Ohio Environmental Council’s Comments on
Ohio Power Siting Board’s Five Year Review of Ohio Administrative Code chapters 490601 through 4906-07
On behalf of the Ohio Environmental Council (“OEC”), our nearly 100 environmental and
conservation group members, and our thousands of individual members throughout the state, we
thank the Ohio Power Siting Board (OPSB) for the opportunity to submit comments regarding
this draft Five Year Review of Ohio Administrative Code (OAC) 4906-1 through 7.
The mission of the OEC is to secure healthy air, land, and water for all who call Ohio home. The
OEC advocates for the decarbonization and democratization of Ohio’s power system. OEC
members are harmed when the siting process does not account for future effects of climate
change or allow them to meaningfully participate in the siting process. OEC applauds this
Board’s goal to improve public access to the power siting process. To that end, the OEC offers
the attached comments.
With the proposed changes below, the OEC invites this Board to envision an Ohio independent
from outside forces, like inflation and supply chain disruptions, by capturing its own solar and
wind resources. Given the threat posed by climate change and increasing inflation, Ohio must
quickly transition toward a renewable energy future. This Board plays a critical role in ensuring
renewable energy projects have fair access to the power siting process. The OEC urges this
Board to create fair rules, without a disproportionate burden on renewable energy projects.
Our comments below are divided into two sections. In section I, we explain the three major
themes of our suggested changes. These themes are public participation, climate change, and a
fair process for all applicants. In section II, we suggest specific language to assist this Board in
achieving an open, fair, and robust siting process.
I.

The current proposed rules miss opportunities to create a meaningful, evidencebased siting process.

The OEC’s comments focus on (A) fostering meaningful public engagement, (B) ensuring the
siting process considers climate change, and (C) evening the playing field for applicants. The
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proposed rules could improve meaningful public participation by adding guidance on the
meaning of public interest and requiring the staff report to substantively respond to public
comments. The OEC also encourages this Board to eliminate section 4906-4-09 as duplicative
and unreasonably burdensome. If not, all applicants should be subject to these additional
requirements. Finally, this Board must ensure all applicants are considering climate change in
every step of the siting process. Climate change both impacts our electric distribution system and
the public health of Ohioans–the Board must play a role in alleviating those harms.
A. This Board can improve meaningful public participation by providing guidance on
the public interest prong and requiring the staff report to substantively respond to
public comments.
The OEC applauds this Board’s emphasis on encouraging public participation in the siting
process. We appreciate the new requirement for applicants to provide a list of the public officials
contacted in 4906-4-06(F)(7). We also support formally requiring the staff report to discuss the
public interest prong from R.C. 4906.10(A). However, these rule changes still fall short of
ensuring meaningful public participation. Meaningful public participation requires a substantive
review and response to the public’s concerns, weighing the probative value of each. It also
requires clear guidance on the meaning of public interest. Without some guidance and response
mechanism, this Board’s important focus on public participation may lead to arbitrary results and
a more frustrated public.
The rules should include more guidance on the public interest prong because recent public
interest decisions have yielded arbitrary outcomes.1 Staff has recently approached the public
interest prong by tallying the number of comments opposed versus the number of comments in
support of a project, but with wildly different results. In the 2016 Duke pipeline extension case
most of the 1,390 comments were opposed. That opposition slightly altered the route of the
pipeline, but did not prevent the project from getting a certificate. In contrast, staff recommended
the roughly 40 comments in opposition to the Scioto Farms Solar application were too much for
the project to go forward at all. Staff said “[w]hile some local opposition is common in many
siting projects,” the local opposition in this case made the project against the public interest.2
However, this staff report does not explain why the overwhelming opposition in Scioto Farms, a
solar project, is different from the Duke natural gas case. Each of these projects had opposition
by local residents, officials, and emergency response personnel but very different staff
recommendations.

1

Scioto Farms Solar, Case No. 21-0868-EL-BGN; contra Duke Central Corridor Extension Gas Pipeline, Case No.
16-0253-GA-BTX.
2

Scioto Farms Solar, Staff Report, 45.
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This example also demonstrates the need for substantive responses to public comments in the
staff report. In both the Duke and Scioto Farms cases discussed above, many of the public
comments expressed confusion about how their comments were used in the process. By
responding directly to commenters in the staff report, the public will know the board reviewed
their input.
This process would also allow this Board to foster more public conversation and correct false
information spreading within a community. For example, many commenters in the Scioto Farms
case mentioned fears that solar farms will reduce property values. Many of the commenters to
these proposed rules refer to a study they say proves solar farms reduce property values by 30%.
The researchers in that University of Texas study asked local appraisers in rural areas to rate
whether solar farms would affect property values. Some appraisers had no experience with
properties near solar projects. The appraisers with no practical experience were more likely to
say solar would negatively affect property values. The Texas researchers found “experience
assessing near a solar installation is associated with a much less negative estimate of impact.”3 In
contrast, a study in Rhode Island and Massachusetts tracked the values of actual properties
located near solar installations.4 That study found solar did not negatively affect rural property
values, only suburban ones. If the staff report was required to find this study and respond directly
to these concerns, the Board would be able to foster a more robust and informed community
conversation about property values.
Other Ohio agencies already practice this model for public comments. The Ohio EPA’s response
to comments on a proposed permit summarize public comments into certain categories and
respond to each with anything from one sentence to several paragraphs. For example, here is an
excerpt from the Ohio EPA’s review of a recent antidegradation application for Plain City:
Comment 6: Ensure that Big Darby Creek will be restored, such as through a
determination that water quality will allow the return to this segment of Big Darby Creek
of rare and sensitive species of mussels and fish. Antidegradation and related measures
should not just mean that the streams are just protected to meet minimum standards of the
Clean Water Act.
Response 6: Please see Response 4. A detailed antidegradation analysis was conducted
and loadings of regulated pollutants are proposed to be capped, resulting in concentration
limits being reduced in the draft NPDES permit to levels lower than what would be
calculated using typical modeling procedures.
3

Leila Al-Hamoodah et al., An Exploration of Property-Value Impacts Near Utility-Scale Solar Installations, The
University of Texas at Austin, p.16 (May 2018). A copy is included as Exhibit B.
4
Vasundhara Gaur and Corey Lang, Property Value Impacts of Commercial-Scale Solar Energy in Massachusetts
and Rhode Island, University of Rhode Island (Sept. 29, 2020). A copy is included as Exhibit C.
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The OEC agrees that this Board’s legal obligation to consider the public interest includes
meaningful input from the public. However, the OEC fears that the Board’s recent practice of
merely counting the number of comments for and against a project falls short of the statutory
intent. This practice makes the Board vulnerable to inadvertently confirming false or misleading
information circulating in a community because it does not weigh comments based on inaccurate
information any differently than those based on peer-reviewed, sound evidence. Thus, we
encourage this Board to utilize the rulemaking process as an opportunity to ensure meaningful
public participation. The rules should include guidance on the meaning of public interest and
require the staff report to respond directly to public comments.
B. The OEC encourages this Board to ensure applicants and staff account for climate
change throughout the application process.
All future Ohio Power Siting Board cases must closely and holistically consider the project’s
impact on our environment and its relationship to climate change. The OPSB’s primary legal
obligation is to “ensure the availability to consumers of adequate, reliable, safe, efficient,
nondiscriminatory, and reasonably priced retail electric service.”5 The science shows climate
change is caused by anthropogenic greenhouse gas emissions (GHGs), and the electric power
sector is one of the largest contributors to GHGs. The OPSB’s proposed rules do not adequately
factor climate impacts into its decision-making process.
This omission is a critical failure of this Board.
In the application stage, electric generation facilities—and natural gas pipelines—need to
communicate information regarding climate impacts in their applications. This could include an
estimate of greenhouse gasses emitted over the project’s useful life; a GHG mitigation plan;
whether the proposed project will directly result in the decommissioning of other greenhouse gas
emitting projects; and predicted impacts of future climate shifts to the project location.
In the evaluation stage, the OPSB needs to explicitly acknowledge climate change’s role in the
elements under ORC 4906.10(A). In particular, the public interest and environmental impact
prongs should include consideration of climate change. An example is the National Audubon
Society’s suggestion to provide preference or incentives to projects proposed on brownfield
sites.6 This Board can no longer ignore the public health and environmental implications of
greenhouse gas emissions at the local, state, national, and international level in analyzing
essential elements of the siting process.
5

R.C. 4928.02(A).
Gary George and Adam Forrer, Comment on Docket No, 21-0902, National Audubon Society, Great Lakes (Aug.
1, 2022).
6
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i. The OPSB cannot ensure reliable, safe electricity to consumers without
considering climate change.
As the global and local impacts of human-induced climate change increase, this Board can no
longer ignore climate change in the siting process. As Ohio faces more extreme heat and winter
weather, Ohio’s demand for power will significantly increase.7 These challenges require this
Board to foster more energy sources to meet this demand, while ensuring these sources do not
worsen climate change and are prepared for extreme weather. Thus, this Board must require
climate change considerations throughout the siting process, from the application itself to the
elements necessary for approval, including the public interest analysis.
Climate change has had a global impact on our ecosystems and infrastructure. The 2022 UN
report on the impacts of climate change observed high or very high changes in ecosystem
structure, shifts in species, and changes in timing on land and water in North America. 8 US
emissions cost the world $1.9 trillion in economic damages.9 These impacts will only continue to
increase.10 Climate change has not only become an environmental concern but is also starting to
shape consumer choices and drive the job market.11 US customers are becoming increasingly
concerned about purchasing energy sources with limited impact on climate change.12
While climate change is a global problem, Ohio and the Midwest have also directly felt the
devastating impact of climate change. The Fourth National Climate Assessment outlines many of
the risks faced by the region, including increased precipitation, extreme temperatures, and
worsening air quality days.13 Specifically for Ohio, even just over the last century, “rainfall
7

Union of Concerned Scientists, Killer Heat in the United States: The Future of Dangerously Hot Days, available
at: https://ucsusa.maps.arcgis.com/apps/MapSeries/index.html?appid=e4e9082a1ec343c794d27f3e12dd006d1.
8
Intergovernmental Panel on Climate Change (IPCC), Climate Change 2022: Impacts, Adaptation, and
Vulnerability, Summary for Policymakers, (2022), available at:
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_SummaryForPolicymakers.pdf
9
Diana Kruzman, US Emissions Cost the World $1.9 Trillion in Economic Damages, Grist (July 13, 2022)
available: https://grist.org/climate/us-emissions-cost-other-countries-1-9-trillion-in-economicdamages/?utm_medium=emai.
10
“Climate Change Is Expected to Affect Every Aspect of the Electricity Grid.” U.S. Government Accountability
Office, Electricity Grid Resilience: Climate Change Is Expected to Have Far-reaching Effects and DOE and FERC
Should Take Actions (Mar. 2021) available at: gao-21-346.pdf.
11
A recent McKinsey study shows adapting to climate change is critical to avoid significant physical and
socioeconomic outcomes. See, Kimberly Henderson et. al, Climate math: What a 1.5-degree pathway would take,
McKinsey Quarterly, (April 2020), available at: https://www.mckinsey.com/business-functions/sustainability/ourinsights/climate-math-what-a-1-point-5-degree-pathway-would-take).
12
Associated Press, Presbyterians agree to divest from fossil fuel companies, (July 8, 2022) available at:
https://apnews.com/article/religion-phillips-66-16a0c164a6f2444537f16e9bbd778b7a?utm_medium=email
13
The OEC has attached the Midwest chapter of the Fourth National Climate Assessment as “Exhibit A.” 2018:
Impacts, Risks, and Adaptation in the United States: Fourth National Climate Assessment, Volume II [Reidmiller,
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during the four wettest days of the year has increased about 35 percent, and the amount of water
flowing in most streams during the worst flood of the year has increased by more than 20
percent.”14 These shifts in regional weather, directly caused by climate change and greenhouse
gas emissions, will create untold costs for communities across Ohio. According to a recent
analysis, the cost of climate change to municipalities in Ohio could increase by up to $5.9 billion
annually by mid-century.15
Ohio’s power sector has not been immune to these changes. The recent power outages striking
Central Ohio were caused by extreme weather followed by breakdowns in the distribution
system,16 crises that will only become more prevalent over the next century. 17 In the
Commission’s hearing with AEP Ohio and PJM, PJM specifically stated that additional demand
response (i.e., additional energy generation resources) could have alleviated some of the power
loss experienced in Central Ohio.18 These types of large scale, public interest concerns must
factor into the Board’s decision when approving or denying renewable energy projects.
Likewise, climate change will shift weather patterns, and all energy generation facilities should
be accounting for the shifting climate as they are developing their application and considering
risks, like flood plains.
While Ohio’s power industry is facing operational challenges due to climate change, it is also
facing increased need. According to a 2019 report by the Union of Concerned Scientists, Ohio’s
days over 90 degrees will likely triple from the historical average. 19 This increase in hot days
will only create more demand for electricity to cool residences, hospitals, schools, etc.20 These
stark projections are a clear mandate to this Board to ensure it is not stifling renewable energy
generation in Ohio.

D.R., C.W. Avery, D.R. Easterling, K.E. Kunkel, K.L.M. Lewis, T.K. Maycock, and B.C. Stewart (eds.)]. U.S.
Global Change Research Program, Washington, DC, USA, pp. 872–940. doi: 10.7930/NCA4.2018.CH21
14
What Climate Change Means for Ohio, United States Environmental Protection Agency, (August 2016), available
at: https://19january2017snapshot.epa.gov/sites/production/files/2016-09/documents/climate-change-oh.pdf.
15
This report was jointly developed by the Ohio Environmental Council, Power A Clean Future Ohio, and Scioto
Analysis. The Bill Is Coming Due: Calculating the Financial Cost of Climate Change to Ohio’s Local Governments,
Scioto Analysis, (July 2022), available at: https://www.poweracleanfuture.org/oh-municipal-costs-of-climate-change
16
Alissa Widman Neese, Dangerous heat wave and power outages hit Central Ohio, Axios Columbus (Jun. 15,
2022) available at: Record-breaking heat wave leads to power outages in Columbus, Ohio - Axios Columbus.
17
“[W]e know that we're having in the country and even in this area due to climate change and other impacts more
frequent and more severe storms.” In the Matter of the Power: Outages that Occurred June 14-16, 2022, as
Explained by AEP Ohio and PJM Interconnection, LLC., Proceedings, Public Utilities Commission of Ohio, p. 70,
line 7-8 (July 13, 2022)
18
Id. at p. 15-16.
19
See, supra, Killer Heat.
20
Power a Clean Future Ohio, The Bill is Coming Due Calculating the Financial Cost of Climate Change to Ohio’s
Local Governments (July 2022) available at:
https://static1.squarespace.com/static/602c33437336ed7a5ac5b3e6/t/62d5af4852f5bb7fd5abc700/1658239260260/O
H-MunicipalCostsOfClimateChange.pdf. Included as Exhibit D.
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Ohio’s power sector has been a major contributor to climate change. The vast majority of Ohio’s
electricity still comes from coal and natural gas, to energy sources that produce greenhouse gas
emissions. As of April 2022, according to the Energy Information Administration, Ohio still
utilized over 6000 MWh of greenhouse gas-producing energy sources (See Table 1). Nationwide,
the electric power sector accounted for 32% of all greenhouse gas emissions in 2021.21

ii. Applications: All siting applications should include a description of the project’s
relationship to climate change.
The requirements for all applicants in O.A.C. 4906-4-06 and 08 should include a description of
the project’s contributions to climate change, climate adaptation plans, climate mitigation plans,
and any other relevant information on the project’s relationship to climate change. These

21

Energy and the Environment Explained, Energy Information Administration, (June 24, 2022), available at:
https://www.eia.gov/energyexplained/energy-and-the-environment/where-greenhouse-gases-come-from.php
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provisions are missing from multiple aspects of the application process. A detailed description of
our suggested changes can be found in the next section. However, here are some examples:
●
●
●
●

The project summary and applicant information in 4906-4-03 should require a projection
of the greenhouse gasses the project will emit over its useful life;
The cost estimates in 4906-4-06 should include the social cost of carbon;22
The health and safety provisions on 4906-4-08 should add a section (F) to cover extreme
weather and climate change adaptation plans; and
Decrease application barriers and increase incentives for solar projects developed on
brownfields.

