division, or region. For paved roads, all regions experience positive 

costs under both climate scenarios. The South Atlantic faces the highest cost, for all time periods, and 

New England experiences the lowest cost. For unpaved roads, cost is generally positive, although the 



 

 page 8 

Pacific and Mountain regions experience reduced cost (i.e., cost savings) for some years and climate 

scenarios, due to decreased erosion of unpaved roads.  

Two studies each focus on a single region. Furlow et al. (2006) estimate the cost of maintaining 

present-day water quality levels at Publicly Owned Treatment Works (POTWs) in the Great Lakes region, 

given possible lower water flows under climate change regimes. The authors develop cost curves that 

include annualized capital and operating and maintenance costs per 1,000 gallons treated for a given level 

of treatment. They estimate costs of adaptation (defined as maintaining levels of efficiency in water 

processing during low water flows) for plants processing more than 0.1 million gallons per day. 

Incremental annual adaptation cost is reported in Table 2; the range reflects differences in the technology 

used in each of the POTWs and assumptions about the reduction in streamflow.  

Larsen et al. (2008) develop a life-cycle capital maintenance and replacement model to estimate 

the cost of retrofitting and replacing public infrastructure in Alaska at risk from climate change. The 

infrastructure inventory contains more than 16,000 structures, including roads, airports, bridges and 

harbors, schools, water and sewer systems, railroad tracks, and public facilities. The authors assume no 

adaptive action is taken until damages reduce the life span of infrastructure by a critical threshold (20 

percent). Larsen et al. estimate that adapting to climate change in Alaska would increase infrastructure 

costs by as much as 10 to 20 percent; in present value terms (discounted at roughly 3 percent), adaptation 

costs total $3.9 billion to $6.6 billion for the period 2006-2030, which is about two-thirds of the total 

adaptation cost estimated for 2006–2080. Costs would be higher if adaptation were not strategic, but 

rather reactive.  

Collectively, the infrastructure studies suggest that national adaptation cost in some categories 

could range from a few to tens of billions of dollars annually, by the year 2100. Including a broader range 

of socioeconomic costs, as is done in Frederick & Schwarz (2000), could imply costs of an order of 

magnitude higher. The Congressional Budget Office (CBO, 2010) has reported historical annual 

expenditures on transportation and water resources infrastructure (both capital and operating costs) that 

can be compared with these estimates (see Table 3). For example, the annual costs (undiscounted) 

estimated by Chinowsky et al.(n.d.) represent about 2 percent of total public spending on highways in the 

U.S. in 2007. By contrast, annualized costs for maintaining water quality levels (roughly inferred from the 

discounted present value reported in NACWA & AMWA, 2009) could be as much as 10 percent of the 

total public spending on water supply, treatment, and resources combined.  

[insert Table 3]  

While studies are beginning to indicate the potential magnitude of costs to adapt U.S. 

infrastructure, researchers have studied only a few types of infrastructure at the national level, and only 

one or two studies exist for each type. Consequently, the literature is far from providing a complete 

picture of costs. Developing such a picture will require evaluating an expanded set of infrastructure 

categories, adaptation options, and climate effects. Within transportation, for example, national studies 

have focused only on highways, and have not looked at adapting airports, ports, rail, or local transit (such 

as subways). In addition, for the types of infrastructure that have been examined at the national level, 

methodologies have focused on engineering options, often ignoring viable behavioral options. The results 

also suggest that both climate scenarios and the timing of adaptive measures are important to 

understanding and narrowing the range in estimates of adaptation cost. This is particularly  the case for 
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impact categories such as water resource infrastructure, where the difference between wet and dry 

scenarios is critical, and where extreme events (such as flooding) have not been adequately studied.. 

Scenarios and timing also affect projected adaptation cost for categories such as bridges, where 

investments are long-lived and expensive. Given the range of results and the importance of infrastructure 

to both economic production and human health and safety, additional studies are needed to fill existing 

gaps and to explore optimal timing and the sensitivity of results to assumptions and uncertainty about 

future climate and extreme events. 

Human Health 

Climate change is expected to affect human health via extreme weather events (such as heat 

waves), changes in the prevalence of water- and vector-borne diseases, reduced air quality, and other 

impacts. Very little literature exists on the cost of adaptation in the U.S. health sector, with the exception 

of energy sector studies estimating the cost of energy to maintain interior temperatures. Two national 

studies estimate adaptation costs associated with impaired air quality. Epstein & Mills (2005) focus on 

medical treatment costs for increased asthma cases resulting from reduced air quality due to climate 

change. They estimate a 30 percent increase in asthma cases in 2025, compared with rates in the mid 

1990s. Given current costs of treating asthma, Epstein & Mills estimate an incremental cost of $4.7 

billion to address the additional cases. In contrast, Liao et al. (2010) look at pollution control costs near 

2050. They. estimate an additional $11.9 billion will be needed annually to ensure six regions and five 

cities in the U.S. meet current ambient air quality standards (designed to protect human health), primarily 

those for ozone. Of this expense, nearly half represents controls in five major cities; costs for offsetting 

effects throughout the U.S. could exceed the estimate for all regions combined (Liao et al., 2010). 

The literature on potential costs to adapt the health system in the U.S. to climate change 

comprises mostly anecdotal or “what if” type studies, and in sum is too limited to draw conclusions. No 

adaptation cost studies exist for the  impact categories on which vulnerability assessments generally 

focus, including heat-related illness and death, physical and psychological effects of extreme events, and 

increased incidence of food, water, and insect-transmitted diseases, Internationally, the literature is almost 

as thin as in the U.S. One study estimates treatment costs for three diseases: diarrheal diseases, 

malnutrition, and malaria (Ebi, 2008). As with U.S. studies, cost estimates do not include costs associated 

with educating, providing information, or otherwise expanding the public health system’s capabilities and 

capacities to address climate-related illness.  

Energy Sector 

Climate change will affect energy consumption, as residential and commercial energy users 

respond and adapt to changes in summer and winter temperatures and other climate changes. Climate 

change will also affect energy infrastructure, production efficiency, and the supply of water for cooling. 

Five national studies estimate changes in annual energy expenditures (for a single year) by residential and 

commercial users (see Table 4). The studies generally use econometric techniques and engineering-based 

analysis to define the relationship between energy consumption and temperature. The three most recent 

studies estimate changes in total annual energy expenditures (i.e., adaptation cost) ranging from $6 billion 

to $87 billion (undiscounted), with higher estimates reflecting greater temperature increases and the future 

year for which costs are calculated (more distant years have higher costs).  
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[Insert Table 4 here] 

Two older studies included in Table 4 (Morrison & Mendelsohn, 1999; Rosenthal & 

Gruenspecht, 1995) find much lower expenditures (negative in some scenarios) due, in part, to estimated 

declines in heating costs. Varying assumptions about population and income growth and the price of 

energy also contribute to differences across studies. Morrison & Mendelsohn estimate total expenditures 

(including both building expenditures, such as insulation, and expenditures on energy) for the year 2060 

to range from $3.0 billion to $19.6 billion, depending on the climate scenario; this estimate is 

significantly higher than energy expenditures alone. One study, Hadley et al. (2006), estimates cumulative 

expenditures for 2003–2025; the change in expenditures is $18.1 billion and $7.5 billion, for temperature 

increases of 1.2 degrees C and 3.4 degrees C, respectively, much lower (on an annual basis) than the 

studies above. Costs in Hadley et al. are lower at higher temperatures because declines in the energy 

needed for heating over time are more pronounced in the higher temperature scenario.  

Much less attention has been paid to estimating the cost of adapting energy supplies in response 

to both changing energy demand and the impact of climate change on energy infrastructure and fuel 

supply. Two studies focus on different aspects of this question. A study by Linder & Inglis (1989) 

analyzes new capacity and other changes required in the power sector to meet growing demand. Although 

the age of this study makes it difficult to interpret in light of current energy prices and patterns of 

production, projected temperature change ranges between about 3 degrees C and 5 degrees C, which is 

consistent with newer studies. The study estimates costs nationally and for four regions (Great Lakes, 

Southeast, Southern Great Plains, and California). For the year 2055, cumulative capital expenditures for 

the U.S. range between $305.5 billion and $578.1 billion. Among the regions, the Southeast has the 

highest expenditures (nearly one-third of the total), and California the lowest (around one-twentieth). The 

study also estimates additional annual costs, which include fuel costs, operating and maintenance costs, 

and electricity purchases. These annual costs are estimated to range between $20.8 billion and $58.8 

billion, nationally, almost one-tenth of capital expenditures. 

A recent study conducted by Entergy Corporation and partners (America’s Energy Coasts et al. 

(2010a, 2010b)) focuses on 77 counties located on the Gulf Coast from southern Texas to coastal 

Mississippi and Alabama. This study adapts the cost-benefit methodology developed and tested in ECA 

(2009) (discussed below in the section on state and local estimates of adaptation cost). From a broad set 

of available adaptation options, the study identifies those that are cost-effective from the perspective of 

preserving assets. For electricity supply, the study finds a handful of measures to be cost-effective, given 

a 13 cm increase in sea level rise and 1.4 percent increase in hurricane wind speed by 2030. Total capital 

expenditures for these measures—which include those that improve the resilience of transmission lines 

and distribution, along with vegetation management—are estimated at $15 billion, undiscounted, between 

the years 2010 and 2030. The study indicates that these expenditures would be funded by the private 

sector. An additional $106 billion in public and private sector capital expenditures over the same time 

period would be required to maintain the current risk profile of the region (including other assets as well 

as energy). Required measures include improved residential building codes, wetland restoration, levee 

systems, and a series of measures to protect the oil and gas sector (totaling around $50 billion), such as 

improved standards for offshore platforms.  