As discussed above, Ohio’s increases in extreme weather should require developers to plan for
climate change and mitigate any additional contributions to climate change. Climate adaptation
plans should require an analysis of how applicants account for the impacts of climate change in
planning projects, including emergency response plans, floodplain analysis, impacts to
vegetation, and more.
Climate mitigation plans should require any applicant producing greenhouse gas emissions to
illustrate how, if at all, they plan to mitigate their greenhouse gas emissions. Applicants could
propose many greenhouse gas mitigation approaches, like implementing carbon capture
technology, purchasing carbon credits, or investing in carbon sinks (like newly planted trees).
The Board should also reduce application barriers for projects that mitigate contaminated areas,
such as solar projects proposing construction on brownfields. The science of climate change is
undisputed—we only have a few years left to chart a path toward a net-zero carbon energy
system. Any project seeking approval from the Ohio Power Siting Board must share how it plans
to mitigate its contribution to this immense public health risk.
iii. Evaluation: Climate change must be implemented in the Board’s public interest
calculus under R.C. 4906.10(A)(6) and environmental impact under (A)(2).
Historically, OPSB decisions have lacked a discussion of climate change, though recent
decisions have acknowledged public support for projects based on their climate impacts. Given
the weight of evidence regarding the infrastructure, public health, and other impacts of climate
change, any public interest discussion without climate change is unlawful and unreasonable.
The manifest weight of evidence demonstrates the threat climate change poses to human health,
electric grid stability, and the environment. Ohioans are seeing the impacts this summer, as they
22

The Biden Administration has set the social cost of carbon to $51 per ton. For more information about the social
cost of carbon, visit: White House, Technical Support Document: Social Cost of Carbon, Methane, and Nitrous
Oxide (Feb. 2021) (available at: https://www.whitehouse.gov/wpcontent/uploads/2021/02/TechnicalSupportDocument_SocialCostofCarbonMethaneNitrousOxide.pdfilable).
Included as Exhibit E.
-8-

experience more high temperature days than ever before. June 2022 was especially warm:
“Looking at just land temperature, June 2022 was the Northern Hemisphere’s second-warmest
June on record — 2.81 degrees F (1.56 degrees C) above average — behind June 2021’s record
high land temperature. Europe and Asia also had their second-warmest June land temperature on
record.”23 Ohio itself experienced extreme temperatures almost never seen before in June: for
instance, the Youngstown region experienced the highest heat index recorded in June since
1947.24 These hotter days increase demand for electricity to cool homes, businesses, and public
buildings.
Because electric generation contributes to 32% of all greenhouse gas emissions in the United
States, See FN 12, all governmental bodies regulating such facilities cannot ignore the
contributions to climate change. It is fundamentally in pursuit of the public interest to
appropriately weigh a project’s contributions to climate change alongside other salient factors.
To ignore them in any public interest analysis is like an ostrich sticking its head in the sand.
Any future Board rules must specifically outline a public interest analysis both for the Staff and
the Board itself to consistently utilize when assessing any future electric generation facility or
pipeline in Ohio. Every new renewable energy project denied is a lost source of carbon-free
electricity. Every new fossil-fuel-fired facility is a locked in source of future greenhouse gas
emissions. There may be additional factors necessary to weigh in that analysis, such as the need
for additional sources of electricity, local socio-economic concerns, and beyond, but climate
change must be an essential, overarching factor.
Similarly, climate change must be directly integrated into the Board’s environmental impact
determinations under R.C. 4906.10(A)(2). This Board should not approve an applicant who has
not provided information on the nature of its probable impact to climate change. For renewable
energy projects, this would include a calculation of how its carbon-free energy mitigates the
causes of climate change. For future fossil-fuel-fired facilities, the analysis would include an
accounting of total greenhouse gas emissions and any plans to mitigate those greenhouse gas
emissions.
C. The OEC asks this Board to apply consistent requirements, where possible, for all
electric generation facilities, pipelines, and transmission lines.
The OEC suggests eliminating proposed section 4906-4-09 (the “renewable-specific section”) or
expanding this section to all applicants. Ohio law prohibits this Board from duplicative and
unreasonable rulemaking. R.C. 106.031. Ohio law also prohibits unreasonable rulemaking which
23

June 2022 was Earth’s 6th warmest on record, National Oceanic and Atmospheric Administration, (July 14,
2022), available at: https://www.noaa.gov/news/june-2022-was-earths-6th-warmest-on-record
24
Ryan Halicki, Heat index Wednesday hottest in at least 75 years in June, WKBN First News, (June 15, 2022),
available at: https://www.wkbn.com/weather/heat-index-wednesday-hottest-in-at-least-75-years-in-june/
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“is not in accordance with reason, or . . . has no factual foundation."25 The renewable-specific
section here is duplicative because each of the six substantive categories in the renewablespecific section, covering 17 pages, are already discussed in earlier sections of chapter 4906-4.
Many of those earlier sections already include carve outs for renewable industries where
applicable. While regulatory burden is often necessary to meet the critical objectives of ensuring
safe and reliable power to Ohio, the proposed renewable-specific section has no reasonable
rationale for these extra burdens on renewable applicants.26
The renewable-specific section is unlawful and unreasonable because most of this section only
adds administrative or aesthetic burdens, rather than safety or substantive changes. For example,
all applicants must complete geological testing through boreholes, but only renewable applicants
must fill boreholes after completing the testing. OAC 4906-4-09(A)(2)(b)(iv) contra proposed
OAC 4906-4-08(A)(5)(d). As another example, all applicants must create a plan to manage
noxious weeds, but renewable applicants must also submit a yearly status report on that noxious
weed management. Proposed OAC 4906-4-09(C)(3)(e) contra proposed OAC. Each of these
additional requirements add needless costs and time for both this Board and developers with no
evidence-based reasoning.
The renewable-specific section is also unnecessary because earlier sections of chapter 4906-4
already have reasonable carve outs for renewable applicants, like shadow flicker and blade shear.
Proposed OAC 4906-4-08(A)(7) - (9). In fact, the first five categories (A-F) of the renewablespecific section already have dedicated sections earlier in the same chapter.27 This creates an
unnecessary administrative burden on businesses and complicates public understanding of
application requirements.
In contrast, there are no changes in these proposed rules specific to fossil-fuel-fired electric
generation facilities. This unreasonable focus on renewables overlooks the serious need for
similar rules on fossil-fuel-fired plants as well as fossil fuel infrastructure, like pipelines. As a
result, this Board fails its mandate to ensure safe access to electric generation for all Ohioans.
For example:
Setbacks: The renewable-specific section requires a lot of burdensome setback
requirements in 4906-4-09(G)(4). There are no setback requirements for natural gas
pipelines. However, natural gas pipelines create serious safety concerns for nearby

25

Citizens Committee v. Williams, 56 Ohio App. 2d 61, 70, 381 N.E. 2d 661, 667 (1977).
In Attachment H, Question 11, this Board noted it used no scientific data in drafting section 4906-4-09.
27
Dedicated sections on construction, use, maintenance, and change can be found in 4906-4-08(A)-(C); erosion is in
4906-4-08(E) which is dedicated to soil management; aesthetics are in 4906-4-08(D)(6); wildlife protection is in
4906-4-08(B)(2); noise is in 4906-4-08(A)(3); and decommissioning is in 4906-4-06(F)(2).
26
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residents. Gas pipelines create risks of explosion, injury, and death.28 Ohio residents
would benefit from similar rules on setbacks.
Decommissioning bonds: Similarly, the proposed rules require a bond for
decommissioning renewable applicants, but no similar measure for fossil fuels. This lapse
is particularly striking because the risk of hazardous material contamination is much
higher during the decommissioning of coal and natural gas plants compared to wind and
solar.29

This renewable-specific section will deter business from coming to Ohio. Very few, if any, other
states put similar burdens on renewables to those proposed here. South Dakota has the closest
rule provision to the one proposed here, and that has only thirteen, single-sentence,
straightforward additions to renewable applications.30 In contrast, many other states are
welcoming renewable energy investments. For example, the Public Service Commission of
Wisconsin is pursuing a “roadmap to zero carbon.”31 With some of the most restrictive siting
rules for renewables of any state in the nation, the current renewable-specific provisions will
deter important investments in Ohio.
The additional requirements in the proposed renewable-specific section are largely redundant or
unreasonably burdensome and should be removed. Where this Board thinks these additional
requirements are necessary to fulfill its statutory obligations, these rules should apply to all
applicants. Where this Board chooses to apply rules to only one generation source, it must
narrowly tailor them to a specific, evidence-based reason.32

28

Hundreds of thousands of natural gas pipeline leaks happen each year with the potential to escalate into injuries or
death. From 1985 to 2003, the U.S. Office of Pipeline Safety found natural gas pipelines caused, on average, 11
incidents a year leading to deaths and 17 a year leading to injuries. Allegro Energy Consulting, Safety Incidents on
Natural Gas Distribution Systems: Understanding the Hazards, Office of Pipeline Safety, U.S. Dept. of
Transportation (April 2005) (available at: https://www.phmsa.dot.gov/sites/phmsa.dot.gov/files/docs/technicalresources/pipeline/gas-distribution-integritymanagement/61731/safetyincidentsonnaturalgasdistributionsystemsunderstandinghazards.pdf.
29
Taylor Curtis et. al, Best Practices at the End of the Photovoltaic System Performance Period, National
Renewable Energy Laboratory (Feb. 2021) available at: https://www.nrel.gov/docs/fy21osti/78678.pdf;
Environmental Protection Agency, Cal Plant Decommissioning, available at:
https://www.epa.gov/sites/default/files/201606/documents/4783_plant_decommissioning_remediation_and_redevelopment_508.pdf; Canada Energy Regulator,
Pipeline Decommissioning, available at: https://www.cer-rec.gc.ca/en/consultation-engagement/land-mattersguide/pipeline-decommissioning.html;
https://digitalcommons.law.lsu.edu/cgi/viewcontent.cgi?article=1234&context=jelr.
30
S.D. Admin. R. 20:10:22:33.02.
31
Public Service Commission of Wisconsin, Docket No. 5-EI-158, Roadmap to Zero Carbon Investigation (April 2,
2021) (available at: https://apps.psc.wi.gov/ERF/ERFview/viewdoc.aspx?docid=408370). Included as Exhibit F.
32
For example, a wind turbine is the only electric generation source currently capable of creating shadow flicker. It
makes sense that specific rules regarding shadow flicker would apply to wind turbines.
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II.

Specific suggestions to ensure innovation and meaningful public engagement in
Ohio’s power siting process.

Please find below the OEC’s specific recommended changes to the current proposed rules for
chapters 4906-1, 4906-3, and 4906-4. These comments are grounded in this Board’s goal to
eliminate confusion and improve public access to the siting process.
A. § 4906-1-01 provides definitions for the terms used in these rules.
Recommended revision: Include a definition of “public interest” and “environmental impact” that
explicitly includes climate change and excludes the mere tallying of comments.
Proposed definition: “For the purposes of ORC 4906.10(A)(6), and this section, the
public interest, convenience, and necessity requires a broad balancing of factors beyond
counting comments in support versus opposed. Factors relevant to public interest include,
but are not limited to, mitigating climate change, maintaining market competition,
ensuring electric reliability, and safety concerns.
Proposed definition: “For the purposes of ORC 4906.10(A)(2), environmental impact
includes, but is not limited to, potential contributions to climate change.”

By setting some boundaries and examples around the meaning and scope of “public interest” this
Board will avoid arbitrary results and encourage a clear, meaningful implementation of this
important siting element.
B. § 4906-1-02 outlines the purpose and scope of these rules.
Recommended revision: Add a section (C) that commits all board members and administrative
adjudicators to the Ohio Code of Judicial Conduct.
This suggestion is a best practice among adjudicative agencies. The Ohio EPA already requires
agency adjudicators to adhere to Ohio’s judicial code of ethics. The Ohio Consumers Counsel
has requested the PUCO subject itself to this same code of ethics. Having a standard code of
ethics across all judges and administrative adjudicators provides a clear and transparent system
for the public. It will help to restore public trust in the Ohio Power Siting Board following recent
scandals at the PUCO.
C. § 4906-3-03 (A)(1) reads:
(1) A basic description of the project that shall include information about the anticipated
function, equipment size, approximate acreage, general location, schedule, and purpose
of the project.
- 12 -

Recommended revision: In addition to adding acreage to this section, also add a requirement that
the preapplication discuss the project’s potential environmental impacts and benefits. The new
language could be:
(1) A basic description of the project that shall include information about the anticipated
function, equipment size, approximate acreage, general location, schedule, environmental
impacts/benefits (including the project’s relationship to climate change), and purpose of
the project.

Consistent with this Board’s emphasis on public participation, including the environmental
impacts and benefits in the preapplication will allow the public to evaluate the benefits and
disadvantages of the proposed project from the beginning of the process. Prompting applicants to
review these issues during the preapplication stage will also ensure that sound, expert-driven
information is presented to the public. This early information could also lessen the public’s
reliance on outside sources, with varying standards on fact-checking.
D. § 4906-3-03 (B) final sentence reads:
If, under division (A)(2) of section 303.62 of the Revised Code, a county adopts a
resolution limiting the boundaries of the proposed facility, the applicant will reconduct
any public informational meeting or meetings that it had conducted under this paragraph
prior to the county's adoption of that resolution, to reflect the updated boundaries under
the county's resolution.