Nearly a dozen national, state, and local studies exist for the energy sector, including four 

national studies conducted since 2005 and several much earlier studies. About half the studies provide 
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national cost estimates, and the remainder focus on individual states, including California, New Mexico, 

and Florida, and the Energy Gulf Coast region. Despite potential impacts on energy supply and 

production—such as impacts on infrastructure, production efficiency, and power generation from 

renewable energy—almost no studies address the cost of adapting energy supply and production to 

climate change, a critical gap in our understanding of adaptation costs in this sector. Nearly all of the 

national studies focus on costs associated with changes in energy demand; more recent studies generally 

find incremental annual expenditures exceeding $20 billion in 2100.  This change is likely to be a 

relatively small  percent of future energy expenditures; even compared with current expenditures, it 

represents 5 percent of expenditures on electricity in 2010, and a much smaller percentage of total energy 

expenditures of  $1.2 trillion in the same year (USEIA, 2012). However, additional work is needed to 

understand how costs are distributed across consumer groups and time periods and are affected by 

different assumptions about how consumers respond. Given recent changes in energy markets and 

policies, an important avenue of research would also update the results using current projections for 

climate, energy supply, the efficiency of energy using technology, and socioeconomic variables affecting 

energy demand, such as migration patterns and population and income growth.  

Agriculture 

Climate change will affect agriculture through a variety of pathways that can alter the conditions 

for growing crops, raising livestock, and producing other agricultural commodities. Several studies assess 

the economic impacts of climate change on crop and livestock production in the U.S. (see for example, 

Adams et al., 1999; Mendelsohn & Markowski, 1999; Mearns et al., 2003; Reilly et al., 2001, 2003). 

Adaptation costs are difficult to extract from these studies, however, because they generally assume 

individual farms will autonomously adapt using readily available, low-cost methods, such as adjusting 

crop mix. Since these behavioral adaptations are integral to farm-level decision making, costs are not 

explicitly stated in the studies. Moreover, because agricultural adaptation is an ongoing process, it is 

difficult to attribute any particular set of actions to climate change. 

Little research is available on adaptation measures that the public sector can take in response to—

or in anticipation of—observed climate change in this sector. The literature suggests that some potentially 

cost-effective adaptation options are available to this sector at scales larger than the individual farm. For 

example, the adaptation literature frequently references large-scale irrigation systems to ensure water 

availability (Scott et al., 2004), and some international studies have estimated costs for this adaptation 

measure (McCarl, 2007; Nelson et al., 2010). Research and development of new seed varieties (Adams et 

al., 1999) or breeds of livestock are additional examples of adaptation activities unlikely to be undertaken 

by individual farms, but which could be funded publicly or privately at a larger scale (see, for example, 

Alertnet, 2011). 

Although well-developed models of the agriculture sector have been used to assess economic 

impacts in this sector, U.S, studies have not taken the step of breaking the cost of adaptation out 

separately from overall net impacts. Consequently, while there is a strong base of information on 

adaptation and potential responses at the farm level to climate change, little information is available on 

the costs of either private or public sector adaptation. Moreover, little attention has been paid to impact 

categories beyond crops and  livestock. Existing economic impact studies also focus on average warming 

and do not include extreme events. Often these studies assume no change in precipitation and omit the 
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consequences of climate change for pests or invasive vegetation. Decision makers could potentially 

benefit if researchers disaggregated results by factors that might affect adaptation options or available 

resources for adaptation—such as geographic region, whether or not crops are irrigated, types of crops 

(e.g., where high value crops are grown), whether water becomes more or less scarce under climate 

change, and farm size.  

Other Sectors 

For many impact categories, few or no national or even state-wide assessments of economic 

impacts exist, and fewer estimates of adaptation costs. The costs of adaptation have been estimated for 

isolated instances of recreation and tourism (discussed in the section, State and Local Estimates of 

Adaptation Cost). However, no adaptation cost estimates are available for unmanaged ecosystems; 

although unmanaged ecosystems adapt autonomously to climate change, interventions that assist in 

adaptation are possible, including providing migration corridors, identifying wildlife reserves, or 

implementing coastal adaptation measures, such as flood control levees or measures to prevent land 

erosion. Another neglected impact area is the effects of climate change on human social systems, 

including impacts on traditions, cultural icons and heritage, social institutions, and other less tangible 

aspects of quality of life, such as perceptions of safety. 

Both physical and monetary impacts can be difficult to quantify in these sectors, particularly 

where human systems and ecosystem services are concerned. Further, some of the costs of adaptation in 

these and other sectors—such as unintended environmental damages or impacts on development plans—

may be difficult to express in dollar terms and so may more easily be expressed in qualitative terms or 

using alternative metrics. Not only in these sectors but in others as well, qualitative metrics of adaptation 

that contribute to a general understanding of adaptation costs or to the extent of adaptation needed to 

achieve a tolerable level of risk, may be more appropriate for decision makers than adaptation cost 

measures designed to contribute to more traditional cost-benefit or cost-effectiveness analysis (Hall et al., 

2012).  

State and Local Estimates of Adaptation Cost 

Most governmental adaptive actions are—and will continue to be—taken at the state, county, and 

municipal levels (Ford et al., 2011; Agrawala et al., 2011). Research on adaptation cost can support 

decision making in both the private and public sectors by providing data on unit costs for specific types of 

adaptation options and by developing and testing methodologies that can be used to estimate costs. 

Several of the studies estimating national and regional costs build their estimates from site-specific data, 

and thus frequently provide state-level (and in some cases local) cost, or unit cost, estimates. This is a 

common approach in the coastal sector. Yohe et al. (1996, 1999), which is presented in the section on 

national and regional estimates of adaptation cost, and Yohe & Schlesinger (1998) begin with 30 sample 

sites and construct state, regional, and national estimates by extrapolating and scaling up information 

from those sites. Similarly, Weggel et al. (1989) generate a national cost estimate based on data for six 

sites in New York, New Jersey, Florida, Texas, and California. Early estimates also exist for 

infrastructure in several cities, including Cleveland, Miami, and New York (Walker et al., 1990a, 1990b).  

The studies in Table 5 focus specifically on statewide adaptation cost estimates, or provide 

estimates for locations within a state. California and New Mexico have statewide estimates for one or 
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more sectors; some studies focus on particularly vulnerable local areas (such as San Francisco Bay). 

Statewide estimates of adaptation costs range from thousands of dollars for a specific government 

program (such as a heat warning watch system), to tens or hundreds of millions of dollars for medical 

care due to climate-related illness, to billions for expenditures on electricity for cooling. Several states 

have produced assessments of the economic impacts attributable to climate change, often as part of the 

development of a climate adaptation plan or an evaluation of response options. Some of these, including 

Washington State, New York, and Maryland, provide data on adaptation costs in some sectors (Boicourt 

& Johnson, 2010; WDE & WDCTED, 2006; Rosenzweig et al., 2011). Non-governmental organizations 

have also funded studies that examine economic impacts (including some adaptation costs) nationally and 

at the state level (see, for example, Stanton & Ackerman, 2007; Ruth et al., 2007).  

[Insert Table 5 here] 

Studies using a detailed, bottom-up approach to estimate adaptation costs can provide unit costs 

and methodologies that may be useful to state and local public and private sector entities developing 

analyses to support policy and decision making. For example, the city of Punta Gorda, Florida (Beever et 

al., 2009) analyzed alternative adaptation options for low, moderate, and worst-case sea level rise. The 

city considered a range of options, including protection (bulkheads, seawalls, and dikes), elevating 

structures, using sand fill, and using rolling easements. In conducting its analysis, the city took into 

account both the type of option being implemented and location-specific characteristics of the shoreline 

(e.g., elevation, development, ecosystem characteristics). The city benefited from the published literature, 

drawing from several coastal studies, including Titus (1998), Titus et al. (1991), and Yohe et al. (1999).  

Adaptation cost studies provide aggregate information indicating the extent to which public sector 

expenditures (potentially at all levels of government) and private sector investment may be needed to 

finance adaptation measures to reduce impacts at the state and local levels. For example, both national 

and regional studies conducted for several sectors indicate that—not surprisingly—Florida’s 

infrastructure and coastal property are particularly vulnerable to climate change. In particular, Neumann 

et al. (2011) estimate costs in Florida far exceeding those in the Gulf Coast or South Atlantic. And Titus 

et al. (1991, p. 23) state that “one-half to two-thirds of the nationwide cost [of sand nourishment] would 

be borne by four southeastern states: Texas, Louisiana, Florida, and South Carolina.” 

In the water resources sector, cost estimates for California (state-wide) and Boston highlight the 

critical importance not only of the specific climate scenario analyzed, but also differences regarding the 

treatment of population growth and water demand, and assumptions about the operations of the water 

system, in the baseline and climate scenarios. For example, the cost range for Kirshen et al. (2006) in 

Table 5 represents costs of two different climate scenarios, assuming no growth in population (in the no 

climate base case or the climate case). If population growth is included, then capital costs rise 

considerably over the base case—by as much as $4 to $6 million across the scenarios. The analysis 

highlights not only the importance of these assumptions, but also the difficulty of determining how to 

allocate investment costs that serve dual purposes—in this case adapting to growing water demand and 

climate change. Two studies of California, Lund et al. (2006) and Medellin-Azuara et al. (2008) use 

similar methodologies but results of different general circulation models (GCMs), and obtain markedly 

different results.  
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In the health sector, several studies take a similar top-down approach that adopts simplifying 

assumptions to estimating potential adaptation costs (see Table 5). Kahrl & Roland-Holst (2008) estimate 

the increase in hospitalization costs due to ozone-related illness by assuming that expenditures to treat 

health effects are proportional to the number of days with high ozone concentrations. Niemi (2009) 

provides rough estimates of the increases in health-related costs for air pollution and heat events. To 

estimate costs of air pollution, the study multiplies expected hospitalization costs by factors representing 

the change that could be caused by different climate change scenarios (e.g., the study uses a factor of 

three for a moderate climate scenario). Similarly, the study multiplies the estimated increase in heat-wave 

days under alternative climate scenarios by the medical costs per heat wave day, to estimate the cost of 

adapting to heat events. Epstein & Mills (2005), discussed in the section on national and regional 

adaptation costs, take a similar, simplified approach.  

Another approach to estimating adaptation costs at state and local levels looks at analogous 

circumstances. Some studies provide examples of programmatic or other costs associated with current 

weather-related conditions, and indicate how these costs may be extrapolated or scaled to indicate the 

potential magnitude of future adaptation cost. For example, Dreschler et al. (2006) discuss current 

program costs for pollution control and mosquito control in California, and suggest this cost may be 

higher in the future. Ebi et al. (2004) provide data on the cost of the current weather-watch system in 

Philadelphia. While neither of these studies can be considered estimates of adaptation costs for projected 

climate change, they provide data that could be combined with climate change scenarios to develop more 

specific estimates of future costs for state and local governments.  

While not explicitly providing adaptation cost, two studies illustrate how adaptation cost 

estimates can be integrated into broader efforts to understand the long-term cost of climate change and 

evaluate adaptation options. ECA (2009) develops and tests a benefit-cost framework for identifying 

options they call “cost-effective.” The framework is intended to enable decision makers to assess climate 

risk, understand the costs and benefits of available adaptation measures, and integrate the most effective 

measures into economic development strategies. Florida is one of five case studies developed to test the 

methodology. The case study evaluates the risk of hurricanes and flooding (as exacerbated by sea level 

rise) in three highly populated areas, and finds that many cost-effective strategies exist to mitigate adverse 

effects of climate change. Similarly, a Canadian study (NRTEE, 2011) analyzes five different adaptation 

strategies and finds all but one to be cost-effective, with the costs of the strategies being far lower than the 

savings they would yield by reducing economic impacts. Both of these studies focus on pecuniary 

benefits to tangible assets (such as forests, infrastructure, and property), but point out the presence of less 

tangible benefits, such as those to human health, ecosystems, and culture.  

In addition to published and unpublished research studies, the cost estimates prepared by one 

locality to support decision making can inform decision making at other locations. Cost estimates being 

developed at the state and local level (to support proposed or planned projects), as well as already 

completed projects, provide anecdotal evidence on the magnitude of adaptation costs to government (see 

Table 6). Most of these projects address infrastructure or coastal areas. Many are fairly modest in size, 

while others represent investments in the tens or hundreds of millions, potentially incurred over some 

number of years. Many of the published studies also focus on public sector activities, such as a heat 

warning watch system in California. Still other options mix public and private responsibility. For 

example, if future expenditures on health care for climate-related illness follow current expenditure 
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patterns, they are likely to be split roughly equally between public and private entities, and to be spread 

across different levels of government.
iv 

 

[Insert Table 6 here] 

Other adaptation costs will be primarily private sector costs, such as the cost of increased 

consumption of electricity for cooling by residential and commercial customers. Private sector costs can 

be a significant portion of adaptation costs. For example, in the coastal sector, public sector costs can 

include dikes, beach nourishment, and development of coastal drainage systems, whereas private property 

owners will bear the costs of measures such as elevating land and structures and constructing or 

upgrading bulkheads. Some studies focus primarily on private sector costs. Two studies (Scott et al., 

2006; Bark et al., 2010) assess adaptation costs associated with increased snowmaking at specific ski 

resorts to maintain ski conditions in the presence of climate change. Another local-level study (Scott et 

al., 2004) assesses a water irrigation project for a farming community in Washington State. Such costs 

can represent significant portions of the operating budgets used to support the projects. 

Interpreting and Comparing Adaptation Cost Studies: Methodological 

Considerations  

Understanding the limitations and methodological differences of existing studies is essential to 

interpreting, comparing, and in some cases aggregating the data in order to best serve the information 

needs of diverse decision and policy makers. The studies reviewed contain critical methodological 

limitations and differences across the studies, including the types and coverage of adaptation options, the 

categories of costs that are included, how costs are presented and attributed,  underlying data and 

assumptions, and treatment of uncertainty. 

Types and Coverage of Adaptation Options  

Existing studies differ in the types of adaptive options included and the actors involved, making it 

difficult to compare or aggregate results across studies. The types of options included in or omitted from a 

study may also lead to under- or overestimating cost. Studies omitting more cost-effective adaptation 

options may overestimate adaptation cost, while those focusing on adaptive actions by one set of entities 

may omit the costs associated with actions taken by other entities, and so underestimate adaptation cost.  

In agriculture, for example, studies often assume farmers respond to changing climate by 

changing crop types and farming practices. However, adaptation can also include larger-scale actions, 

such as private- or public-sector investments to develop new crop hybrids, or new water management 

practices and pricing. Similarly, a study in the health sector might include the cost of mosquito control as 

an adaptation measure to reduce the spread of malaria, but might omit the cost of other forms of 

adaptation, such as the treatment of residual health effects or training public health officials to recognize 

emerging diseases.  

Gaining a complete and meaningful perspective on the range and costs of alternatives for 

adapting to climate change can be difficult. Many existing studies tend to focus on engineering solutions, 

and often on just a subset of those. For example, the most widely studied response to sea level rise is 

shoreline protection. Agrawala & Fankhauser (2008) surmise that it may be easier to estimate costs for 

hard protection, which may bias action toward structural measures. However, hard protection can lead to 
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detrimental effects on shoreline ecosystems (such as increased erosion or destruction of habitats), leading 

some studies to examine additional options—some of which may be more expensive, but have fewer 

unintended consequences.  

Even for “hard protection” measures, cost estimates may be optimistic, if they assume that the 

timing and level of adaptation and investment follow the least-cost path. While engineering solutions are 

often assumed to work as intended and designed, in practice such adaptive measures can be compromised 

and their effectiveness reduced, or they may have unforeseen environmental or social consequences. 

Deficient construction (in terms of quality, materials, or execution) may undermine the effectiveness of 

adaptation, or poor maintenance and operation may cause the function to decline over time. For example, 

design specifications for culvert diameters can be increased to accommodate more extreme rainfall 

events, but will only function as designed if they are routinely cleaned out. Thus, studies may 

underestimate costs to the extent that they neglect to include uncertainty regarding effectiveness and costs 

that may be needed to correct the operation of the adaptive measure or to mitigate environmental or social 

costs.  

Not only the type, but also the extent of adaptation differs across studies. Adaptation strategies 

differ according to their intended outcome or effect (Smithers & Smit, 2009). Some studies assume the 

adaptation options adopted are those that are familiar and low cost, or that also provide non-climate 

benefits. Others focus on adaptation that is cost-effective or minimizes the sum of residual damages and 

adaptation costs. Still others analyze adaptation options intended to offset the most traumatic effects of 

climate change, or fully offset climate impacts. Some studies do not estimate adaptation as a response to 

specific climatic changes but rather evaluate available adaptation options, make assumptions about the 

extent to which they could be applied, and then estimate the costs of implementation. 

Categories of Costs that are Estimated  

Adaptation cost estimates often focus on direct effects of adaptation, i.e., the financial costs and 

benefits (or savings) directly incurred by entities taking action. Such costs might include the capital and 

operating and maintenance costs associated with a long term investment or process change, or public 

sector programmatic costs. This type of analysis is sometimes referred to as an engineering cost analysis, 

and is commonly used in coastal studies that estimate the cost of engineering options such as building 

dikes. Several studies in the recreation and tourism sector also take this approach in estimating the cost of 

snowmaking. However, a few studies develop broader economic measures of adaptation cost, as in the 

agriculture sector where existing studies estimate changes in net economic welfare. In some sectors, such 

as energy, both economic and engineering cost approaches are used. Studies also vary in terms of the 

specific cost items that are included, or the sources of costs, e.g., whether private or public sector costs, or 

upfront capital costs or ongoing operating and maintenance costs are included.  

In addition to focusing largely on direct costs, for the most part studies look at adaptation options 

that are themselves clearly defined in measurable terms, such as constructing or maintaining structures, 

developing warning programs, and treating illness, This approach often misses several important 

categories of costs: costs associated with social and institutional adaptation, which are more difficult to 

measure; “hidden” or less tangible costs that occur during the transition from one situation to another or 

the implementation of an adaptive option, and the indirect costs resulting from the diffusion of adaptation 

options and costs throughout the economy. 
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Social and institutional costs of adaptation may in some circumstances be significant. For 

example, implementing engineering solutions actually entails socio-technical systems, which in turn may 

involve training, new forms of behavior, or interaction with technical systems. Such costs may be higher 

for options that have not been widely used or that planners and other decision makers have less 

experience with. Implementing adaptive options may also entail interacting with insurance companies, 

developing emergency management response plans, and other administrative and management activities. 

Some  adaptive measures may explicitly require social and institutional change, such as new or innovative 

forms of insurance, land use practices, legislation, decision making institutions or processes, the 

development of new technology and products, and behavioral change (IPCC, 2001b). Studies rarely 

consider the costs of these types of adaptive responses, or the social, institutional, and transactions costs 

associated with the more common “protective” adaptation options.  

Some of the costs or impacts of climate change may be “hidden,” as may be some costs of 

adaptation. Two studies—one discussing measuring the full costs of disasters (Gaddis et al., 2007) and 

one describing the hidden costs of coastal hazards (Heinz Center, 2000)--find that many costs are not 

adequately accounted for in impact studies. For example, a bridge or road closing may impede access to 

hospitals, business, or public services, and so result in impaired safety and health, and social and 

economic disruptions and losses, for both businesses and individuals. Similarly, extreme events can result 

in psychological trauma and short or long-term environmental degradation (Heinz Center 2000). Many of 

these impacts are difficult to measure, and so will limit the ability of studies to identify adaptation options 

that are truly “least cost.”  