Recommended revision: Adjust the new requirement for applicants to reconduct any public
informational meetings following a county’s change in the boundaries of a facility to only those
applicants who have not yet entered the PJM interconnection and regional transmission
organization, L.L.C., new services queue. Thus, changing the language to:
If, under division (A)(2) of section 303.62 of the Revised Code, a county adopts a
resolution limiting the boundaries of the proposed facility, any applicant who has not yet
entered the PJM interconnection and regional transmission organization, L.L.C., new
services queue will reconduct any public informational meeting or meetings that it had
conducted under this paragraph prior to the county's adoption of that resolution, to reflect
the updated boundaries under the county's resolution.

Generally, the OEC encourages this Board to ensure consistency in the siting process, both with
these proposed rules and as changes occur from outside entities. This Board should provide clear
guidance on how these rules will affect current applicants. These proposed changes should not
apply to any current applicants, and the Board should make this clear to all staff and applicants.
To that end, this Board should also ensure applicants’ investments are not upended overnight due
to county action on restricted zones. These rules should make clear that any applicant who has
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already entered into an interconnection agreement with PJM will not be affected by post-hoc
actions from county commissioners.
E. § 4906-3-06 (A) reads:
The applicant shall file a preapplication notification letter with the board at least twentyone days prior to the date of any public informational meetings held pursuant to
paragraph (B) of this rule. The preapplication notification letter shall include the
following information:
(1) A basic description of the project that shall include information about the anticipated
function, equipment size, approximate acreage, general location, schedule, and purpose
of the project.
(2) The date, time, and location of the public informational meetings to be held pursuant
to paragraph (B) of this rule.
(3) A list of any waivers of the board's rules that the applicant anticipates it will be
requesting for the project.
(4) Confirmation that the applicant has prominently posted the information describes in
this section on its website prior to filing the preapplication notification letter.

Recommended revision: Add an additional section “(5) A list of anticipated environmental
impact studies the applicant will conduct during the application process.”
As discussed above, this addition will assuage community concerns about how environmental
issues will be investigated. It also allows the PUCO and public to provide direct comment on the
prudence of planned assessments. Interested parties often challenge the studies used for
determining environmental impact at the public hearing. This late stage challenge makes it
difficult for applicants to adjust or start brand new assessments. Including the proposed studies
earlier in the application process allows interested parties to provide input earlier in the process.
F. § 4906-3-06 (B) reads:
After satisfying any applicable meeting requirements under section 303.61 of the Revised
Code, and no more than ninety days prior to submitting a standard certificate application
to the board, the applicant shall conduct at least two informational meetings open to the
public to be held in the area in which the project is located. … If, under division (A)(2) of
section 303.62 of the Revised Code, a county adopts a resolution limiting the boundaries
of the proposed facility, the applicant will reconduct any public informational meeting or
meetings that it had conducted under this paragraph prior to the county's adoption of that
resolution, to reflect the updated boundaries under the county's resolution.

Recommended revision: Change the final sentence to “If, under division (A)(2) of section 303.62
of the Revised Code, a county adopts a resolution limiting the boundaries of the proposed
facility, before the certificate application submission under ORC 4906.06, the applicant will
- 14 -

reconduct any public informational meeting or meetings that it had conducted under this
paragraph prior to the county's adoption of that resolution, to reflect the updated boundaries
under the county's resolution.”
Alternative recommended revision: Change the final sentence to “If, under division (A)(2) of
section 303.62 of the Revised Code, a county adopts a resolution limiting the boundaries of the
proposed facility, before a letter of completeness is issued, the applicant will reconduct any
public informational meeting or meetings that it had conducted under this paragraph prior to the
county's adoption of that resolution, to reflect the updated boundaries under the county's
resolution.”
G. § 4906-3-07(B) reads:
(B) In the case of a standard certificate application regarding a jurisdictional wind or
solar facility, or an application for a material amendment as defined in section 303.57 of
the Revised Code, not later than three days after the administrative law judge determines
the applicant’s compliance with division (A) of section 4906.31 of the Revised Code, the
board will provide a full and complete copy of the application to each board of trustees
and each board of county commissioners of the townships or counties in which the
facility is to be located. In this case, the applicant need not provide a copy of the
application to those entities under paragraph (A) of this rule.

Recommended revision: Remove the reference specific to wind and solar facilities by cutting out
the first half of the first sentence. Thus, starting this section at “[N]ot later than three days ….”
H. § 4906-4-03(B)(3)(d) reads:
(d) A list of types of pollutant emissions and estimated quantities.

Recommended revision: Add the phrase, “including greenhouse gas emissions over the project’s
useful life” to the end of this sentence.
I. § 4906-4-06(E)(1)-(4) reads:
(E) The applicant shall provide information regarding the economic impact of the project.
(1) The applicant shall provide an estimate of the annual total and present worth
of construction and operation payroll.
(2) The applicant shall provide an estimate of the construction and operation
employment and estimate the number that will be employed from the region.
(3) The applicant shall provide an estimate of the increase in county, township,
and municipal tax revenue accruing from the facility.
- 15 -

(4) The applicant shall provide an estimate of the economic impact of the
proposed facility on local commercial and industrial activities.

Recommended revision: Include a fifth section that requires the applicant to estimate the social
cost of carbon (SCC) according to the federal guidelines in 86 F.R. 7037 (2021): “(5) The
applicant shall provide an estimate of the social cost of carbon (SCC) according to the table
below and federal guidance.”

U.S. EPA Estimates for Social Cost of
Carbon with a 3% discount rate from 2020
to 2050
Year

Dollars per ton

2020

$51

2025

$56

2030

$62

2035

$67

2040

$73

2045

$79

2050

$85

J. § 4906-4-08 lays out several categories of considerations in sections (A)-(H).
Recommended revision: Add a section (F) to capture extreme weather conditions and climate
change. For example:
(F) The applicant shall provide information regarding plans to prepare for extreme weather
and climate change.
(1)
Climate adaptation plan. The applicant shall submit a climate adaptation plan
which:
(a) predicted climate shifts to the project site during the project’s useful life;
(b) explains the projected impact of severe weather events on the project’s capacity
and operation;
- 16 -

(c) estimate the costs of repair likely to be incurred from extreme weather; and
(d) explains how the developer will adapt construction to prevent major operational
or safety issues from extreme weather.
(2)

Climate mitigation plan
(a) whether the proposed project will directly result, or likely result, in the
decommissioning of greenhouse gas emitting projects;
(b) measures taken to limit greenhouse gas emissions;
(c) other activities, including carbon storage technology, carbon credits, or other
viable techniques to counteract any emitted greenhouse gas emissions from the
proposed project.

(3)

Emergency response plan
(a) types of severe weather events most likely to affect the project site;
(b) frequency of these weather events forecasted for the project site;
(c) construction measures planned to avoid major damage during severe weather
events.

K. the title to § 4906-4-09 reads:
Regulations associated with renewable energy generation facilities. The following
requirements are applicable to a renewable energy generation facility.

Recommended revision: Remove this section as redundant with section 4906-4-08. Where this
section adds new requirements not included in 4906-4-08 or not otherwise required by statute,
these additional requirements are unreasonably burdensome on business under R.C. 107.61,
Alternative recommended revision: change title to “Additional conditions for electric generation
plants and associated electric power transmission lines or gas pipelines.” Also, change the
second sentence from targeting renewable energy generation to exempting renewable projects
proposed on brownfield sites: “The following requirements are not applicable to renewable
projects proposed on brownfield sites.”
Applying this section to all energy generation will ensure a fair process for all applicants. It will
also avoid discouraging innovative energy generation projects from coming to Ohio and limiting
Ohio’s energy market. Also, to the extent these additional regulations are important to improve
safety and security of Ohio energy generation; they should apply to all projects.
The OEC also joins calls from clean energy developers and the National Audubon Society to
incentivize renewable project development on existing brownfields. Many of the commenters
opposing solar projects in Pickaway County have also expressed a preference for solar fields to
- 17 -

be developed on old oil and gas sites before farmland. By creating incentives, like reducing
application barriers in 4906-4-09, this Board can respond to the interests of multiple
stakeholders, while also mitigating previously contaminated oil and gas sites in Ohio.
L. § 4906-4-09(A)(2)(a)(ii) reads:
(ii) The applicant shall maintain a copy of this safety manual in the operations and
management building of the facility.

Recommended revision: Remove as redundant because section 4906-4-08(1)(d) already requires
the applicant to, “Include a complete copy of the manufacturer's safety manual or similar
document and any recommended setbacks from the manufacturer.”
M. § 4906-4-09(A)(2)(b)(iii) reads:
The geotechnical exploration and evaluation shall include borings to provide subsurface
soil properties, static water level, rock quality description, per cent recovery, and depth
and description of the bedrock contact and recommendations needed for the final design.

Recommended revision: Remove as redundant because section 4906-4-08(5)(d)(i)-(v) already
requires the applicant to include test borings that analyze the five categories listed above.
N. § 4906-4-09(A)(3)(a) reads:
The applicant shall maintain the wind farm equipment in good condition. Maintenance
shall include, but not be limited to, painting, structural repairs, and security measures.

Recommended revision: Remove the specific reference to “wind farm” to open this requirement
up to all applicants.
O. § 4906-4-09(A)(3)(e) reads:
The Applicant shall prevent the establishment and propagation of noxious weeds
identified in Ohio Adm.Code Chapter 901:5-37 in the project, including its setback areas,
during construction, operation, and decommissioning via procedures and processes
specified and required by the project’s vegetation plan. The Applicant shall provide
annual proof of weed control for the first four years of operation, with the goal of weed
eradication significantly completed by year three of operation.

Recommended revision: Remove this section as unnecessarily burdensome. Section 4906-408(B)(5) already requires a developer to take steps to eliminate noxious weeds and comply with
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any public orders of abatement of weeds. Thus, the rules already contemplate the need to abate
noxious weeds, and allow local officials to manage and cite any unnecessary noxious weed
growth. Finally, if a particular project site has a particularly invasive or disease-carrying noxious
weed, this Board may always include annual proof of weed control as a condition in that specific
site’s certificate. Including this requirement for all applicants is too broad and creates an
unreasonable burden on businesses.
P. § 4906-4-09(A)(3)(f) reads:
The Applicant shall, to the extent practicable, minimize the clearing of wooded areas,
including scrub/shrub areas, which would lead to fragmentation and isolation of woodlots
or reduce connecting corridors between one woodlot and another.

Recommended revision: Remove as redundant because the exact same language is already
included in section 4906-4-09(D)(6).
Q. The first sentence of § 4906-4-09(F)(3) reads:
The applicant shall, at its expense, complete decommissioning of the facility, within
twelve months after the end of the useful life of the.

Recommended revision: Add the word “facility.” to the end of this sentence.
R. § 4906-4-09(G)(3) reads:
Fencing. Solar panel perimeter fence type is to be both small-wildlife permeable and
aesthetically fitting for a rural location. Such fencing requirement does not apply to
substation fencing governed by the National Electric Safety Code or other similar safety
code standards applicable to substations.

Recommended revision: Replace the term “aesthetically fitting for a rural location to “consistent
with recommendations from the Ohio Landscape Architects Board.” This would remove the
unreasonably vague term “rural aesthetic” and make this section overall more consistent by
utilizing the same resource recommended in part 5 of this section.
S. § 4906-6-04(B)(2) reads:
(B) If an applicant requests expedited processing of an accelerated certificate application
. . . the applicant shall:
(2) Pay a fee of two thousand dollars due at the time of the filing. This payment is in
addition to the payment due pursuant to paragraph (C) of this rule.
- 19 -

Recommended revision: Exempt the $2,000.00 filling for expedited renewable applications
planned on brownfield sites. The new section (B)(2) could read:
(2) With the exception of renewable projects proposed on brownfield sites, pay a fee of
two thousand dollars due at the time of the filing. This payment is in addition to the
payment due pursuant to paragraph (C) of this rule.

CONCLUSION
The OEC thanks this Board for the opportunity to provide feedback on its proposed rules. As the
impacts of climate change to Ohio become ever more apparent, we look forward to seeing the
agency implement fair rules without undue burdens on renewable energy projects.
Now, more than ever, it is essential for Ohio to implement climate policy into all facets of our
government. Climate change is impacting us now, and we must act now to avoid its worst
impacts.

Date: August 5, 2022
Respectfully submitted,
Karin Nordstrom
Clean Energy Attorney
Ohio Environmental Council
knordstrom@theoec.org
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Staff Attorney
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Ohio Environmental Council
nrutschilling@theoec.org
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In August 2018, temperatures soared across the northwestern United States. The heat, combined
with dry conditions, contributed to wildfire activity in several states and Canada. The cover shows
the Howe Ridge Fire from across Lake McDonald in Montana’s Glacier National Park on the night of
August 12, roughly 24 hours after it was ignited by lightning. The fire spread rapidly, fueled by record-high temperatures and high winds, leading to evacuations and closures of parts of the park. The
satellite image on the back cover, acquired on August 15, shows plumes of smoke from wildfires on the
northwestern edge of Lake McDonald.
Wildfires impact communities throughout the United States each year. In addition to threatening individual safety and property, wildfire can worsen air quality locally and, in many cases, throughout the
surrounding region, with substantial public health impacts including increased incidence of respiratory illness (Ch. 13: Air Quality, KM 2; Ch. 14: Human Health, KM 1; Ch. 26: Alaska, KM 3). As the climate
warms, projected increases in wildfire frequency and area burned are expected to drive up costs
associated with health effects, loss of homes and infrastructure, and fire suppression (Ch. 6: Forests,
KM 1; Ch. 17: Complex Systems, Box 17.4). Increased wildfire activity is also expected to reduce the opportunity for and enjoyment of outdoor recreation activities, affecting quality of life as well as tourist
economies (Ch. 7: Ecosystems, KM 3; Ch. 13: Air Quality, KM 2; Ch. 15 Tribes, KM 1; Ch. 19: Southeast,
KM 3; Ch. 24: Northwest, KM 4).
Human-caused climate change, land use, and forest management influence wildfires in complex ways
(Ch. 17: Complex Systems, KM 2). Over the last century, fire exclusion policies have resulted in higher
fuel availability in most U.S. forests (CSSR, Ch. 8.3, KF 6). Warmer and drier conditions have contributed to an increase in the incidence of large forest fires in the western United States and Interior Alaska
since the early 1980s, a trend that is expected to continue as the climate warms and the fire season
lengthens (Ch. 1: Overview, Figure 1.2k; CSSR, Ch. 8.3, KF 6). The expansion of human activity into forests and other wildland areas has also increased over the past few decades. As the footprint of human
settlement expands, fire risk exposure to people and property is expected to increase further (Ch. 5:
Land Changes, KM 2).
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Key Message 1

Carson, Wisconsin

Agriculture
The Midwest is a major producer of a wide range of food and animal feed for national
consumption and international trade. Increases in warm-season absolute humidity and
precipitation have eroded soils, created favorable conditions for pests and pathogens,
and degraded the quality of stored grain. Projected changes in precipitation, coupled
with rising extreme temperatures before mid-century, will reduce Midwest agricultural
productivity to levels of the 1980s without major technological advances.

Key Message 2
Forestry
Midwest forests provide numerous economic and ecological benefits, yet threats from
a changing climate are interacting with existing stressors such as invasive species and
pests to increase tree mortality and reduce forest productivity. Without adaptive actions,
these interactions will result in the loss of economically and culturally important tree
species such as paper birch and black ash and are expected to lead to the conversion of
some forests to other forest types or even to non-forested ecosystems by the end of the
century. Land managers are beginning to manage risk in forests by increasing diversity
and selecting for tree species adapted to a range of projected conditions.
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Key Message 3
Biodiversity and Ecosystems
The ecosystems of the Midwest support a diverse array of native species and provide
people with essential services such as water purification, flood control, resource
provision, crop pollination, and recreational opportunities. Species and ecosystems,
including the important freshwater resources of the Great Lakes, are typically most at
risk when climate stressors, like temperature increases, interact with land-use change,
habitat loss, pollution, nutrient inputs, and nonnative invasive species. Restoration of
natural systems, increases in the use of green infrastructure, and targeted conservation
efforts, especially of wetland systems, can help protect people and nature from climate
change impacts.

Key Message 4
Human Health
Climate change is expected to worsen existing health conditions and introduce new
health threats by increasing the frequency and intensity of poor air quality days,
extreme high temperature events, and heavy rainfalls; extending pollen seasons; and
modifying the distribution of disease-carrying pests and insects. By mid-century, the
region is projected to experience substantial, yet avoidable, loss of life, worsened health
conditions, and economic impacts estimated in the billions of dollars as a result of
these changes. Improved basic health services and increased public health measures—
including surveillance and monitoring—can prevent or reduce these impacts.

Key Message 5
Transportation and Infrastructure
Storm water management systems, transportation networks, and other critical
infrastructure are already experiencing impacts from changing precipitation patterns
and elevated flood risks. Green infrastructure is reducing some of the negative impacts
by using plants and open space to absorb storm water. The annual cost of adapting
urban storm water systems to more frequent and severe storms is projected to exceed
$500 million for the Midwest by the end of the century.
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Key Message 6
Community Vulnerability and Adaptation
At-risk communities in the Midwest are becoming more vulnerable to climate change
impacts such as flooding, drought, and increases in urban heat islands. Tribal nations
are especially vulnerable because of their reliance on threatened natural resources
for their cultural, subsistence, and economic needs. Integrating climate adaptation
into planning processes offers an opportunity to better manage climate risks now.
Developing knowledge for decision-making in cooperation with vulnerable communities
and tribal nations will help to build adaptive capacity and increase resilience.

Executive Summary
Natural resource managers are taking steps to
address these issues by increasing the diversity
of trees and introducing species suitable for a
changing climate.8

The Midwest is home
to over 60 million
people, and its active
economy represents
18% of the U.S. gross
domestic product.1
The region is probably
best known for agricultural production.

The Great Lakes play a central role in the
Midwest and provide an abundant freshwater resource for water supplies, industry,
shipping, fishing, and recreation, as well as a
rich and diverse ecosystem. These important
ecosystems are under stress from pollution,
nutrient and sediment inputs from agricultural
systems, and invasive species.9,10 Lake surface
temperatures are increasing,11,12 lake ice cover
is declining,12,13,14 the seasonal stratification of
temperatures in the lakes is occurring earlier
in the year,15 and summer evaporation rates are
increasing.13,16 Increasing storm impacts and
declines in coastal water quality can put coastal communities at risk. While several coastal
communities have expressed willingness to
integrate climate action into planning efforts,
access to useful climate information and limited human and financial resources constrain
municipal action.

Increases in growingseason temperature in the Midwest are projected to be the largest contributing factor to
declines in the productivity of U.S. agriculture.2
Increases in humidity in spring through
mid-century3,4 are expected to increase rainfall, which will increase the potential for soil
erosion5,6 and further reduce planting-season
workdays due to waterlogged soil.7
Forests are a defining characteristic of many
landscapes within the Midwest, covering more
than 91 million acres. However, a changing
climate, including an increased frequency
of late-growing-season drought conditions,
is worsening the effects of invasive species,
insect pests, and plant disease as trees experience periodic moisture stress. Impacts from
human activities, such as logging, fire suppression, and agricultural expansion, have lowered
the diversity of the Midwest’s forests from
the pre-Euro-American settlement period.

U.S. Global Change Research Program

Land conversion, and a wide range of other
stressors, has already greatly reduced biodiversity in many of the region’s prairies, wetlands,
forests, and freshwater systems. Species are
already responding to changes that have
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occurred over the last several decades,17,18,19 and
rapid climate change over the next century
is expected to cause or further amplify stress
in many species and ecological systems in
the Midwest.20,21,22 The loss of species and the
degradation of ecosystems have the potential
to reduce or eliminate essential ecological
services such as flood control, water purification, and crop pollination, thus reducing
the potential for society to successfully adapt
to ongoing changes. However, understanding
these relationships also highlights important
climate adaptation strategies. For example,
restoring systems like wetlands and forested
floodplains and implementing agricultural best
management strategies that increase vegetative cover (cover crops and riparian buffers)
can help reduce flooding risks and protect
water quality.23,24,25

mitigation, ground-level ozone concentrations
are projected to increase across most of the
Midwest, resulting in an additional 200–550
premature deaths in the region per year by
2050.28 Exposure to high temperatures impacts
workers’ health, safety, and productivity.29
Currently, days over 100°F in Chicago are rare.
However, they could become increasingly more
common by late century in both the lower and
higher scenarios (RCP4.5 and RCP8.5).
The Midwest also has vibrant manufacturing,
retail, recreation/tourism, and service sectors.
The region’s highways, railroads, airports, and
navigable rivers are major modes for commerce
activity. Increasing precipitation, especially
heavy rain events, has increased the overall
flood risk, causing disruption to transportation
and damage to property and infrastructure.
Increasing use of green infrastructure (including nature-based approaches, such as wetland
restoration, and innovations like permeable
pavements) and better engineering practices
are beginning to address these issues.

Midwestern populations are already experiencing adverse health impacts from climate
change, and these impacts are expected to
worsen in the future.26,27 In the absence of

Conservation Practices Reduce Impact of Heavy Rains
Integrating strips of native prairie vegetation into row crops has been shown to reduce sediment and nutrient loss from elds,
as well as improve biodiversity and the delivery of ecosystem services.33 Iowa State University’s STRIPS program is actively
conducting research into this agricultural conservation practice.34 The inset shows a close-up example of a prairie vegetation
strip. From Figure 21.2 (Photo credits: [main photo] Lynn Betts, [inset] Farnaz Kordbacheh).
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Citizens and stakeholders value their health
and the well-being of their communities—all
of which are at risk from increased flooding,
increased heat, and lower air and water quality
under a changing climate.30,31 To better prevent
and respond to these impacts, scholars and

practitioners highlight the need to engage in
risk-driven approaches that not only focus
on assessing vulnerabilities but also include
effective planning and implementation of
adaptation options.32

The photo shows Menominee Tribal Enterprises staff creating opportunity from adversity by replanting a forest opening caused
by oak wilt disease with a diverse array of tree and understory plant species that are expected to fare better under future climate
conditions. From Figure 21.4 (Photo credit: Kristen Schmitt).
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Background

Tourism and outdoor recreation are major
economic activities that may be affected by
climate change, particularly in coastal towns
that are at risk from algal bloom impacts
and in areas that host winter sports that are
especially vulnerable to warming winters. For
example, ice fishing was limited due to mild
temperatures in the winters of 2015–2016
and 2016–2017, and the American Birkebeiner
cross-country ski race in Wisconsin was
cancelled due to a lack of snow in February
2017. Portions of Michigan, Wisconsin, and
Minnesota contain ceded territory of many
tribes, and these are used for hunting, fishing,
and gathering native plants, all of which play
vital roles in maintaining cultural heritage.
Projected changes in climate and ecosystems
will have strong impacts on these activities.39

The Midwest is home to more than 60 million
people, and its active economy represents 18%
of the U.S. gross domestic product.1 In this
report, the Midwest covers Illinois, Indiana,
Iowa, Michigan, Minnesota, Missouri, Ohio, and
Wisconsin. The region is probably best known
for agricultural production. Trends toward
warmer, wetter, and more humid conditions
provide challenges for field work, increase
disease and pest pressure, and reduce yields
to an extent that these challenges can be
only partially overcome by technology.35 The
Midwest contains large tracts of federal, state,
and private forests and preserves that provide
significant economic and ecological benefits
to the region. However, as a changing climate
results in shifting precipitation patterns,
altered disturbance regimes, and increased
frequency of late-growing-season moisture
stress, the effects of existing stressors such as
invasive species, insect pests, and plant disease
are amplified.36 Natural resource managers are
taking steps to address these issues by increasing the diversity of trees and introducing
species suitable for a changing climate.8

The Great Lakes play a central role in the
Midwest and provide an abundant freshwater
resource for water supplies, industry, shipping,
fishing, and recreation, as well as a rich and
diverse ecosystem. The same can be said for
the upper Mississippi, lower Missouri, Illinois,
and Ohio River systems. Episodes of widespread heavy rains in recent years have led to
flooding, soil erosion, and water quality issues
from nutrient runoff into those systems.10
Land managers are beginning to change some
of their practices (such as increasing the
use of cover crops) to better manage excess
surface water.40

The Midwest also has vibrant manufacturing,
retail, recreation/tourism, and service sectors.
The region’s highways, railroads, airports,
and navigable rivers are major modes for
commercial activity. Increasing precipitation,
especially heavy rain events, has increased
the overall flood risk, causing disruption to
transportation and damage to property and
infrastructure (e.g., Winters et al. 201537).
Increasing use of green infrastructure (including nature-based approaches, such as wetland
restoration, and innovations like permeable
pavements) and better engineering practices
are beginning to address these issues (e.g., City
of Chicago 201538).

U.S. Global Change Research Program

Citizens and stakeholders in the Midwest
value their health and the well-being of
their communities—all of which are at risk
from increased flooding, increased heat, and
lower air and water quality under a changing climate.30,31
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Energy in the Midwest

What Is New in NCA4

The Midwest is a major consumer of coal.
In 2015, coal provided 56% of the electricity
consumed in the region, and the eight states in
the region accounted for 32% of the Nation’s
coal consumption (in BTUs). Coal’s share
of electricity production is declining in the
Midwest, following the national trend (Ch. 4:
Energy, Figure 4.3). In 2008, coal accounted for
more than 70% of electricity consumption in
the Midwest. Wind power is a small but growing source of electricity for the region. Iowa
leads the Nation in per capita consumption of
wind power, with wind providing over 30% of
the state’s electrical needs in 2015.41

Two new Key Messages are introduced (Key
Messages 3 and 6). Key Message 3 recognizes
the important role that ecosystems of the
Midwest play in supporting a diverse array
of species and providing important benefits
such as flood control, crop pollination, and
outdoor recreation. Key Message 6 addresses
how at-risk communities in the Midwest
are becoming more vulnerable to climate
change impacts and how they are working
to build adaptive capacity. Tribal nations are
especially vulnerable because of their reliance
on threatened natural resources for their
cultural, subsistence, and economic needs.
The four remaining Key Messages address
improvements in the understanding of risks
and responses to climate change since NCA3.
Key Message 1 on agriculture provides more
specificity about the risk to agriculture by
stating that agricultural productivity (the ratio
of outputs to inputs) is projected to decline by
2050 to levels of the 1980s (that is, yields may
increase but at the cost of substantial increases
in inputs). Key Message 2 on forestry illustrates
the progress foresters and land managers
have made in climate adaptation through their
efforts to incorporate climate change risks into
management decision-making. Key Message 5
on transportation and infrastructure highlights
a growing interest in green infrastructure—the
use of plants and open space in storm water
management—as an option for adapting to
more frequent episodes of extreme precipitation. Finally, Key Message 4 on human health
identifies specific health impacts by naming
expected changes in magnitude and occurrence of extreme events, exposures, and economic impacts. The message explicitly states
public health actions that can be implemented
to avoid or reduce the health impacts.

Renewable energy is expanding in the Midwest. As part of a campus-wide initiative to
transition to renewable energy sources, in
2017, Michigan State University established five
solar carports that have an estimated annual
production of 15,000 megawatt hours, representing about 5% of electricity use on campus
(Figure 21.1). In addition to reducing carbon
emissions, this investment is expected to save
the university $10 million over 25 years.42

Solar Charging Stations
Figure 21.1: Solar carports were recently installed on the
Michigan State University campus. Photo credit: David
Rothstein.
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Key Message 1

heat stress and longer growing seasons have
favored production in some parts of and some
years in the Midwest.

Agriculture
The Midwest is a major producer of
a wide range of food and animal feed
for national consumption and international trade. Increases in warm-season
absolute humidity and precipitation
have eroded soils, created favorable
conditions for pests and pathogens, and
degraded the quality of stored grain. Projected changes in precipitation, coupled
with rising extreme temperatures before
mid-century, will reduce Midwest agricultural productivity to levels of the 1980s
without major technological advances.

Daily minimum temperatures have increased
in all seasons due to increasing humidity.48,49
Elevated growing-season minimum daily
temperatures are considered a factor in
reducing grain weight in corn due to increased
nighttime plant respiration.50 Warming winters
have increased the survival and reproduction of
existing insect pests51 and already are enabling
a northward range expansion of new insect
pests and crop pathogens into the Midwest.52
A contributing factor underpinning Midwest
growing-season trends in both temperature
and precipitation is the increase in water
vapor (absolute humidity):49,53 higher humidity
decreases the day–night temperature range
and increases warm-season precipitation.
Rising humidity also leads to longer dew periods and high moisture conditions that favor
many agricultural pests and pathogens for both
growing plants and stored grain.

Recent Agriculturally Important Trends
The two main commodity crops in the Midwest
are corn and soybeans, which are grown on
75% of the arable land. Wheat and oats are
important crops grown on fewer acres. An
increasing number of niche but higher-value
crops (such as apples, grapes, cherries, cranberries, blueberries, and pumpkins) also are
grown in the region.43

Projected Trends and Agricultural Impacts
Warm-season temperatures are projected to
increase more in the Midwest than any other
region of the United States.54 The frost-free
season is projected to increase 10 days by early
this century (2016–2045), 20 days by midcentury (2036–2065), and possibly a month
by late century (2070–2099) compared to the
period 1976–2005 according to the higher
scenario (RCP8.5).46

Over the past 30 years, increased rainfall from
April to June has been the most impactful
climate trend for agriculture in the Midwest,3
providing a favorable supply of soil moisture
while also reducing flexibility for timing of
spring planting and increasing soil erosion.44
In addition, wet conditions at the end of the
growing season can create elevated levels of
mold, fungus, and toxins.45 The last spring
frost has occurred earlier, causing the frostfree season to increase by an average of nine
days since 1901.46 However, daily maximum
temperatures in summer in the Midwest have
not followed the upward global trend, in part
due to higher early summer rainfall on deep,
water-holding soils,47 thereby avoiding plant
stress detrimental to crops. The avoidance of
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By the middle of this century (2036–2065),
1 year out of 10 is projected to have a 5-day
period that is an average of 13°F warmer than
a comparable period at the end of last century
(1976–2005).54 Current average annual 5-day
maximum temperature values range from
about 88°F in Northern Minnesota to 97°F in
Southern Missouri. Tables 21.1 and 21.2 show
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that by mid-century under the higher scenario (RCP8.5), 5-day maximum temperatures
are projected to have moved further above
optimum conditions for many crops and
closer to the reproductive failure temperature,
especially for corn in the southern half of the
Midwest. Higher growing-season temperatures
also shorten phenological stages in crops (for
example, the grain fill period for corn).35,50
Under these temperatures, overall yield
trends will be reduced because of periodic
pollination failures and reduced grain fill
during other years.