Like climate change impacts, some adaptive responses may themselves have uncounted “hidden 

costs”—additional social and economic effects as resources are diverted t o recovery from other purposes, 

or ecosystem services are affected by the adaptation measures taken (Gaddis et al., 2007). For example, 

levees, seawalls, and other structural methods have environmental and social costs not typically reflected 

in studies. Heberger et al. (2009) point out that armoring the coast prevents natural movement and 

migration of the beach and associated ecosystems, and that beaches may disappear completely in some 

areas; structural measures can also increase vulnerability by encouraging development in flood-prone 

areas and giving those who live behind the structure a false sense of security.  

The movement from one equilibrium to another (as, for example, when agricultural production 

shifts location or unemployment results from changes in production patterns) is not costless. However, 

these costs of transitioning from one situation to another are not usually included. For example, studies in 

the agriculture sector omit the costs to workers who are temporarily or permanently displaced as farmers 

adapt by changing crop choices or farming practices, relocating northward, or going out of business. Such 

studies also omit the costs to farmers of implementing those decisions. Similarly, costs of temporary 

accommodations (e.g., in the event of property loss for homeowners or business due to sea level rise), or 

short-term productivity losses (e.g., when implementing a new technology or process change) are 

generally not included as a cost of adaptation  

Direct costs associated with adaptation in one sector may have implications for markets 

throughout the economy and for long term economic investment and growth (Roson and Tol, 2003). 

However, national level studies that take these interactions into account are rare in the U.S. For example, 

two studies of climate change impacts use IGEM (an intertemporal computable general equilibrium 

model (CGE) developed by Jorgenson, Wilcoxen, and Ho) and an earlier version of the model (Jorgenson 
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et al., 2004; Scheraga et al., 1993). These studies incorporate existing estimates of impacts—both 

adaptation costs (such as coastal defense) and net damages (such as changes in the value of agricultural 

production)—into the model. Internationally, national-level studies have been conducted using a more 

diverse range of methodological approaches, including bottom-up analyses, investment and financial flow 

analyses, integrated assessment models (IAMs), and computable general equilibrium models (UNFCCC, 

2010). While IAMs and CGEs have some advantages in their ability to capture economic linkages 

between different sectors, and (in the case of global models) represent international trade flows, they have 

a number of weaknesses, such as their inability to represent impacts and adaptation realistically (given the 

disaggregated nature of vulnerability and adaptive response), and to capture non-market effects 

(UNFCCC, 2010; Patt et al., 2010). 

Presenting and Attributing Costs 

Studies also differ in how cost estimates are reported —whether costs are reported in aggregate 

(and if discounted, what rate is used) or as a time stream. Even a modest discount rate of 2 or 3 percent 

can make a significant difference in the present value of cost estimates derived for a few decades into the 

future. Consequently, the base year is also important; costs calculated for a given year, or through a given 

end year of a stream of costs over time, will be much lower when discounted to an earlier (rather than 

later) base year.  

When adaptation actions serve multiple purposes, it becomes challenging to attribute the costs of 

an action across the “co-benefits” it provides, and studies differ in how they allocate these costs. For 

example, some forms of adaptation may represent a response to a combination of climate and non-climate 

stressors, with climate providing an added impetus to take action. In particular, population growth and 

land development already create pressure on water supplies for some communities in the Southwest; such 

pressure will be exacerbated by climate change. Adapting by improving the allocation of scarce water 

resources has benefits even in the absence of climate change, so that the cost of adaptation must be 

attributed across stressors. Alternatively, some actions have both mitigation and adaptation benefits. For 

example, programs to build vegetated or reflective roofs will reduce energy consumption and so reduce 

greenhouse gas emissions (mitigation), but also assist communities in adapting to higher temperatures by 

reducing the heat island effect.  

Underlying Data and Assumptions 

The estimated cost of adapting to climate change depends not only on the rate and extent of 

climate change, but also on changing conditions in the economy and human systems. For example, 

population growth and migration patterns play key roles in determining future water and energy demands, 

regardless of the effect climate change has on temperature or water supplies. Technological change and 

energy prices will dictate the adaptation options available in the future for many sectors, and will 

influence the cost of these options. Both within and across sectors, studies model these conditions 

differently—ranging from assuming current patterns persist to projecting new patterns for the future—and 

so may obtain different results. Studies also differ in the baseline they choose for adaptation; i.e., what 

actions occur as a consequence of other stressors and circumstances, in the absence of specific actions to 

address climate change.  
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The rate and magnitude of climate change will dictate the scale of resulting impacts, and thus will 

determine the types of adaptation that are cost-effective or viewed as necessary to offset impacts. Most of 

the adaptation cost studies make assumptions about how climate (and related variables, such as sea level 

rise) will change over time. The studies generally use one of three sources of data to project future 

climate:  

(1) output from sophisticated climate models, including data processed directly from the World 

Climate Research Programme’s (WCRP) Coupled Model Inter-comparison Project 3 

(CMIP3) database, which houses a collection of publicly available daily climate model 

simulations from 24 climate models across a collection of emission scenarios (Meehl et al., 

2007); 

(2) results of simplified climate models, such as the Model for the Assessment of Greenhouse-

gas Induced Climate Change (MAGICC) model, which uses a simplified first-order approach 

to produce global- and hemispheric-mean temperature projections (Wigley et al., 2000); and  

(3) climate scenarios constructed by the authors to examine “stepwise” impacts under 

increasingly severe climatic change, or to examine the sensitivity of impacts to different 

assumptions about climate.  

The most common approach (excluding coastal studies) is to rely on the simulations in the WRCP 

CIMP3 database. The Hadley Centre Model, NOAA’s models, and NCAR’s models (the last two of 

which are based in the U.S.), drive many of the U.S. studies examined here. Only a few studies rely on 

MAGICC modeling. Some studies do not use output from climate models, but develop ranges for climate 

variables—based on the results of models—to meet the goals of the analysis, which may, for example, be 

designed to evaluate a worst-case scenario.  

The choice of climate model can affect the timing and magnitude of projected changes in climate. 

For example, climate models with low climate sensitivity (the temperature response to a doubling of 

carbon dioxide concentrations) project a smaller increase in the equilibrium global temperature than do 

climate models with high climate sensitivity.
v
 The choice of climate model can also affect the direction of 

projected changes. For the same emission scenario and time period, one climate model may suggest an 

increase in precipitation while another suggests drying.
vi
 Climate models also vary in how they capture 

phenomena affecting regional climate. Some climate models have been shown to be good performers for 

the U.S. and so may be preferred for U.S. studies (Stoner et al., 2009; Wigley, 2008; Kunkel et al., 2006), 

while others may more accurately replicate climate in Europe or Asia.  

The fact that different studies use the same climate model does not necessarily indicate the same 

projected climate. Each climate model has produced different results over time due to model refinements, 

and some adaptation cost studies conduct additional processing of climate model simulation data to obtain 

projections at a finer scale. In addition, climate projections based on model simulations rely on 

assumptions about the path of greenhouse gas emissions over time. Studies conducted during the past 

decade generally rely on the “SRES” emission scenarios from the IPCC Special Report on Emission 

Scenarios (IPCC, 2000). Studies using climate projections developed before the year 2000 generally 

relied on user-developed emission scenarios or on earlier scenarios from the IPCC, such as IS92a (Leggett 

et al., 1992). Until approximately 2050, the range of global annual mean temperature projections using 

IS92a is within the bounds of the global annual mean temperature projections using SRES; after 2050, the 
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range of projections associated with the IS92a suggests less warming, especially at the higher end of the 

projected range. For example, by 2100, global mean annual temperature is projected to rise by as much as 

3.3 degrees C by models using the IS92a scenario, in comparison with 5.8 degrees C by models using the 

SRES (IPCC, 2001a; IPCC, 2007a).  

Treatment of Uncertainty 

Adaptation cost estimates are subject to several different sources of uncertainty. Socioeconomic 

variables, climate variables, technology, land use decisions, and societal responses are among the factors 

that may influence adaptation costs in a given sector. In addition, the magnitude of impacts in other 

sectors and how they respond to climate and other stressors will have ramifications outside the sector and, 

in some cases, in the broader economy. The progression of climate change and sea level over the time 

frame of the cost analysis is critical in determining the cost estimates, and the rates of both climate change 

and sea level rise are equally important as sources of uncertainty. 

Many U.S. studies use multiple emission scenarios and/or climate models to represent a range of 

plausible climate futures. The IPCC has not thus far, however, assigned probabilities to different emission 

scenarios; consequently, while studies can reflect the range in climate projections, it is difficult to assign 

probabilities directly (IPCC, 2007a). Some studies present only one climate future, while other studies use 

more than one, in order to implicitly recognize climate uncertainty. The studies cited in this report tend to 

rely on one to four climate model simulations, with a few studies pulling from a larger ensemble of 16 

climate models, but do not generally discuss the reasoning behind the choice of model or scenario used in 

the analysis. Rationales might include factors such as whether the model does a robust job capturing 

today’s observed impacts, the model is well-suited for the study region, or the spectrum of models used 

captures the breadth of climate sensitivity.  