Increased spring precipitation and higher
temperatures and humidity are expected to
increase the number and intensity of fungus
and disease outbreaks56,57 and the prevalence of
bacterial plant diseases,58 such as bacterial spot
in pumpkin and squash.59 Increased precipitation and soil moisture in a warmer climate
also lead to increased loss of soil carbon60 and
degraded surface water quality due to loss of
soil particles and nutrients.61,62 Transitions from
extremes of drought to floods, in particular,
increase nitrogen levels in rivers63 and lead to
harmful algal blooms.

Increases in humidity in spring through
mid-century3,4 are expected to increase rainfall, which will increase the potential for soil
erosion5,6 and further reduce planting-season
workdays due to waterlogged soil.7 As an
example, for the Cedar River Basin in Iowa,
the 100-year flood (1% chance of occurring in
a given year) of the 20th century is projected
to be a 25-year flood (4% chance per year) in
the 21st century,55 with associated increased
frequency of flooding of agricultural land.

Current understanding of drought in the
Midwest is that human activity has not been a
major component in historical droughts, and
it remains uncertain how droughts will behave
in the future. However, future projections
show that Midwest surface soil moisture
likely will transition from excessive levels
in spring due to increased precipitation to
insufficient levels in summer driven by higher
temperatures, causing more moisture to be lost
through evaporation.64

Average Annual 5-Day Maximum Temperature
Geographic Area

Modeled Historical
(1976–2005)

Mid-21st Century
(2036–2065) for Lower
Scenario (RCP4.5)

Mid-21st Century
(2036–2065) for Higher
Scenario (RCP8.5)

Northern Minnesota

88°F

93°F

95°F

Southern Missouri

97°F

102°F

103°F

Table 21.1: These modeled historical and projected average annual 5-day maximum temperatures illustrate the temperature
increases projected for the middle of this century across the Midwest. Sources: NOAA NCEI and CICS-NC.

Optimum and Failure Temperatures for Vegetative Growth and Reproduction
Crop

Optimum Growth

Failure for Growth

Optimum
Reproduction

Failure for
Reproduction

Corn

80°F

105°F

67°F

95°F

Soybean

86°F

101°F

72°F

102°F

Table 21.2: This table shows the temperatures at which corn and soybeans reach optimum growth and reproduction as well as
the temperatures at which growth and reproduction fail.50
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Longer growing seasons and the introduction of
hoop buildings (low, translucent, fabric-covered
structures that protect plants from extreme
weather) have allowed local growers of annual
vegetable crops to extend the fresh produce
season. However, unsheltered perennial crops
such as tree fruits may be subjected increasingly
to untimely budbreak followed by cold pulses
due to earlier and longer occurrences of warm
conditions in late winter.

Projections of mid-century yields of commodity crops65,66 show declines of 5% to over 25%
below extrapolated trends broadly across the
region for corn (also known as maize) and more
than 25% for soybeans in the southern half of
the region, with possible increases in yield in
the northern half of the region. Increases in
growing-season temperature in the Midwest
are projected to be the largest contributing
factor to declines in the productivity of U.S.
agriculture.2 In particular, heat stress in maize
during the reproductive period is projected
by crop models to reduce yields in the second
half of the 21st century.67 These losses may be
mitigated by enhanced photosynthesis and
reduced crop water use, although the magnitude is uncertain.68,69 Elevated atmospheric CO2
is expected to partially, but not completely, offset yield declines caused by climate extremes,
with effects on soybeans less than on maize.70

Most animal agriculture in the region is in
confinement, rather than range-based without
shelter, and therefore offers an opportunity for
mitigating some of the effects of climate change.
Without adaptive actions, breeding success and
production of milk and eggs will be reduced
due to projected temperature extremes by
mid-century.74,75,76

Adaptation
Non-commodity crops produced in the
Midwest include tree fruits, sweet corn, and
vegetables for farmers markets and canning.
While the general impacts of climate change
on specialty crops are similar to commodity
crops, the more intense heat waves, excessive
rain interspersed with drought, and higher
humidity of a future climate likely will degrade
market quality as well as yield by mid-century.71
Although data on climate-related losses are
sparse, excess moisture is emerging as a major
cause of crop loss.72 Wild rice is an annual
plant harvested by tribes and others in shallow
wetlands of northern Minnesota, Wisconsin,
and Michigan. Stable production depends on
a stable climate that maintains ecosystem
diversity. Declines in production are expected,
related to increases in climate extremes and
climate-related disease and pest outbreaks
as well as northward shifts of favorable
growing regions.73

U.S. Global Change Research Program

Soil-erosion suppression methods in row-crop
agriculture subjected to more intense rains
include use of cover crops, grassed waterways, water management systems, contour
farming, and prairie strips.6,40 More diversity in
planting dates, pollination periods, chemical
use, and crop and cultivar selection reduces
vulnerability of overall production to specific
climate extremes or the changes in pests and
pathogens that they cause.
An example of a highly successful program is
the Iowa State Science-based Trials of Rowcrops Integrated with Prairie Strips (STRIPS)
program that demonstrates that replacing
10 percent of cropland with prairie grasses
reduced sediment loss 20-fold while total
nitrogen concentrations were 3.3 times lower
(Figure 21.2).33 An example of a private–public
response is the National Corn Growers
Association’s Soil Health Partnership (SHP),77 a
network of working farms across the Midwest
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Conservation Practices Reduce Impact of Heavy Rains
Figure 21.2: Integrating strips of native prairie vegetation into row crops has been shown to reduce sediment and nutrient loss
from elds, as well as improve biodiversity and the delivery of ecosystem services.33 Iowa State University’s STRIPS program
is actively conducting research into this agricultural conservation practice.34 The inset shows a close-up example of a prairie
vegetation strip. Photo credits: (main photo) Lynn Betts, (inset) Farnaz Kordbacheh.

Key Message 2

engaged in refining techniques for growing
cover crops, implementing conservation tillage,
and using science-based nutrient management
to reduce erosion and nutrient loss while
increasing organic matter.

Forestry
Midwest forests provide numerous
economic and ecological benefits, yet
threats from a changing climate are
interacting with existing stressors such
as invasive species and pests to increase tree mortality and reduce forest
productivity. Without adaptive actions,
these interactions will result in the loss
of economically and culturally important
tree species such as paper birch and
black ash and are expected to lead to
the conversion of some forests to other
forest types or even to non-forested
ecosystems by the end of the century.
Land managers are beginning to manage
risk in forests by increasing diversity and
selecting for tree species adapted to a
range of projected conditions.

Acreage under irrigation has expanded modestly since 2002,78 mostly in the northern part
of the Midwest where coarse soils of lower
water-holding capacity are more vulnerable
to drying under increased temperature. No
strategies currently are available for maintaining historical trends in commodity agriculture
production to cope with increases in spring
rainfall and summer heat waves projected for
mid-century.2,65

U.S. Global Change Research Program
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Forests are a defining characteristic of many
landscapes within the Midwest, covering more
than 91 million acres. From the oak–hickory
forests of the Missouri Ozarks to the northern
hardwood forests of the Upper Midwest,
forest ecosystems sustain the people and
communities within the region by providing
numerous ecological, economic, and cultural
benefits. The economic output of the Midwest
forestry sector totals around $122 billion per
year.79,80,81,82,83,84,85,86 Forest-related recreation
such as hunting, fishing, hiking, skiing, camping, wildlife watching, off-highway vehicles,
and many other pursuits add to the region’s
economy. For example, forest-based recreationists spend approximately $2.5 billion (in
1996 dollars) within Wisconsin communities.87
Forests are fundamental to cultural and
spiritual practices within tribal communities,
supporting plants and animals of central
cultural importance and providing food and
resources for making items such as baskets,
canoes, and shelters.88

stress is projected to shift the composition
and structure of forests in the region102 by
increasing mortality of younger trees, which
are sensitive to drought.19 Warming winters
will reduce snowpack that acts to insulate soil
from freezing temperatures, increasing frost
damage to shallow tree roots103 and reducing
tree regeneration.104 Additionally, increases
in existing biological stressors of forests are
expected as temperatures rise. Effects of insect
pests and tree pathogens are anticipated to
intensify as winters warm, increasing winter
survival of pests and allowing expansion into
new regions.105,106 Changing climate conditions
and atmospheric carbon dioxide concentrations will likely favor invasive plant species
over native species, potentially decreasing tree
regeneration.107,108 Overall, the increasing stress
on trees from rising temperatures, drought,
and frost damage raises the susceptibility of
individual trees to the negative impacts from
invasive plants, insect pests, and disease agents
(Ch. 6: Forests, Figure 6.1).109,110,111

Climate change is anticipated to have a pervasive influence on forests within this region
over the coming decades.36,89,90,91,92,93,94 Tree
growth rates and forest productivity have
benefited from longer growing seasons and
higher atmospheric carbon dioxide concentrations, but continued benefits are expected
only if adequate moisture and nutrients are
available to support enhanced growth rates.95
As growing-season temperatures rise, reduced
tree growth96,97 or widespread tree mortality98
is expected as the frequency of drought stress
increases from drier air (as a result of increases
in vapor pressure deficit [VPD]; Figure 21.3)
and changing patterns of precipitation. Greater
tree mortality from increased VPD likely will
be particularly evident where competition for
water is high in dense stands of trees99,100 or
where forests naturally transition to grasslands
due to limited soil moisture.101 Late-growing season heat- and drought-related vegetation

Impacts from human activities such as logging,
fire suppression, and agricultural expansion
have lowered the diversity of the Midwest’s
forests from the pre-Euro-American settlement
period. The forest types that occur within the
region have been altered significantly relative to
presettlement forests, with greater homogeneity
in tree species composition across existing forest
types.112 Changes in modern forest types also
include reduced structural complexity and less
diverse mixes of tree species and tree ages.113
Forests with reduced diversity are at an increased
risk of negative effects from climate change,
because the potential for tree species or age
classes that are resistant to impacts from biological stressors and climate change is reduced.93
Forests composed of trees of similar size and
age or with lower tree diversity are at increased
risk of widespread mortality114,115 or declines in
productivity.116 In many midwestern forests, fire
suppression has decreased the prevalence of
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Drying Effect of Warmer Air on Plants and Soils

Figure 21.3: As air temperature increases in a warming climate, vapor pressure de cit (VPD) is projected to increase. VPD is the
difference between how much moisture is in the air and the amount of moisture in the air at saturation (at 100% relative humidity).
Increased VPD has a drying effect on plants and soils, as moisture transpires (from plants) and evaporates (from soil) into the air.
(a) Cooler air can maintain less water as vapor, putting less demand for moisture on plants, while warmer air can maintain more
water as vapor, putting more demand for moisture on plants. (b, c) The maps show the percent change in the moisture de cit of
the air based on the projected maximum 5-day VPD by the late 21st century (2070–2099) compared to 1976–2005 for (b) lower
and (c) higher scenarios (RCP4.5 and RCP8.5). Sources: U.S. Forest Service, NOAA NCEI, and CICS-NC.

the drought-tolerant tree species, such as oak,
hickory, and pine, while increasing the abundance
of species with higher moisture requirements,
such as maples.89,117 This results in greater risk of
declines in forest health and productivity as the
frequency of drought conditions increases.118,119
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Changes in climate and other stressors are
projected to result in changes in major forest
types and changes in forest composition as
tree species at the northern limits of their
ranges decline and southern species experience increasingly suitable habitat.120 However,
the fragmentation of midwestern forests and
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the flatness of the terrain raise the possibility
that the ranges of particular tree species will
not be able to shift to future suitable habitats
within the Midwest.121 For example, to reach
areas 1.8°F (1°C) cooler, species in flat terrain
must move up to 90 miles (150 km) north to
reach cooler habitat, whereas species in mountainous terrain can shift higher in altitude over
less latitudinal (north–south) distance.122 These
changes raise the possibility of future losses
of economic and cultural benefits of forests
due to conversion to different forest types or
the change to non-forest ecosystems.119,123,124
Projected shifts in forest composition in the
central hardwood region (southern Missouri,
Illinois, Indiana, and Ohio) by the end of the
century under a higher scenario (RCP8.5)
would result in substantial declines in wildlife habitat and reduce economic value of
timber in the region by up to $788 billion (in
2015 dollars).125

and compaction,128 but the timing of suitable
conditions has become shorter and more
variable. In the Upper Midwest, the duration of
frozen ground conditions suitable for winter
harvest has been shortened by 2 to 3 weeks in
the past 70 years.129 The contraction of winter
snow cover and frozen ground conditions
has increased seasonal restrictions on forest
operations in these areas,130 with resulting
economic impacts to both forestry industry
and woodland landowners through reduced
timber values.131
Forestry professionals in the Midwest increasingly are considering the risks to forests
from climate change132 and are responding by
incorporating climate adaptation into land
management.8 There are a growing number
of examples of climate adaptation in forest
management developed by more than 150
organizations that have participated in the
Climate Change Response Framework, an
approach to climate change adaptation led by
the U.S. Forest Service.133,134,135 Management
actions intended to maintain healthy and productive forests in a changing climate include a
diverse suite of actions135 but largely focus on
activities that enhance species and structural
diversity of existing forest communities and on
management approaches that aim to increase
the prevalence of species that are better suited
to future climatic conditions.8 Forest management on tribal lands and ceded territory within
the region increasingly integrates Scientific
Ecological Knowledge of natural resource
management with Traditional Ecological
Knowledge, a highly localized, place-based
system of knowledge learned and observed
over many generations.136 This integration
can inform the co-creation of approaches to
climate adaptation important for maintaining
healthy, functioning forests that continue to
provide cultural and spiritual benefits (see Case
Study “Adaptation in Forestry”).

Changing climate conditions increasingly cause
both cultural and economic impacts within
the Midwest, and it is very likely these impacts
will worsen in the future. For example, many
tree species on which tribes depend for their
culture and livelihoods—such as paper birch,
northern white cedar, and quaking aspen—are
highly vulnerable due to temperature increases.90,91,92,126 Populations of the emerald ash borer,
a destructive invasive insect pest that attacks
native ash trees, will increase due to warming
winters in the region. Mortality of black ash
trees, which are important for traditional
basket-making for many tribes, is highly likely
as winter temperatures continue to rise.127
Warming winters already have economic
impacts on the forest industry, as well. Forest
operations (for example, site access, tree
harvesting, and product transport) in many
northern regions are conducted on snowpack
or frozen ground to protect the site from
negative impacts such as soil disturbance
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Case Study: Adaptation in Forestry
The Menominee Forest is well known as an exemplary forest; for generations, the Menominee Tribe has pioneered practices that have preserved nearly 220,000 acres with numerous species and varied habitats while
maximizing the sustainable production of forest products. However, climate change—along with invasive species and insect pests and diseases—is creating new challenges for maintaining these diverse habitats and the
sustainable supply of timber.
In response to tree mortality caused by oak wilt disease, an introduced exotic disease first identified in 1944
in Wisconsin, foresters at Menominee Tribal Enterprises (MTE) have integrated climate change adaptation into
reforestation activities on severely disturbed areas created by the disease.134 Using science guided by Traditional Ecological Knowledge of forest communities, forest openings created by oak wilt disease were replanted with
a diverse array of tree and understory plant species that are expected to fare better under future climate conditions. Many of these species tolerate late-growing-season heat- and drought-related stress, while also providing
important cultural benefits to the tribe such as food and medicine. The selection of locally collected plants and
seeds used for restoring the oak wilt-affected openings combined scientific information on the future habitat of
tree species with Indigenous knowledge of the forest communities necessary for guiding the development of
diverse and healthy forests.

Figure 21.4: The photo shows Menominee Tribal Enterprises staff creating opportunity from adversity by replanting a forest
opening caused by oak wilt disease with a diverse array of tree and understory plant species that are expected to fare better
under future climate conditions. Photo credit: Kristen Schmitt.

The grass, plant, and shrub species are put together to strengthen the immune system of the deeprooted trees. We tried to emphasize the underground biotic community within these openings. A
healthy underground community ensures a healthy aboveground community. The shrubs hold the key
to a healthy change of species within the local plant communities.
—MTE forester and tribal member
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Key Message 3

The loss of species and degradation of ecosystems have the potential to reduce or eliminate
essential ecological services such as flood
control, water purification, and crop pollination, thus reducing the potential for society to
successfully adapt to ongoing changes.

Biodiversity and Ecosystems
The ecosystems of the Midwest support
a diverse array of native species and
provide people with essential services
such as water purification, flood control,
resource provision, crop pollination, and
recreational opportunities. Species and
ecosystems, including the important
freshwater resources of the Great Lakes,
are typically most at risk when climate
stressors, like temperature increases, interact with land-use change, habitat loss,
pollution, nutrient inputs, and nonnative
invasive species. Restoration of natural
systems, increases in the use of green
infrastructure, and targeted conservation
efforts, especially of wetland systems,
can help protect people and nature from
climate change impacts.

Observations, ecological theory, experimental
studies, and predictive models provide insights
into how shifts in several climate factors
(temperature, precipitation patterns, humidity,
and moisture stress) may interact over the
next several decades.120,138,139 Vulnerability
assessments for species and ecosystems
quickly become complex, as species in the
same ecosystem may have different climate
sensitivities, and interactions with landuse change and other factors can strongly
influence the level of impact (Ch. 5: Land
Changes, KM 2; Ch. 17: Complex Systems,
KM 1). Local expertise, input from multiple
stakeholders, and tools like scenario planning
can help improve assessment of vulnerability
so that risks can be connected to management
actions.132,140 Changes observed in the Midwest
include species range shifts (avoiding exposure
to new climatic conditions by shifting location),
changes in population size (indicating a change
in viability in a given place), shifts in body size
and growth rates, and changes in the timing of
seasonal events (phenology). Since the Third
National Climate Assessment,27 the number of
studies documenting these types of changes
has continued to grow. For example, climate
change appears to have contributed to the
apparent local extinction of populations of the
Federally Endangered Karner blue butterfly
at sites in the southern end of its range in
northern Indiana, despite active management
and extensive habitat restoration efforts.
While climate change cannot be singled out as
the only cause, the populations disappeared
following multiple years of warming conditions
and a very early onset of spring in 2012.139
New evidence of shifting ranges comes from

Species already are responding to environmental changes that have occurred over the last
several decades,17,18,19 and rapid climate change
over the next century is expected to cause
or further amplify stress in many species and
ecological systems in the Midwest.20,21,22 Land
conversion and a wide range of other stressors
have already greatly reduced biodiversity
in many of the region’s prairies, wetlands,
forests, and freshwater systems. High rates
of change in climate factors like air and water
temperature and increasing drought risk likely
will accelerate the rate of species declines and
extinctions.18,137 The Midwest region supports
the world’s largest freshwater ecosystem, the
Great Lakes, which are at risk from rising temperatures, changes in seasonal stratification
of lake temperatures, and increased summer
evaporation rates, combined with stresses from
pollution, nutrient inputs that promote harmful
algal blooms, and invasive species (Box 21.1).
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Wisconsin forests, where a set of 78 understory
plant species sampled in the 1950s and again
in the 2000s have demonstrated shifts in their
abundance centroids (a measure of the distribution and local abundance of populations)
of about 30 miles (49 km ± 29 km) over this
50-year period (Figure 21.5).141 The dominant
direction of this shift was to the northwest,
which matches the direction of change in
important climatic conditions associated with
the distributions of these species. While this
shift suggests the potential for successful
adaptation to changing conditions, the rate of
change for most species was much less than
the amount of change in the climate metrics
over the same time period, raising the concern
that the climate is changing too fast for these
species to keep up.141 Similarly, a study of shifts
in the timing of spring green-up, an indicator
of when plant-feeding insects emerge, and the
timing of migratory bird arrivals found that
while both are shifting earlier in the Midwest,
the arrival of birds is not advancing as quickly
as the plants.142 Risks to birds from this mismatch in phenology include the potential for
birds to arrive after food availability has peaked
or for later arrivals to be less able to compete
for territories or mates. Land protection and
management strategies that help maintain
or increase phenological variation of plants
within key migratory and breeding habitats like

the Great Lakes coastlines may help increase
the odds that birds can find the resources they need.143
The drivers of changes in species ranges or
abundance can be complex and difficult to
detect until key thresholds are crossed. For
example, in the Midwest region, cool- and
coldwater fishes in inland lakes are particularly
susceptible to changes in climate because habitat with appropriate temperatures and oxygen
concentrations is often limited during summer
months. In lakes at the southern (warmer) end
of their ranges, these fish experience a squeezing of available habitat during summer months
as the water near the lake surface becomes too
warm and the dissolved oxygen levels in deeper
waters drop (Figure 21.6).144,145,146 This “invisible”
loss of habitat is driven by increases in water
temperatures, longer duration of the stratified
period (which delays the mixing of oxygen-rich
water into the deeper waters), and declines
in ice cover.147,148,149,150 Recent research has
identified fish kill events tied to temperature
and oxygen stress from increased air temperatures, and modeling results forecast increased
numbers of these events, likely leading to local
extinction of cool- and coldwater fish species
in some lakes and reduced geographic distribution across the Midwest.151,152,153,154

Climate Change Outpaces Plants’ Ability to Shift Habitat Range

Figure 21.5: While midwestern species, such as understory plants in Wisconsin, are showing changes in range, they may not
be shifting quickly enough to keep up with changes in climate. The panels here represent 78 plant species, showing (a) observed
changes in the center of plant species abundances (centroids) from the 1950s to 2000s, (b) the direction and magnitude of
changes in climate factors associated with those species, and (c) the lag, or difference, between where the species centroid is
now located and where the change in climate factors suggests it should be located in order to keep pace with a changing climate.
Source: adapted from Ash et al. 2017.141 ©John Wiley & Sons, Ltd.
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Coldwater Fish at Risk

Figure 21.6: The graphic shows the oxythermal (oxygen and temperature) habitat of coldwater sh in midwestern inland lakes,
illustrated by water depth under (left) a typical ice-free period and (right) a warm ice-free period (right). The top plots show water
temperatures during the ice-free period, and the bottom plots show the dissolved oxygen concentrations. The schematics at the
bottom illustrate the area of the lake that is ideal habitat for coldwater sh (in blue) and areas that represent water outside of
the temperature or dissolved oxygen limit (in yellow and red, respectively). The left plots show how available habitat “squeezes”
during a typical year, while the right plots illustrate a complete loss of suitable habitat during very warm years. Source: Madeline
Magee, University of Wisconsin.

Taken individually, responses like range shifts,
changes in local abundance, or changes in
phenology may indicate that a species is
successfully adapting to new conditions, or
conversely may indicate a species is under
stress. The extent to which responses indicate
risk and the challenge of attributing changes
to climate drivers when systems are exposed
to many additional stressors are important
sources of uncertainty that likely slow progress
on climate change adaptation within the
resource management sector.155,156 Further,
while evidence of species- and ecosystem-level
responses to direct climate change impacts is
increasing, many of the most immediate risks
are even more challenging to track, because
they relate to climate-driven enhancement
of existing stressors, such as habitat loss and
degradation, pollution, the spread of invasive
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species, and drainage and irrigation practices
in agricultural landscapes.138,157 As species are
lost from midwestern ecosystems, there likely
will be a net loss of biodiversity, as numerous
additional stressors, especially widespread
land conversion across the southern Midwest,
limit opportunities for these gaps to be filled
by species moving in from other regions (Ch. 7:
Ecosystems, KM 1 and 2).158,159
While movement of species from the
south-central United States could help sustain
species-diverse ecosystems as some of the
Midwest’s current species move north, these
range expansions can further stress current
species. Many species and ecosystems in
the Midwest, especially the Upper Midwest,
are best suited to survive and compete for
resources when winter conditions are harsh
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insects in the Midwest have primarily been
linked to the expansion of intensive agriculture.167,168,169,170 In addition to habitat loss, climate
change is likely to act as an added stressor for
many species, through many different mechanisms.164 Many insects may be limited by their
ability to shift to new habitats as conditions
change; for example, many bumble bee species
are showing population declines at southern
range edges but not expanding as quickly at
northern range edges.171 It is likely that pollinators that specialize on one or a few species
for some aspect of their life history will be
particularly vulnerable.172 Within the Midwest,
observed high rates of decline in the monarch
butterfly,167 which relies on milkweed species
as a host plant, are the focus of a network of
outreach and ambitious multi-partner conservation efforts that are helping raise awareness
of pollinator declines and links between
pollinators and habitat availability.173 These
efforts, boosted by research demonstrating
that habitat restoration can help sustain pollinator populations,174,175 provide examples of how
to help support the adaptation of this critical
group of species.

and growing seasons are short. As winter
warms and the growing season extends, species from the south-central United States, as
well as species from outside the country that
are more traditionally viewed as invasive species, are expected to be able to grow faster and
take advantage of these changes, increasing the
rate of loss of the region’s native species.160,161
For invasive insect pests, these impacts may
be compounded as extended growing seasons
allow time for additional generations to be
produced in a single season;162 the same mechanism can promote higher impacts from native
insect pests, as well. Given that some native
species will decline in the region, to maintain
or increase species diversity, some managers
are beginning to plan for and even promote
some native plant species that are present in a
region, but more common to the south, as conditions change. While these can be important
strategies for maintaining diversity and ecosystem functions, especially in isolated habitats
where inward migration is not likely, careful
consideration of the source of plant stocks is
important when seeking to avoid introducing
new or more competitive genotypes.163 Further,
as some native species decline, managers will
benefit from increased vigilance in keeping
potential invasive species from outside of
North America from gaining a foothold.

Perhaps more than in any other region of the
United States, human land use has influenced
the structure and function of natural systems
of the Midwest. Widespread conversion of natural systems to agriculture has changed much
of the region’s water and energy balance (Ch.
5: Land Changes, KM 1). When vegetation has
been removed or undergoes a major change,
runoff and flooding both tend to increase.24,176,177
As land has been cleared for agriculture and
cities, it simultaneously has lost the capacity to
store water due to the resulting conversion to
pavement, compaction of soils, and widespread
loss of wetlands. More than half of the region’s
wetlands have been drained (Ch. 22: N. Great
Plains, Case Study “Wetlands and the Birds
of the Prairie Pothole Region”); in states at
the southern end of the region, fewer than

Declines in native pollinator species are
another important concern in the Midwest, as
both native and managed pollinator species
(typically nonnative bee species) play vital roles
in supporting food production and farmer
livelihoods and are critical for supporting wild
plant reproduction and the diversity of ecosystems.164,165 Key threats to this diverse group
of insects, mammals, and birds include habitat
loss and degradation, pathogens, pesticide use,
and invasive species.164,165,166 Most native and
agricultural crops that require a pollinator are
pollinated by insects, and where information is
available, declines in populations of pollinator
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10%–15% of presettlement wetlands remained
in the 1980s.178 The growth of agriculture and
loss of wetlands in the Midwest mean that
changes to the timing, type (snow or rain),
and amount of precipitation are acting on a
system that is already highly altered in ways
that tend to promote flooding.24 Climate
change modeling suggests that the southern
half of the Midwest likely will see increases in
saturated soils, which also indicates risks to
agriculture and property from inundation and
flooding;179 recent work incorporating land-use

change and population changes also suggests
the number of people at risk from flooding
will increase across much of the Midwest.180
However, understanding these relationships
also highlights important climate adaptation
strategies. For example, restoring systems
like wetlands and forested floodplains and
implementing agricultural best management
strategies that increase vegetative cover (such
as cover crops and riparian buffers) can help
reduce flooding risks and protect water quality
(Figure 21.7).23,24,25

Wetland Restoration Projects Can Help Reduce Impacts
Figure 21.7: The Blausey Tract restoration project on the U.S. Fish and Wildlife Service’s Ottawa National Wildlife Refuge (Ohio)
restored 100 acres of former Lake Erie coastal wetlands that were previously in row crop production. In addition to providing
habitat for wildlife and sh, these wetlands help reduce climate change impacts by storing water from high-water events and by
ltering nutrients and sediments out of water pumped from an adjacent farm ditch. This work was carried out by two conservation
groups, The Nature Conservancy and Ducks Unlimited, in partnership with the U.S. Fish and Wildlife Service, and was funded
by The Great Lakes Restoration Initiative.186,187 (top) Shown here is the Blausey Tract restoration site in early spring of 2011,
prior to the restoration activities. (bottom) In the spring of 2013, just two years after the start of restoration, the site already
was providing important habitat for wildlife and sh. Photo credits: (top) ©The Nature Conservancy, (bottom) Bill Stanley, ©The
Nature Conservancy.
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have been lost, such as Great Lakes coastal
wetlands, prairies, and vegetated floodplains
along rivers and streams that slow water flows
and act as sponges that keep floodwaters
from people, property, and infrastructure
(Figure 21.7),182,183 or tree cover that increases
shade and improves urban air quality.181,184 The
important role of nature-based solutions like
reforestation for mitigating climate change is
also increasingly being recognized and quantified.185 From the perspective of protecting
the biodiversity of the Midwest, adaptation
and mitigation strategies that incorporate
protection or restoration of natural systems
can be a great win-win approach, because they
often add habitat and restore ecological and
hydrological functions that were reduced as a
result of land conversion.