Several of the studies explicitly address how uncertainty in climate and other variables may affect 

results. In the agriculture sector, for example, Adams et al. (1999) use sensitivity analysis to investigate 

the impact on the results of changing various assumptions (such as those governing farm-level adaptation 

and the effect of climate on global food production and demand). A few studies use Monte Carlo or 

bootstrapping techniques to incorporate some level of uncertainty into the analysis. For example, in the 

energy sector, Mansur et al. (2005, 2008) use bootstrapping to measure the uncertainty of predictions 

derived from the discrete-continuous choice model they use to forecast how climate change will affect 

both fuel choice and energy consumption. In infrastructure, Larsen et al. (2008) use a Gaussian 

multivariate Monte Carlo simulation to account for uncertainty surrounding specific estimates of future 

temperature and precipitation. The simulation provides proxy values for natural variability around the 

estimated points.  

Addressing Methodological Considerations 

Many of the weaknesses apparent in the U.S. studies are equally apparent in global studies and 

those of other countries. Reviews of adaptation cost studies internationally point to inadequate coverage 

of impacts within most sectors and near absence of analyses in other sectors (such as ecosystems), a focus 

on hard, engineering adaptation options, rather than more behavioral or economic options, and limited 

consideration of uncertainty, among other methodological issues (Agrawala & Fankhauser, 2008; Parry et 

al., 2009; UNFCCC, 2010; Fankhauser, 2010). Reviews also point to the difficulty of synthesizing results 
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across studies because of differences in climate scenarios, time frames, methodologies, socioeconomic 

assumptions, definitions of costs, and other differences. Unlike the U.S., however, attempts have been 

made to develop estimates of impacts and adaptation costs across country case studies and sectors using 

consistent methodologies (World Bank, 2010a, 2010b; Ciscar, 2012; Agrawala et al., 2010). There 

nonetheless remains a need for more country and sector studies, both to fill inadequacies in coverage and 

to provide detailed data on adaptation options (Fankhauser, 2010). 

The analytical capability to compare and in some cases aggregate dollar estimates across U.S. 

studies will be key to developing national estimates of adaptation costs or integrating adaptation into 

global models and studies. Methodological differences make it more difficult to aggregate or compare 

studies within and across sectors, and to interpret the results. In addition, because so much of the literature 

has not been peer reviewed and—in some cases (whether or not it is peer reviewed)—uses very back-of-

the-envelope methodologies, it is hard to assess the reliability and quality of the studies. Adopting 

comparable climate and socioeconomic scenarios, cost metrics, time frames, discount rates, and other 

analytical components will make it easier to compare and contrast studies and determine whether results 

are robust across different methodologies and studies. 

Exploring results for a range of assumptions (e.g., discount rates), and reporting details of the 

results (e.g., adaptation costs as well as net impacts) and presenting the results in different forms 

(cumulative vs. annual), will facilitate comparing and integrating studies. At a minimum, studies should 

be transparent with regard to basic information on the structure of the analysis and assumptions such as 

time frames and discount rates. In addition, explicit treatment of uncertainty and the use of sensitivity 

analysis (e.g., with respect to discount rates), would make it easier to evaluate the reliability of the results. 

These changes will also enhance the ability of decision and policy makers to apply the results of these 

studies to a variety of contexts, such as estimating national adaptation costs, identifying specific cost-

effective options, or planning future investment. 

Climate science continues to evolve, changing not only projections of climate averages and 

variability and sea level rise, but also improving our ability to link the incidence of individual climate and 

weather extreme events to climate change (Peterson et al., 2012). Estimates of adaptation costs should 

reflect these changes, particularly given the importance of extreme events in determining the economic 

costs of climate change. While current sea level rise estimates are not dissimilar from those that have been 

used historically in impact and adaptation studies, the science supporting projections of sea level rise and 

other climatic variables is still evolving. Generating an accurate understanding of adaptation costs will 

require using current scenarios and perhaps revisiting earlier studies to determine whether results remain 

robust.  

For some impact categories and locations, additional spatial and temporal detail is needed to 

support effective adaptation decision making at the federal, state, and local levels. In cases where decision 

making requires data at a fine level of granularity, such detail would assist governments—particularly 

those at the state and local levels—to make adaptation-related decisions. Detail could also improve 

national-level estimates. For example, using site-specific data that reflect the local nature of impacts 

improves the accuracy of national estimates of adaptation costs in the coastal and water resources sectors. 

Detailed data may reveal how adaptation costs vary regionally and could suggest priorities for investment 

or decision support at the federal level.  
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Policy Implications 

Studies estimating adaptation cost can support decision making in different ways. Adaptation cost 

estimates can feed into larger analyses of national or regional adaptation costs, and also provide unit-cost 

data that state and local governments can use to develop specific projects or proposals. This section 

explores key findings of the literature and the extent to which they inform questions essential to 

developing policy. It also discusses potential research directions to fill some of the most important gaps in 

the studies reviewed.  

Adaptation Options Exist for Which the Benefits of Adaptation Exceed the Costs 

Studies in many of the sectors either implicitly or explicitly model the choice of adaptation option 

in the context of optimal or least-cost decision making. Studies adopting this approach find that 

adaptation can reduce the net economic damages of climate change. In agriculture, for example, this 

comparison is implicit in the modeling approach, which assumes that farmers make adaptive decisions in 

such a way as to maximize net economic welfare. Most of the recent studies on sea level rise and coastal 

resources estimate total costs (adaptation costs plus residual damages), and model the choice among 

adaptation options (including no action) as decision minimizing total costs (the sum of adaptation costs 

and residual damages). Similarly, some studies on water resources and infrastructure take the approach of 

estimating adaptation costs and net impacts based on cost-minimizing assumptions.  

That adaptation options exist for which the benefits of action outweigh the costs is not a surprise. 

Equally, there are many circumstances in which the optimal response is to do nothing (see, for example, 

Changnon’s (1993) analysis of commercial harbors on Lake Michigan or the cost estimates for sea level 

rise and coastal areas by Neumann et al. (2011)). From a policy perspective, however, studies might also 

offer data that can be used to guide choices among options, such as the circumstances under which 

specific adaptation options (including choosing not to adapt) may dominate. For example, in the coastal 

resources sector, Neumann et al. (2011) indicate some of the factors that determine why the optimal 

adaptive response differs along the coastline—including population density, the existence of beaches, and 

the cost of protection. A systematic treatment of these factors could be instructive for coastal planners.  

Some studies employ an approach that explicitly seeks to rank adaptation options by cost-benefit 

ratio (America’s Energy Coasts et al., 2010a, 2010b). However, while information about adaptation 

choices is embedded in many analyses, studies do not generally explicitly call out this information in 

ways that provide guidance to decision makers. In addition, because studies often do not include a wide 

range of options, it can be difficult to generalize conclusions about the choice between, for example, hard 

options vs. soft options. Understanding the circumstances under which some adaptation options dominate 

would be helpful for decision makers with limited resources.  

Timing Of Adaptation 

A few studies explicitly address the question of the optimal timing of adaptation and, in some 

cases, how costs (including residual impacts) differ depending on when adaptation occurs. Several of the 

infrastructure studies explicitly model adaptation decisions in a way that includes timing. For example, 

the study of Alaska by Larsen et al. (2008) uses a maintenance and replacement methodology to estimate 

the appropriate timing of expenditures, and the study of bridges (Wright et al., 2012) explicitly models the 

cost differences between proactive and reactive adaptation. Chinowsky et al. (n.d.) also discusses the 
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benefits of proactive adaptation in the context of roads. Other studies, however, estimate adaptation costs 

for a single year (as in the energy sector), or estimate the cumulative cost of adaptation (as in some of the 

coastal studies, which estimate costs of adaptation measures, irrespective of when they occur). Policy 

makers could benefit from more information on the timing of adaptation, particularly for investment 

decisions that have long-term consequences.  

The Magnitude of Adaptation Costs  

The studies of adaptation cost in the U.S. paint a varied picture of annual cost for the nation as a 

whole. While the data are too incomplete to provide the data for a rigorous synthesis, the studies suggest 

that adaptation cost could easily be as high as tens or hundreds of billions of dollars per year by the 

middle of the century. It is difficult to state how significant or burdensome these costs are, in part because 

of the difficulty of determining how much of these costs would be borne by each level of government or 

the private sector, as well as differences in the extent to which climate impacts are offset (and how those 

impacts are themselves distributed). As a percentage of gross domestic product (GDP), estimated costs 

are not necessarily large: $100 billion in costs is less than one percent of 2010 GDP in the U.S., and 

would be even less over time as GDP grows. To the extent that available studies address only a portion of 

adaptation costs, however, the percentage of GDP could easily be much higher.  

The level at which adaptation costs collectively become significant, or potentially burdensome, 

can be examined from different perspectives. The most obvious comparison is with estimated impacts; 

however, such comparisons can be misleading unless it is clear whether adaptation costs are incremental 

to, or displace, impacts in a given sector. While Neumann et al. (2011) report adaptation costs as a 

percentage of total economic damages (including both adaptation costs and residual impacts), for most 

sectors such comparisons are difficult to make, given the sporadic availability of both impacts and 

adaptation cost data, as well as different assumptions (or findings) about the extent to which adaptation 

offsets impacts.  

More promising are comparisons with government budgets, particularly for adaptation that 

involves capital costs and operating and maintenance costs that would be associated with budgetary 

expenditures. State and local governments will likely be responsible for implementing most adaptation 

measures. If the aggregate cost of adaptation for state and local governments rises into the billions, it 

would become a significant component of some state budgets. In 2010, state expenditures ranged from $4 

billion (for South Dakota) to more than $200 billion (for California), averaging about $32 billion across 

all states (NASBO, 2011). An increase of even a few percentage points in adaptation costs could 

adversely affect state budgets. 

Adaptation produces benefits as well as costs. While some adaptation—notably planned 

adaptation—may be voluntarily undertaken by states and localities, some adaptation (for example, 

treating climate-related illness) is less voluntary. Consequently, estimating the burden of adaptation costs 

on state budgets without also estimating residual impacts (and impacts avoided) is misleading. Moreover, 

some areas of the country may be harder hit by adaptation costs: studies in transportation, energy, and 

coastal resources all report that the highest costs will be borne by the Southeast. The disproportionate 

distribution of economic costs—both adaptation and impacts—suggests that understanding the regional 

distribution of costs, as well as the costs per capita or as a percentage of government budgets or GDP, will 

be important to understanding their magnitude.  
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Data Needs to Support Decision Making and Policy Analysis 

Even in relatively well-studied sectors, studies estimate adaptation costs for only some impact 

categories, and for a subset of available adaptation options (see Table 7). For example, nearly all the 

energy sector studies examine future energy demand and how to meet it, but most neglect the cost of 

adapting energy supply given changes in transmission and distribution efficiency due to temperature 

change, changes in generation efficiency, the availability of water for cooling, the longevity of 

infrastructure, or potential damage from extreme weather events. Similarly, within the recreation and 

tourism sector, nearly all U.S. studies focus on skiing. In the health sector, the adaptation cost literature 

focuses on pollution-related illness and heat-related illness, although vector-, water-, and food-borne 

diseases are also of concern. Likewise, within agriculture, the overwhelming focus has been on crops and 

livestock, rather than commercial forestry or fishing, despite evidence that climate change may affect 

both.  

[Insert Table 7 here] 

Studies to date also offer a limited consideration of adaptation options. Most studies focus on a 

subset of adaptation options, and do not estimate adaptation costs for the full range of available measures. 

For example, studies in the coastal resources sector focus primarily on armoring and beach nourishment. 

As noted earlier, omitting categories of adaptation options may overstate costs if some cost-effective 

options are omitted, but may also understate costs if broad categories of adaptation needs are omitted. 

Further, in some sectors—notably agriculture—many studies do not break out adaptation costs separately 

but rather incorporate adaptation into decision making. Information on the specific adaptation options 

being considered in these studies and the cost of those options could usefully be broken out and reported.  

A practical approach going forward is to focus on priority research to fill gaps in the data required 

to support decision making and policy development. At the national level, adaptation is integral to impact 

functions developed as part of I IAMs examining tradeoffs between mitigation, impacts, and adaptation. 

However, for some sectors, almost no information is available on either impacts or adaptation, such as 

cultural and societal impacts (including impacts on environmental justice). Similarly, national estimates 

of adaptation cost can also support near- and long-term investment planning and estimates of the 

aggregate cost of adaptation at the national level; in this case, decision makers may use order-of-

magnitude estimates for sectors as a whole, particularly for sectors where impacts are large and 

potentially cost-effective adaptation options exist. However, adaptation cost information is unavailable 

for some key impact categories—such as disaster response and emergency management (which has 

potentially significant adaptation costs) or energy supply (which involves investment decisions with long-

term consequences). 

Strategic planning at the state and local levels may require more information on specific options 

as well as site-specific cost information. However, almost no information exists on adaptation costs for 

public health, for example, and even in sectors where adaptation costs are routinely developed based on 

bottom-up analyses (such as water resources and coastal resources), detailed inputs are not always 

accessible in the studies or readily available to decision makers.  
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Conclusion 

While limited in scope, available estimates suggest that, nationally, adaptation in the U.S. may 

cost tens or hundreds of billions of dollars. Studies are available at the national level for the impacts of 

sea level rise on coastlines, for some components of water supply and infrastructure, for energy demand, 

and for some aspects of transportation infrastructure. Many of the studies that provide national results also 

provide estimates at the regional and state levels, and sometimes provide unit-cost and other information 

that can be used to develop local estimates.  

 Differences in methodologies make it difficult to compare or aggregate the cost estimates across 

studies. Gaps in the impact categories and types of adaptation options that are evaluated (as well as the 

cost categories that are included), and differences in how researchers identify the level and types of 

adaptation for which costs are calculated, make it difficult to identify upper and lower limits on 

adaptation costs. Studies (both peer reviewed publications and the gray literature) often lack information 

about their basic parameters, such as the year of the dollars, the time frame over which costs are assumed 

to occur, whether costs are for a single year or averaged, and other features. Assumptions of the base 

case—such as population growth or water demand—that may be embedded in the models used or 

produced as an output of the model—are often not explicitly reported. Moreover, estimates are not often 

reported in percentage, rather than absolute terms, which would facilitate comparing results across models 

with different baseline assumptions. 

While the conclusions reached by studies of adaptation cost are important and interesting, the 

studies themselves could be more useful to policy makers at all levels of government if researchers put 

the results of their studies into a broader context. Almost none of the studies reviewed for this paper 

compared and contrasted their results with those of other studies in the literature, and made an effort to 

identify the source of differences in the results. Questions that could be important for policy makers, such 

as the factors or circumstances determining when and where different adaptation options are cost-

effective, are not systematically assessed. In addition, studies could directly address critical policy 

questions, such as the timing of adaptation and opportunities for robust decision making, given the 

uncertainty surrounding future changes in climate.  

Endnotes 

i. Since there is only one, the regional study of recreation and tourism is discussed in Section 4, along 

with the state and local studies. 

ii. The methodology for projecting sea level rise is an area of active research. Researchers currently 

project a relatively wide range for expected rise in global sea level by the end of the century—between 18 

and 201 cm compared with 1990 levels (NRC, 2010)—with IPCC (2007a) providing the lower end of the 

range. Estimates of sea level rise used by studies in this section generally fall within this range. 

iii. Alaska is generally included as a separate region in U.S. national climate assessments (see, for 

example, Karl et al., 2009). 

iv. In the U.S., expenditures on health care in 2010 were split roughly 45 percent and 55 percent between 

public and private entities, respectively. Of the public sector portion of health care expenditures, the 

federal government shouldered 64 percent and state and local governments 36 percent (Martin et al., 

2012). 
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v. Climate sensitivity is the equilibrium global mean surface temperature change projected by a climate 

model run with a doubling of carbon dioxide concentration. Climate models with high equilibrium 

climate sensitivity project a warmer climate. 

vi. Precipitation is particularly difficult to model given its very localized behavior. 
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Table 1: National and Regional Adaptation Cost Estimates for Coastal Resources (in millions of 

2010 dollars)
a
 

 Neumann et al. (2011)    

 
Shoreline armoring and 

 grade elevation
b
 

 
 

 

 67 cm SLR
c
    

 Discount rate    

 0% 3%    

North 

Atlantic 
60,000 15,100  

 
 

South Atlantic 22,800 5,600    

Florida
d
 99,400 28,500    

Gulf Coast 12,000 2,800    

Pacific 16,600 3,600    

National 210,800 55,600    

 Titus et al. (1991)
e
 

 Weggel et al. 

(1989) 

 Shoreline armoring, grade elevation, and accommodation
f
 

 Shoreline 

armoring, 

accommodation 

and retreat
g
 

 50 cm SLR
c
 100 cm SLR

c
 200 cm SLR

c
  231 cm SLR

c
 

Mid-Atlantic 30,900 64,300 328,400  7,700 - 25,700 

Northeast --h --h --h  12,200 - 41,600 

Southeast 59,000 114,100 339,100  16,300 - 52,700 

West 2,600 5,500 11,800  7,200 - 22,600 

National 91,100 - 203,600 236,700 – 504,900 665,500 – 1,067,800  43,400 -142,500 
a All costs are cumulative through the year 2100. 
b Options are seawalls, bulkheads, and beach nourishment. 
c Sea level rise (SLR). 
d Florida is broken out separately in the regional estimates. 
e National ranges are those reported in Table 9 of Titus et al.(1991).  Regional costs are summed from Tables 5, 7, and 8, for 

individual adaptation options, and represent a combination of lower bounds and reported point estimates.  
f  Options are constructing dikes, bulkheads, and seawalls; beach nourishment; relocating structures, and elevating roadways. 
g Options are constructing and raising bulkheads, and raising and relocating structures. 
h Northeast numbers are included in the Mid-Atlantic estimates. 
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Table 2: National and Regional Adaptation Cost Estimates for Infrastructure (in 2010 dollars) 

Study Name 
Impact 

Category 

Adaptation 

Options 
Coverage Adaptation Cost Estimates 

Frederick & 

Schwarz (2000) 

Water resources 

supply 

Investing in 

conservation and 

developing new 

supply 

Continental 

U.S.  

Annual costs of $61,900 million to 

$336,100 million in 2030, or 

$86,000 million to $294,400 

million in 2095 (drier climate). 

Chinowsky et 

al. (n.d.) 

Paved and 

Unpaved Roads 

Maintenance and 

design changes for 

paved and unpaved 
roads  

Continental 

U.S.  

Annual costs (discounted at 3 

percent) rise in 2050 to between 

$505 million and $784 million. In 

2075, annual costs are lower, 

between $260 million and $585 

million.  

Wright et al. 

(2012) 

Bridges Strengthening 

vulnerable bridges 

Continental 

U.S.  

From 2010 to 2090, cumulative 

(undiscounted) costs of proactive 

adaptation range from $141,200 
million to $196,900 million.  

Larsen et al. 

(2008) 

Public 

Infrastructure 

Maintenance, repair 

and replacement of 
public infrastructure 

Alaska Between 2006 and 2080, 

cumulative costs (discounted at 

roughly 3 percent) of between 

$6,000 million and $8,200 million. 

NACWA & 

AMWA (2009) 

Drinking water 

and treatment 
utilities 

Maintenance, repair, 

replacement, and 

improvement of 

drinking water and 

wastewater 

infrastructure  

Continental 

U.S. plus, 

Hawaii, 

Alaska, and 
Puerto Rico 

Between 2009 and 2050, 

cumulative capital and operating 

and maintenance costs (discounted 

at roughly 3 percent) range from 
$453,100 to $954,900 million. 