As the flooding risk example above illustrates,
understanding both the history of change
and how future climate patterns can drive
additional changes is useful for identifying
meaningful strategies for reducing risks to
both people and biodiversity through strategically protecting and restoring ecosystems.
Since the Third National Climate Assessment,27
the recognition, promotion, and implementation of green or ecosystem-based climate
change adaptation solutions have expanded.
While the idea of using natural systems to
reduce risks and provide benefits to society
is not new, efforts to document and quantify
benefits, costs, and costs savings (relative
to hard, or “gray,” infrastructure) of these
types of approaches are increasing.181 These
approaches often help replace systems that

Box 21.1: Focus on the Great Lakes
The Great Lakes contain 20% of the world’s surface freshwater, provide drinking water and livelihood to more
than 35 million people,188 and allow for important economic and cultural services such as shipping and recreation. The Great Lakes influence regional weather and climate conditions and impact climate variability and
change across the region. The lakes influence daily weather by 1) moderating maximum and minimum temperatures of the region in all seasons, 2) increasing cloud cover and precipitation over and just downwind of the
lakes during winter, and 3) decreasing summertime convective clouds and rainfall over the lakes.189,190 In recent
decades, the Great Lakes have exhibited notable changes that are impacting and will continue to impact people
and the environment within the region.191 In particular, lake surface temperatures are increasing,11,12 lake ice
cover is declining,12,13,14 the seasonal stratification of temperatures in the lakes is occurring earlier in the year,15
and summer evaporation rates are increasing.13,16
Along the Great Lakes, lake-effect snowfall has increased overall since the early 20th century. However, studies
have shown that the increase has not been steady, and it generally peaked in the 1970s and early 1980s before
decreasing.193 As the warming in the Midwest continues, reductions in lake ice may increase the frequency of
lake-effect snows until winters become so warm that snowfall events shift to rain.194,195
Lake-surface temperatures increased during the period 1985–2009 in most lakes worldwide, including the
Great Lakes.196 The most rapid increases in lake-surface temperature occur during the summer and can greatly exceed temperature trends of air at locations surrounding the lakes.197 From 1973 to 2010, ice cover on the
Great Lakes declined an average of 71%;14 although ice cover was again high in the winters of 2014 and 2015,192
a continued decrease in ice cover is expected in the future.198,199
Water levels in the Great Lakes fluctuate naturally, though levels more likely than not will decline with the changing climate.200 A period of low water levels persisted from 1998 to early 2013. A single warm winter in
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Box 21.1: Focus on the Great Lakes, continued

The Changing Great Lakes

Figure 21.8: The duration of seasonal ice cover decreased in most areas of the Great Lakes between 1973 and 2013, while
summer surface water temperature (SWT) increased in most areas between 1994 and 2013. (a) The map shows the rate
of change in ice cover duration. The greatest rate of decrease in seasonal ice cover duration is seen near shorelines, with
smaller rates occurring in the deeper central parts of Lakes Michigan and Ontario, which rarely have ice cover. (b) The map
shows the rate of change in summer SWT. The greatest rates of increase in summer SWT occurred in deeper water, with
smaller increases occurring near shorelines. Source: adapted from Mason et al. 2016.192 Used with permission from Springer.

1997–1998 (corresponding to a major El Niño event) and ongoing increases in sunlight reaching the lake
surface (due to reduced cloud cover) were likely strong contributors to these low water levels.11 Following this
period, water levels rose rapidly. Between January 2013 and December 2014, Lake Superior’s water rose by
about 2 feet (0.6 meters) and Lakes Michigan and Huron’s by about 3.3 feet (1.0 meter).201 Recent projections
with updated methods of lake levels for the next several decades under 64 global model-based climate change
simulations (from the Coupled Model Intercomparison Project Phase 5, or CMIP5 database, using the RCP4.5,
RCP6.0, and RCP8.5 scenarios) on average show small drops in water levels over the 21st century (approximately 6 inches for Lakes Michigan and Huron and less for the other lakes), with a wide range of uncertainty.200
An important seasonal event for biological activity in the Great Lakes is the turnover of water, or destratification, which
historically has occurred twice per year. Destratification occurs during the fall as the water temperature drops below a
threshold of 39°F, the point at which freshwater attains its maximum density, and again during the spring when the water temperature rises above that threshold. The resultant mixing carries oxygen down from the lake surface and nutrients up from the lake bottom and into the water column. In a pattern that is similar to changes in duration of the growing season on land, the climate projections suggest that the overturn in spring that triggers the start of the aquatic
“growing season” will happen earlier, and the fall overturn will happen later.198,202 This trend toward a longer stratified
season has been documented at locations in Lake Superior.197,203 As the duration of the stratified period increases,
the risk of impacts from low oxygen levels at depth and a lack of nutrient inputs at the surface increases, potentially
leading to population declines of species in both zones. As warming trends continue, it is possible that a full overturning may not occur each year.204 For example, lake surface temperatures failed to drop below the 39°F threshold during
the winters of 2012 and 2017 in parts of southern Lake Michigan and Lake Ontario (see https://coastwatch.glerl.noaa.
gov/glsea/glsea.html). When this lack of water mixing contributes to persistently low oxygen levels, the result may
be reductions in the growth of phytoplankton (algae) and zooplankton (microscopic animals) that form the basis of
aquatic food webs, potentially leading to cascading effects on the health and abundance of species across all levels of
Great Lakes food webs.202,205,206
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Box 21.1: Focus on the Great Lakes, continued
Ecological impacts of climate change in the Great Lakes occur in the context of multiple stressors, as these
important ecosystems are under stress from pollution, nutrient and sediment inputs from agricultural systems,
and invasive species (Ch. 17: Complex Systems, KM 1).9,10 Human influence on habitats is another stressor.
Examples include coastal wetland damage207 and disturbance by human structures that change habitat conditions and water flow patterns.208 Fish harvest and other management activities also have influences on populations.209 Especially in Lake Erie, runoff from agricultural watersheds can carry large volumes of nutrients and
sediments that can reduce water quality, potentially leading to hypoxia (inadequate oxygen supply),210,211 an
occurrence that is predicted to be more likely as the climate continues to change.10 Increased water temperatures and nutrient inputs also contribute to algal blooms, including harmful cyanobacterial algae that are toxic
to people, pets, and many native species.212,213
As with the inland lake fish described above (see Figure 21.6), climate change is expected to impact the species
and fisheries of the Great Lakes.214 However, the vast size and low temperatures in these lakes suggest that
mortality events from temperature are a much lower risk. One key aspect of the influence of warming lakes on
fish growth is the availability of suitable thermal habitat, as ectotherms, or cold-blooded species, can grow faster in warmer water due to temperature impacts on metabolic rates. Fish can behaviorally thermoregulate, meaning they can migrate to the portion of the water column that contains water of the particular species’ preferred
temperature.215 Bottom-water temperatures in the deep parts of the lakes are expected to remain close to 39°F,
while temperatures above the seasonal thermocline (the distinct temperature transition zone separating warmer
surface waters from colder waters below) are expected to warm considerably.202 This means that fish will be
able to find habitats that favor higher growth rates for a longer period of time during the year. This same growth
rate increase may occur for some species in smaller lakes, but the potential for exceeding critical thresholds
is likely higher (Figure 21.6). If sufficient food is available, this will enhance the growth rates for economically
important species like yellow perch and lake whitefish even though they are classed as cool-water and coldwater fishes, respectively.216 It remains unclear, however, if a sufficient food supply will be available to sustain this
increase in growth rates.
While some native fish may show enhanced growth, these same changes can influence the survival and growth
of invasive species. Nonnative species such as alewife217 and zebra and quagga mussels218 have had dramatic
impacts on the Great Lakes. Warmer conditions may lead to increases in invasion success and may increase
the impact of invasive species that are already present. For example, sea lamprey are parasitic fish that are
native to the Atlantic Ocean, and in the Great Lakes, they are the focus of several forms of control efforts.219
Climate change has potential to reduce the effectiveness of these efforts. In the Lake Superior watershed, in
years with longer growing seasons (defined as the number of days with water temperatures above 50°F), lamprey reach larger weights before spawning.161 Larger body sizes suggest a greater impact on other fish species,
because larger lamprey produce more eggs and require more food to survive.161
Coastal communities and several economic sectors, including shipping, transportation, and tourism, are vulnerable to the aforementioned climate impacts (Ch. 8: Coastal, KM 1). While the most recent research200 underscores the great uncertainty in future lake levels, earlier research showed that scenarios of decreasing lake
levels will increase shipping costs even if the shipping season is longer,220 or that lower ice cover could increase
the damage to coastal infrastructure caused by winter storms.221,222 While several coastal communities have
expressed willingness to integrate climate action into planning efforts, access to useful climate information and
limited human and financial resources constrain municipal action. Producers and users of climate
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Box 21.1: Focus on the Great Lakes, continued
information are working together to create customized climate information and resources, which increases trust
and legitimacy, addressing this challenge (see Case Study “Great Lakes Climate Adaptation Network”). This has
been demonstrated in projects, for instance, with marinas and harbors in Michigan, with ravine management in
Illinois and Wisconsin, and with the Chicago Climate Action Plan in Illinois.223,224,225,226 Although many communities in the region are taking steps to incorporate climate change and related impacts into policy and planning
decisions, many more may benefit from using their existing stakeholder networks to engage with producers of
climate information and build upon lessons learned from leaders in the region.227

Key Message 4

Air Quality
Degraded air quality impacts people living in
the Midwest. Increases in ground-level ozone
and particulate matter are associated with the
prevalence of various lung and cardiovascular
diseases, which can lead to missed school days,
hospitalization, and premature death (Ch. 13: Air
Quality, KM 1).26,28 Despite successful efforts to
reduce particulate matter and ozone pollution,
climate change could increase the frequency
of meteorological conditions that lead to poor
air quality.26,229 In the absence of mitigation,
ground-level ozone concentrations are projected
to increase across most of the Midwest, resulting
in an additional 200 to 550 premature deaths
in the region per year by 2050.28 These account
for almost half of the total projected deaths due
to the climate-related increase in ground-level
ozone nationwide and may cost an estimated $4.7
billion (in 2015 dollars).28

Human Health
Climate change is expected to worsen
existing health conditions and introduce
new health threats by increasing the frequency and intensity of poor air quality
days, extreme high temperature events,
and heavy rainfalls; extending pollen
seasons; and modifying the distribution
of disease-carrying pests and insects.
By mid-century, the region is projected
to experience substantial, yet avoidable,
loss of life, worsened health conditions,
and economic impacts estimated in the
billions of dollars as a result of these
changes. Improved basic health services
and increased public health measures—
including surveillance and monitoring—
can prevent or reduce these impacts.

Pollen production has been on the rise in the
Midwest in recent years, with pollen seasons
starting earlier and lasting longer (Ch. 13:
Air Quality, KM 3).28,230 People, particularly
children, with asthma and other respiratory
diseases are especially vulnerable to aeroallergens.231 Aeroallergens can cause allergic
rhinitis and exacerbate asthma and sinusitis.231
Oak pollen may be responsible for an increase
of 88 to 350 asthma-related emergency room
visits by 2050 under the higher scenario
(RCP8.5), with an estimated average annual
cost ranging between $43,000 and $170,000 (in
2015 dollars).28

Climate change directly and indirectly impacts
human health (Ch. 14: Human Health, KM 1).
Midwestern populations are already experiencing adverse health impacts from climate
change, and these impacts are expected
to worsen in the future.26,27 The risks are
especially high for people who are less able
to cope because characteristics like age,
income, or social connectivity make them
more vulnerable.228
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Projected Changes in Ozone-Related Premature Deaths

Figure 21.9: Maps show county-level estimates for the change in average annual ozone-related premature deaths over the
summer months in 2050 (2045–2055) and 2090 (2085–2095) compared to 2000 (1995–2005) under the lower and higher
scenarios (RCP4.5 and RCP8.5) in the Midwest. The results represent the average of ve global climate models. Source:
adapted from EPA 2017.28

Temperature

Future risk of heat-related disease could be
significantly higher. As an example, Figure
21.10 shows the projected number of days over
100°F in Chicago over the 21st century using 32
models and two scenarios. Currently, days over
100°F in Chicago are rare. However, they could
become increasingly more common in both
the lower and higher scenarios (RCP4.5 and
RCP8.5). The higher scenario (RCP8.5) yields a
wider range and a higher number of days over
100°F than the lower scenario (RCP4.5), especially by 2070–2090. Near the upper end of the
model results (95th percentile) at late-century,
with the potential for almost 60 days per year

Increased daytime and nighttime temperatures
are associated with heat-related diseases
(for example, dehydration and heatstroke)
and death in the Midwest.26,232 Extreme heat
in urban centers like Chicago, St. Louis,
Cincinnati, Minneapolis/St. Paul, Milwaukee,
and Detroit can cause dangerous living conditions.26,232,233,234,235,236 High rates of heat-related
illness also have been observed in rural populations,235 where occupational exposure to
heat and access to care is a concern. Exposure
to high temperatures impacts workers’ health,
safety, and productivity.29
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not experienced high temperatures may be at
risk for heat-related disease and death. Risk
of death from extremely cold temperatures
will decrease under most climate projection scenarios.28

over 100°F, conditions could be more typical
of present-day Las Vegas than Chicago. While
the degree of uncertainty becomes larger
further into the future, all model results show
an increase in heat in the last two periods of
the 21st century—changes that would pose
a significant challenge to Chicago and other
midwestern cities.

Unabated climate change will translate into
costs among the workforce and in utility
bills, potentially exacerbating existing health
disparities among those most at risk. By 2050,
increased temperatures under the higher
scenario (RCP8.5) are estimated to cost around
$10 billion (in 2015 dollars) due to premature
deaths and lost work hours.28 Increased electricity demand is estimated to amount to $1.2
billion by 2090 (in 2015 dollars).28 For those
who are chronically ill or reliant on electronic
medical devices, the increased cost of electricity, which contributes to energy insecurity,28
may introduce financial and health burdens.