Furlow et al. 
(2006) 

Water quality  Cost at treatment 
plants 

Great Lakes 
Region  

Costs of between $38 million and 

$168 million per year, depending 

on the stream flow and technology 
system chosen.  
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Table 3: Public Spending on Transportation and Water Infrastructure, 2007 (billions of 2009 

dollars) 

 Highways 

Aviation, Mass 

Transit, and 

Rail 

Water Supply 

and 

Wastewater 

Treatment 

Water 

Transportation 

and Water 

Resources 

Total Public 

Spending 

Capital 87.5 26.6 38.9 7.8 160.8 

O&M 67.0 57.0 62.4 9.1 195.5 

Total 154.5 83.6 101.3 16.9 356.4 

Source:  CBO (2010) 

 

 

Table 4: Comparison of National Estimates of Increased Residential and Commercial Energy 

Expenditures (annual costs in millions of 2010 dollars) 

Approximate 

Temperature 

Rise 

 

Des-

chenes & 

Green-

stone 

(2007) 

Mansur 

et al. 

(2008) 

Mansur et al. (2005) 

Morrison 

& Mendel-

sohn 

(1999) 

Rosen-

thal & 

Gruen-

specht 

(1995) 

 Yeara 2099 2100 2050a 2100a 2060 2010 

1.0 – 1.5 

degrees C 

Residential   6,100  -800 -6,500 

Commercial   0  -2,200 -1,600 

Total   6,100  -3,000 -8,200 

2.0 – 2.5 

degrees C 

Residential  24,900 13,500 23,800 -200  

Commercial  15,200 500 800 -3,100  

Total  39,900 14,000 24,600 -3,300 -18,100 

4.0 – 4.5 

degrees C 

Residential 
16,100– 

37,600b 
     

Commercial       

Total       

5.0 

degrees C 

Residential  53,900  57,000 5,400  

Commercial  33,200  4,100 -3,500  

Total  87,100  61,100 1,900  

a Studies report annual costs for a single identified year.  
b The range of costs reflects different climate projections. 

Note: Components may not sum to totals due to rounding.  
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Table 5: Studies of State and Local Adaptation Cost (in 2010 dollars) 

Sector Paper 
Impact 

Category 

Adaptation Options 

Considered 

State or 

Locality 
Brief Results 

Coastal 

Resources 

Heberger et al. 

(2009) 
Coastal property 

Shoreline armoring 

(constructing and upgrading 
levees and seawalls)  

California  
Total cost of protection of $17,500 million, plus 10% 

for operation and maintenance 

Coastal 

Resources 

Neumann & 

Hudgens (2006) 
Coastal property 

Shoreline armoring 

(constructing dikes, 

seawalls, and bulkheads) 

and grade elevation (beach 
nourishment) 

California Cumulative costs of $298 million (discounted at 3%) 

Coastal 

Resources 

Gleick & Maurer 

(1990) 
Coastal property 

Shoreline armoring 

(constructing and upgrading 

levees, seawalls, and 

bulkheads), grade elevation 

(beach nourishment) and 

accommodation (raising 

structures) 

San Francisco Bay Total cost to protect the Bay of $1,400 million 

Coastal 

Resources 
Bin et al. (2007) Coastal property 

Grade elevation (beach 

nourishment) 
North Carolina  Annual cost of $399 million (discounted at 2%) 

Coastal 

Resources 
Titus et al. (1987) Coastal property 

Accommodation (improving 

drainage systems) 

Charleston, SC and 

Fort Walton Beach, 
FL  

$9 million and $1 million to construct adaptive drainage 

systems for Charleston and Fort Walton Beach, 
respectively 

Coastal 

Resources 
Titus (1990) Coastal property 

Shoreline armoring 

(constructing levees) and 

grade elevation (beach 

nourishment and raising 

land surfaces), 

accommodation (raising 

structures), retreat 
(relocating structures) 

Long Beach Island, 

NJ 

Retreat costs of $63 million; $161 million for raising 

the profile of the island and raising structures; $80 for 
levee with beach nourishment  

Coastal 

Resources 
USACE (2006) 

Native villages 

(Coastal) 

Shoreline armoring 

(constructing seawalls and 

bulkheads) and grade 

elevation (erosion 

protection) and retreat 

Seven Alaska 

communities 

Costs per village range from roughly $5 million to $100 

million for protection, and from $20 million to $200 
million for relocation 
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Sector Paper 
Impact 

Category 

Adaptation Options 

Considered 

State or 

Locality 
Brief Results 

(relocating communities)  

Coastal 

Resources 

Kirshen et al. 

(2006) 
Coastal property 

Shoreline armoring 

(constructing seawalls, 
bulkheads, and revetments) 

Floodproofing buildings 

Metropolitan 

Boston  

Shoreline hardening costs of $4,300 million and 

floodproofing costs of $2,200 million to $8,500 million, 

through 2100  

Infrastructure 
Hanemann et al. 

(2006) 
Water supply 

Replacement of water 

supplies 

Water rationing 

California 

Replacement costs of $344 million annually 

Costs of rationing to consumers equals $3,800 million 
in drought years 

Infrastructure 
Kirshen et al. 

(2006) 
Water quality 

Constructing and operating 

extra filtration units 

Metropolitan 

Boston 

Capital costs range from $2 million to $8 million 

through 2050, and $7 million to $9 million through 
2100. 

Incremental annual operating costs are less than $0.5 

million for both climate scenarios and years 

Infrastructure Lund et al. (2006) Water supply 

Systemwide changes 

(including pumping, 

treatment, recharge and 
reuse, desalination, etc.)  

California 
Incremental annual average operating costs through 

2100 range from +$184 million to –$296 million. 

Infrastructure 
Medellín-Azuara et 

al. (2008) 
Water supply 

Systemwide changes 

(including pumping, 

treatment, recharge and 
reuse, desalination, etc.) 

California 
Incremental annual average operating costs through 

2100 equal $462 million. 

Infrastructure Changnon (1993) 
Water supply and 

uses 

Dredging, adapting 

bulkheads and slips/docks, 

modifying water sources, 
stormwater changes 

Illinois shoreline of 

Lake Michigan 

Cumulative adjustment costs over a 50 year period 

range from $493 million to $1,400 million. 

Health 
Kahrl & Roland-

Holst (2008) 

Ozone related 

illness 

Ozone related 

hospitalization 
California 

Hospitalization costs of $511 million to $1,000 million 

annually  

Health Niemi (2009) 

Heat-related 

illness 

Ozone-related 
illness 

Medical treatment of illness New Mexico 

Hospitalization costs of $16 million to $30 million 

annually for ozone-related illness 

Medical care costs of $7 million to $45 million 
annually for heat-wave related illness 
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Sector Paper 
Impact 

Category 

Adaptation Options 

Considered 

State or 

Locality 
Brief Results 

Health 
Dreschler et al. 

(2006) 

Heat-related 

illness 
Heat warning system  California 

$570,000 to develop a statewide emergency warning 

system, and a similar estimate for intervention during 
excessive heat warnings annually for California cities. 

Health Liao et al. (2010) Air Quality  Emission controls 
Five cities across 

the U.S.  

Annual cost per city ranging from $61 million to $3,300 

million to implement controls to reduce sulfur dioxide, 
nitrous oxides, and volatile organic compounds 

Energy Niemi (2009) Energy demand 
Energy consumption for 

cooling 
New Mexico 

Increased energy costs for air cooling of $211 million to 

$1,600 million annually 

Energy 
Franco & Sanstad 

(2006) 
Energy demand 

Electricity consumption for 

heating and cooling 
California 

Additional expenditures on electricity of $1,200 million 

annually 

Energy 

Electric Power 

Research Institute 

(2003) 

Energy demand 
Electricity consumption for 

heating and cooling  
California 

Additional expenditure on electricity of $1,500 million 

to $21,000 million annually 

Recreation and 

Tourism 
Scott et al. (2006) Skiing Snowmaking 

Five ski resorts in 

the U.S. and 
Canada 

Incremental annual costs for two U.S. ski resorts could 

range from $200,000 up to $1 million 

Recreation and 

Tourism  
Bark et al. (2010) Skiing Snowmaking 

Two ski resorts in 

Arizona 

For one resort, capital costs of between $4 million and 

$9 million, and operating costs of between $210,000 to 
$560,000 per year 

Recreation and 

Tourism 
GLRA (2000) 

Recreational 

boating 
Dredging 

Great Lakes 

Drainage basin 

$77 million in dredging costs, which equates to about 

$19 in maintenance costs for each of the 4 million 

recreational boats that use Lakes Superior, Huron, and 
Michigan 

Agriculture Scott et al. (2004) Crops Improved irrigation  
Yakima Valley in 

Washington State 

Estimated capital cost of the irrigation project is $2,200 

million 
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Table 6: Examples of Local Government Climate Change Adaptation Projects and 

Adaptation Costs in the United States  

Sector 

Types of 

Adaptive Actions 

Undertaken 

Description of Local Adaptation Projects 

Coastal 

Resources 

Shoreline 

armoring 

measures, such as 

levees, seawalls, 

and dikes  

Grade elevation, 

such as beach 

nourishment or 

raising land 

surfaces 

Retreat 

(relocation) 

Accommodation, 

such as raising 

structures 

Punta Gorda, Florida. The City of Punta Gorda and the Charlotte 

Harbor National Estuary Partnership developed an adaptation plan 

for this coastal city. The city applied for $13.5 million in funding to 

replace seawalls that would provide protection to the downtown 

area from sea level rise and storm surge events (Beever et al., 2009). 

Olympia, Washington. The Washington State Department of 

General Administration is examining different future sea level rise 

alternatives (between approximately 15 cm and 60 cm) and costs for 

protection for Olympia. Estimated costs for protecting buildings 

(through raising of perimeter berms and construction of dikes) range 

from $0.1 to 2 million; raising and replacing transportation 

infrastructure range from $2 to 9 million (Moffatt & Nichol, 2008). 

San Diego, California. Griggs (2005) reviews anecdotal 

information on costs of beach nourishment and coastal protection 

structures implemented in California. One project dredged sand 

from six offshore sites and transported it to twelve northern San 

Diego County beaches at a total cost of $17.5 million (or $11.67/m). 

The cost of hard protection measures over the past 15 years ranged 

from $6,000/m to $25,000/m (Griggs, 2005). 

Public and 

Commercial 

Infrastructure  

Raising property 

Permeable road 

and sidewalk 

surfaces 

Curvilinear roads 

Building larger 

culverts 

King County, Washington. The King County Flood Control 

District has a program to buy out properties and to assist property 

owners with the costs of raising their property. Buy-out costs have 

ranged between $30,000 and $814,000, per parcel. Costs of home 

elevations have ranged between $50,000 and $160,000 (King 

County, 2011; S. King
 a
 [personal communication, October 3, 

2011]. 

Seattle, Washington. Seattle’s Public Utilities Department has 

implemented several pilot projects to improve the ability of urban 

areas to act as natural drainage systems and absorb extra runoff 

during heavy rainfall and flooding events. Options included the use 

of curvilinear roads, bioretention soils, porous concrete for 

sidewalks, and better landscaping choices for curbs and residents’ 

gardens. The average cost per block for these options was $280,000 

(Seattle Public Utilities, 2011). 

Oyster River, Durham, New Hampshire. The town estimated the 

cost of two alternative approaches to upgrading culverts—one more 

proactive and risk-averse than the other. Estimated costs ranged 

from $50,334, or 0.016% of each year’s budget over 30 years, to 

$168,663, or 1.6% of the operating budget. The upper end of the 

range reflects the more risk averse option (Stack et al., 2010). 

Water 

Resources 

Water rationing 

Conservation 

Techniques 

Changes in water 

management 

Phoenix, Arizona. In 2000, the U.S. Army Corps of Engineers, in 

conjunction with the Flood Control District of Maricopa County, 

and the Sub-Regional Operating Group (a cooperative entity 

between Glendale, Mesa, Phoenix, Scottsdale, and Tempe), began 

construction on the Tres Rios Ecosystem Restoration and Flood 

Control Project. The project consists of a flood protection levee, 
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Sector 

Types of 

Adaptive Actions 

Undertaken 

Description of Local Adaptation Projects 

Water recycling 

Additional water 

supply 

effluent pump station, emergent wetlands, and riparian corridors 

and open water marsh areas to replace existing non-native salt cedar 

in the river. The project cost $230 million and was designed 

primarily to adapt to increasingly stringent water quality standards 

(City of Phoenix, 2011). 

Boston, Massachusetts. In the 1980s, while planning for a new 

wastewater treatment plant, the Massachusetts Water Resources 

Authority (MWRA) became concerned that projected sea level rise 

would disrupt the plant’s piping system. The planners decided to 

elevate the new facility by approximately 1.9 feet to accommodate 

these projected sea level changes through 2050. The total cost of the 

new plant was $3,800 million. MWRA is also spending more than 

$850 million on combined sewer overflow projects to protect 

beaches, shell-fishing beds, and other sensitive waters from 

overflows due to current and projected heavier rains in the future 

(Massachusetts Water Resources Authority, 2009a, 2009b; Feifel, 

2010; Karl et al., 2009). 

Note: Dollars are cited as reported in the reference, and so are not given in a consistent year across studies.  
a
 Sally King, Snoqualmie / South Fork Skykomish River Basin Coordinator, Department of Natural 

Resources and Parks, King County. 
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Table 7: Highlights of the State of Research in Sectors with Adaptation Cost 

Estimates
a
  

Sector Highlights of Assessment 

Impact Categories 

Included in Studies 

Example Adaptation Options in 

Existing Studies 

Coastal 

Resources 

Relatively well studied sector, 

with one recent national study 

and numerous  national, 

regional, and state studies. 

Coverage of impact categories 

and adaptation options is 

incomplete. Limited treatment 

of extreme events. 

Damages and erosion or 

inundation of coastal 

property and infrastructure; 

loss of habitat 

Shoreline armoring (hard 

protection), such as levees, 

seawalls, and dikes  

Grade elevation (soft protection), 

such as beach nourishment and 

raising land surfaces  

Retreat (relocation of structures or 

rolling easements) or abandonment 

Accommodation, such as raising 

structures or improving coastal 

drainage systems 

Infrastructure Only a few national studies for 

road transportation and water 

resources exist, with additional 

studies for selected states and 

areas. Large gaps in coverage 

of impact categories and 

adaptation options.  Limited 

treatment of extreme events.  

Maintaining water supplies   Developing new supplies, 

introducing conservation 

measures, foregoing some water 

uses, and altering streamflows 

Drinking water and  

wastewater utilities 

Capital investment, including the 

use of green infrastructure, 

changes in treatment plant designs 

and methods, water recycling 

Roads and bridges Changing transportation 

infrastructure and design, 

strengthening vulnerable 

infrastructure, conducting repairs, 

maintenance, and construction  

Public and commercial 

infrastructure 

Maintain and replace existing 

structures 

Human Health
a
 No national studies of the cost 

of adapting to health effects of 

climate change exist. The few 

studies are anecdotal and 

heuristic, and  address state or 

local areas.  

Air pollution-related illness 

and death 

Heat-related death and 

illness 

Medical treatment including 

hospitalizations 

Heat event warning systems 

Increased pollution control  

Energy Energy expenditures and 

demand is well studied, with 

national studies (and a few 

state studies) published in 2008 

and prior years. Impacts of 

climate change on energy 

supply and production have 

received little attention. 

Energy demand Change in energy consumption for 

heating and cooling 

Generation capacity and 

supply 

Construction of new energy 

sources 

Infrastructure Adjusting technology to ensure 

more resilient infrastructure 

Availability and prices of 

fuels 

Changing management practices 

Fuel switching 

Agriculture Minimal information exists on 

adaptation cost, although 

adaptation in the sector has 

been well-studied. 

Crops Irrigation 
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Sector Highlights of Assessment 

Impact Categories 

Included in Studies 

Example Adaptation Options in 

Existing Studies 

Recreation and 

Tourism 

A few site specific studies 

exist. 

Winter sports (skiing) Snow-making  

Water-based recreation 

(boating) 

Dredging waterways 

a Adaptation to heat via additional expenditures on air conditioning is incorporated into energy sector estimates  
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Appendix: Scope of the Literature Review on Adaptation Cost 

 

This assessment reflects an extensive search conducted in December 2010 for documents 

estimating the prospective cost of adapting to climate change in the U.S., for a wide range of 

sectors and categories of impacts. Additional searches targeted state and local anecdotal evidence 

of adaptation projects with cost estimates, as well as survey articles about adaptation cost.  The 

search process included a keyword search using online research tools, internet searching, reviews 

of the bibliographies of relevant survey literature or other studies, and citation searches of key 

studies. 

The paper also includes studies that were in progress prior to the cutoff date and are now 

published, as well as a few unpublished papers that have been extensively cited or contain unique 

material and that were uncovered after the search and during the course of the project. A few 

early studies (e.g., studies by Titus on sea level rise or by Bark on recreation)  that were replaced 

by later studies were omitted from this assessment; these studies were first reviewed to confirm 

that the results were the same as in the later study, and to determine whether there were 

methodological differences of import or the earlier study provided additional insights. 

The intent in gathering literature was to identify and review a broad enough base of 

studies that statements about coverage (by impact category, type of adaptation option, and 

geographic region), magnitudes and methodologies could be made with confidence.   The 

keyword search combined climate terms (including extreme events) with variations on terms for a 

wide range of general impact categories (e.g., agriculture, ecosystems, forestry, fisheries, coastal, 

energy, infrastructure, transportation, water resources, etc.) as well as more specific impact areas 

(e.g., space heating, skiing, biodiversity). The results were then further modified to focus on 

articles with content that included adaptation and economic cost data.  

However, because some studies of economic impacts actually include adaptation costs 

(e.g., construction or repair costs) but do not label them as such in the article, some relevant 

articles may have been missed. Thus,  the term “impacts” was also included for a more limited set 

of searches that focused on the past few years and infrastructure.  Given the paucity of identified 

adaptation cost studies in areas such as disaster and extreme event management, particular  effort 

was made to search for articles addressing economic impacts in these areas, with the possibility 

that such studies might also encompass adaptation costs.  No additional peer-reviewed studies 

were located. 

The keyword search was conducted using Dialog (an online research tools that accesses a 

variety of unique and relevant databases covering published and unpublished literature in the 

social and physical sciences) and Google Scholar. The keyword search was supplemented by 

general internet searching to identify additional reports from the “gray literature” (particularly 

government reports and reports from non-governmental organizations).  

Citation or forward searches were used to identify literature that might have been missed 

by the keyword search. This search begins with the identification of one or two seminal articles in 

each sector (identified as part of earlier work on this topic), and then searches for articles/reports 

that cite the original article. This method is ideal for identifying an analytical or research trail, if 

one exists. We also used a “snowball” technique to identify articles, beginning with a few survey 
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articles or books and the papers identified in those sources, and identifying additional citations 

from those articles.  

Last, we reviewed the materials prepared by states (such as New York and Maryland) 

with adaptation plans to identify supporting documents with estimates of economic impacts or 

adaptation costs.  We also reviewed surveys prepared by various not-for-profit organizations on 

the “costs of inaction” to identify supporting literature that might provide additional evidence on 

adaptation costs in the U.S. 

 