Compared to other regions where worsening
heat is also expected to occur, the Midwest
is projected to have the largest increase in
extreme temperature-related premature
deaths under the higher scenario (RCP8.5):
by 2090, 2,000 additional premature deaths
per year, compared to the base period of
1989–2000, are projected due to heat alone
without adaptation efforts.28 Northern midwestern communities and vulnerable populations (see Key Message 6) that historically have

Days Above 100°F for Chicago

Figure 21.10: This graph shows the annual number of days above 100°F in Chicago for the historical period of 1976–2005 (black
dot) and projected throughout the 21st century under lower (RCP4.5, teal) and higher (RCP8.5, red) scenarios. Increases at the
higher end of these ranges would pose major heat-related health problems for people in Chicago. As shown by the black dot,
the average number of days per year above 100°F for 1976–2005 was essentially zero. By the end of the century (2070–2099),
the projected number of these very hot days ranges from 1 to 23 per year under the lower scenario and 3 to 63 per year under
the higher scenario. For the three future periods, the teal and red dots represent the model-weighted average for each scenario,
while the vertical lines represent the range of values (5th to 95th percentile). Both scenarios show an increasing number of days
over 100°F with time but increasing at a faster rate under the higher scenario. Sources: NOAA NCEI and CICS-NC.
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Precipitation

Harmful algal blooms (Box 21.1), such as one
that occurred in August 2014 in Lake Erie,
can introduce cyanobacteria into drinking
and recreational water sources, resulting in
restrictions on access and use.28 Contact with
and consumption of water contaminated with
cyanobacteria have been associated with skin
and eye irritation, respiratory illness, gastrointestinal illness, and liver and kidney damage.26
The occurrence of conditions that encourage
cyanobacteria growth, such as higher water
temperatures, increased runoff, and nutrient-rich habitats, are projected to increase
in the Midwest.28

An increase in localized extreme precipitation
and storm events can lead to an increase in
flooding.27 River flooding in large rivers like
the Mississippi, Ohio, and Missouri Rivers
and their tributaries can flood surface streets
and low-lying areas, resulting in drinking
water contamination, evacuations, damage to
buildings, injury, and death.26 Flooded buildings
can experience mold growth that can trigger
asthma attacks and allergies during cleanup
efforts.237 Mental stress following flooding
events can cause substantial health impacts,
including sleeplessness, anxiety, depression,
and post-traumatic stress disorder.238 Similarly,
drought has been identified as a slow-moving
stressor that contributes to acute and
chronic mental health impacts such as anxiety
and depression.239

Challenges and Opportunities
Climate-sensitive health impacts are complex
and dynamic. Coordination across public
health, emergency preparedness, planning,
and communication agencies can maximize
outreach to the most at-risk populations while
directing activities to reduce health disparities
and impacts.244 Public health agencies in the
Midwest have developed interdisciplinary
communities of practice around climate and
health adaptation efforts, effectively enhancing
the resilience of the region’s public health
systems.244,245,246,247,248 Activities around increased
surveillance of climate-sensitive exposures and
disease are gaining momentum and interest
among practitioners and researchers.249,250

Precipitation events can transport pathogens
that cause gastrointestinal illnesses, putting
populations who rely on untreated groundwater (such as wells) at an increased risk of
disease,240 particularly following large rainfall
events.241 Many midwestern communities
use wells as their drinking water sources.
Adaptive measures, such as water treatment
installations, may substantially reduce the
risk of gastrointestinal illness, in spite of
climate change.240

Habitat Conditions

Actions tied to reducing contributions to global
climate change can result in direct co-benefits
related to health and other outcomes (such as
economic development).251 Reducing emissions
related to energy production and transportation may involve changes to fuel sources,
vehicle technology, land use, and infrastructure.251 Active transportation, such as biking
and walking, has been found to significantly
decrease disease burden.252,253,254 A study of
the 11 largest midwestern metropolitan areas
estimated a health benefit of nearly 700 fewer
deaths per year by swapping half of short trips

Climate-related changes in habitats (see Key
Message 3) for disease-carrying insects like the
mosquito found in the Midwest (Culex pipiens
and Culex tarsalis) that transmits West Nile
virus (WNV) and the blacklegged, or deer, tick
(Ixodes scapularis) that transmits Lyme disease
have been associated with higher rates of
infection.242,243 Northern expansion of the Culex
species in the Midwest is expected to result in
upwards of 450 additional WNV cases above
the 1995 baseline by 2090 absent greenhouse
gas mitigation.28
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from car to bike.255 As Midwest Rust Belt metropolitan areas revitalize and reinvest, there
are opportunities to prioritize active living to
maximally reduce climate change drivers and
improve health.

KM 2).37,256 In addition, in metropolitan areas
with older sewer systems that combine
sanitary sewage with storm water, extreme
rain can result in the release of raw sewage
into rivers and streams, posing both health
and ecological risks.257 These releases, known
as combined sewer overflows (CSO), pose
challenges to major sources of drinking water
including the Mississippi River258 and the Great
Lakes.259,260 On the Great Lakes, increases in
CSO frequency and volume are projected under
mid-high and higher scenarios (RCP6.0 and
RCP8.5).261 The U.S. Environmental Protection
Agency (EPA) estimates that the cost of
adapting urban storm water systems to handle
more intense and frequent storms in the
Midwest could exceed $480 million per year (in
2015 dollars) by the end of the century under
either the lower or higher scenario (RCP4.5 or
RCP8.5).28 Extreme precipitation events also
affect transportation systems (Ch. 12: Transportation, KM 1). Heavy rainstorms can result in
the temporary closure of roadways. In addition,
faster streamflow caused by extreme precipitation can erode the bases of bridges, a condition
known as scour. A study of six Iowa bridges
deemed to be critical infrastructure found that
under all emissions scenarios (in the Coupled
Model Intercomparison Project Phase 3), each
location was projected to have increased
vulnerability from more frequent episodes of
overtopping and potential scour.55 The EPA
estimates that the annual cost of maintaining
current levels of service on midwestern bridges
in the face of increased scour damage from
climate change could reach approximately
$400 million in the year 2050 under either the
lower or higher scenario (RCP4.5 or RCP8.5).28

Key Message 5
Transportation and Infrastructure
Storm water management systems,
transportation networks, and other
critical infrastructure are already experiencing impacts from changing
precipitation patterns and elevated flood
risks. Green infrastructure is reducing
some of the negative impacts by using
plants and open space to absorb storm
water. The annual cost of adapting urban
storm water systems to more frequent
and severe storms is projected to exceed
$500 million for the Midwest by the end
of the century.
Climate change poses several challenges to
transportation and storm water systems in the
Midwest. Annual precipitation in the Midwest
has increased by 5% to 15% from the first half
of the last century (1901–1960) compared to
present day (1986–2015).193 Winter and spring
precipitation are important to flood risk in the
Midwest and are projected to increase by up to
30% by the end of this century. Heavy precipitation events in the Midwest have increased
in frequency and intensity since 1901 and are
projected to increase through this century.193
There has been an increase in extreme
precipitation events that overwhelm storm
water sewage systems, disrupt transportation
networks, and cause damage to infrastructure
and property. Runoff from extreme precipitation events can exceed the capacity of storm
water systems, resulting in property damage,
including basement backups (Ch. 11: Urban,
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been linked to an increased risk of traffic
crashes.262 Intelligent Transportation Systems
(ITS) use sensors and cameras to monitor road
conditions. This allows for rapid deployment
of emergency response vehicles and use of
electronic signage to reroute traffic. Such
systems allow transportation agencies to
minimize the adverse impacts associated with
extreme weather.263
Flooding on major rivers also poses a challenge
to Midwest communities. Major river floods
differ from flash floods on smaller streams
in that they affect a larger area and require
longer periods of heavy precipitation to create
flood conditions. The Nation’s two largest
rivers, the Mississippi and the Missouri, flow
through the Midwest. River floods can cause
loss of life, as well as significant property
damage. River floods have caused the closure
of interstate highways in the Midwest and
temporary inundation of secondary roads.
During floods in May 2017, more than 400 state
roads in Missouri were closed due to flooding,
including several stretches of Interstate 44
(Figure 21.11).264 High water also disrupts barge
traffic on the Mississippi River.265,266,267,268,269,270
Billion-dollar floods in the Midwest have
occurred three times in the last quartercentury.271 Climate projections suggest an
increased risk of inland flooding under
either the lower or higher scenario (RCP4.5
or RCP8.5). Average annual damages from
heightened flooding risk in the Midwest are
projected to be in excess of $500 million (in
2015 dollars) by 2050.28

River Flooding in the Midwest
Figure 21.11: This composite image shows portions of
Interstate 44 near St. Louis that were closed by Meramec
River ooding in both 2015 and 2017. The ooding shown
here occurred in May 2017. Image credit: Surdex Corporation.

the benefits of milder winters for paved surfaces, the EPA estimates that higher temperatures
associated with unmitigated climate change
would result in approximately $6 billion annually in added road maintenance costs and over
$1 billion in impacts to rail transportation by
2090 (in 2015 dollars).28
Green infrastructure—the use of plants and
open space to manage storm water—is helping
communities in the Midwest become more
resilient to challenges associated with heavy
precipitation. At the site or neighborhood
level, rain gardens and other planted landscape
elements collect and filter rainwater in the soil,
slowing runoff into sewer systems. Permeable
pavements on parking lots allow water to be
stored in the soil. Trees planted next to streets
also provide important storm water management benefits. Larger-scale projects include
preservation of wetlands. In addition to their
storm water management benefits, some types
of green infrastructure, such as urban trees
and green roofs, contribute to climate change
mitigation by acting as carbon sinks.272,273,274

Changes in temperature also can pose
challenges to infrastructure. Extreme heat
creates material stress on road pavements,
bridge expansion joints, and railroad tracks.
Milder winter temperatures, however, may be
expected to partially offset these damages by
reducing the amount of rutting caused by the
freeze–thaw cycle. Even taking into account
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managing storm water. Ducks Unlimited,
a non-profit organization, has purchased
conservation easements that restrict future
development on nearly 10,000 acres of
floodplain around the confluence of the
Mississippi and Missouri Rivers. In the Milwaukee area, the Ozaukee Washington Land
Trust has preserved more than 6,000 acres
of forests, wetlands, and open space through
acquisitions and the purchase of conservation easements, preserving lands important
for absorbing rainwater and filtering toxins
from sediment.279,280

There are many examples of green infrastructure projects in the Midwest, though
not all explicitly identify climate change as a
rationale. The examples below enhance resilience to the heavy rains that are projected to
become more frequent.
•

The Cermak/Blue Island Sustainable Streetscape Project in the Pilsen neighborhood of
Chicago uses bioswales, rain gardens, and
permeable pavements to reduce up to 80%
of storm water runoff. It also uses street
trees and other vegetation to reduce the
urban heat island effect while also providing
an attractive public space.275

•

The Metropolitan Sewer District in St. Louis
has embarked upon a $100 million rainscaping project designed to divert storm
water runoff in the northern portion of
the City of St. Louis and adjacent north St.
Louis County.276

•

The City of Minneapolis uses street trees to
reduce storm water runoff through enhanced
evaporation and infiltration of water into the
soil.277 The City of Cleveland also prioritizes
tree planting as an adaptation strategy, with
an emphasis on increasing the tree canopy
in low-income neighborhoods. In addition
to its storm water management benefits,
urban forestry also reduces the urban heat
island effect and acts as a carbon sink.278

At the scale of a metropolitan region, preservation and restoration of streams, floodplains,
and watersheds are enhancing biodiversity
while also reducing storm water runoff.
•

Open Space Preservation: Many communities in the Midwest are recognizing that
preservation of open space, particularly in
floodplains, is a cost-effective method for
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•

Stream Restoration: Several midwestern
communities are turning to dechannelization (the removal of concrete linings placed
in waterways) and daylighting (bringing
back to the surface streams that had been
previously buried in pipes) as methods of
storm water management. The Milwaukee
Metropolitan Sewerage District is currently
undertaking a dechannelization of the Kinnickinnic River. According to the District, the
concrete lining of the waterway actually
makes the waterway more dangerous during
heavy rain. Flooding motivated the City of
Kalamazoo to daylight a 1,500-foot section of
Arcadia Creek in the downtown district.281,282

•

Ravine Restoration: Lake Michigan’s western
shore in Wisconsin and northern Illinois
holds more than 50 small watersheds, known
locally as ravines. Storm water runoff subjects these ravines to serious erosion, which
threatens property and infrastructure. The
Great Lakes Alliance has produced guides
to reduce erosion through best management practices, including stream buffers,
use of native plants for stabilization, and
reducing the steepness or gradient of the
stream bank.223
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Key Message 6

projected to result in losses in labor and associated losses in economic revenue up to $9.8
billion per year in 2050 and rising to $33 billion
per year in 2090 (in 2015 dollars).28 Expanding
the use of green infrastructure and locating it
properly may mitigate the negative impact of
heat islands in urban settings (see Key Messages 4 and 5) (see also Ch. 11: Urban, KM 4).

Community Vulnerability and
Adaptation
At-risk communities in the Midwest
are becoming more vulnerable to climate change impacts such as flooding,
drought, and increases in urban heat
islands. Tribal nations are especially
vulnerable because of their reliance on
threatened natural resources for their
cultural, subsistence, and economic
needs. Integrating climate adaptation
into planning processes offers an opportunity to better manage climate risks
now. Developing knowledge for decision-making in cooperation with vulnerable communities and tribal nations
will help to build adaptive capacity and
increase resilience.

To mitigate or better respond to these impacts,
scholars and practitioners highlight the need
to engage in risk-based approaches that not
only focus on assessing vulnerabilities but also
include effective planning and implementation
of adaptation options (Ch. 28: Adaptation, KM
3).32 These place-based approaches actively
rely on participatory methodologies to evaluate
and manage risk and to monitor and evaluate
adaptation actions.32 However, documented
implementation of climate change planning and
action in Midwest cities and rural communities
remains low. For example, in 2015, only four
counties and cities in the region—Marquette
and Grand Rapids in Michigan and Dane County and Milwaukee in Wisconsin—had created
formal climate adaptation plans, none of which
have been implemented.288 Moreover, a recent
study of 371 cities in the Great Lakes region
found that only 36 of them could identify a
climate entrepreneur, that is, a public official
clearly associated with pushing for climate
action.285 Attempts to assess vulnerabilities,
especially for poor urban communities, face
persisting environmental and social justice
barriers, such as lack of participation and
historical disenfranchisement,289 despite
evidence that these communities are going
to be disproportionately affected by climate
impacts.290 Additionally, in-depth interviews
with local decision-makers on water management across scales have suggested that a lack
of political and financial support at the state
and federal levels is a barrier to adaptation
action in cities and counties.291 While initiatives
are underway in the Midwest to mainstream

Vulnerability and Adaptation
In the Midwest, negative impacts related to
climate change are projected to affect human
systems, including cities, rural and coastal
communities, and tribes.28,283,284 Higher temperatures, increasing variation in precipitation
patterns, and changes in lake levels are likely
to increase the vulnerability of these systems
to extreme events (including flooding, drought,
heat waves, and more intense urban heat
island effects), compounding already existing
stressors such as economic downturns, shrinking cities, and deteriorating infrastructure.285
Extreme heat such as that experienced in July
2011 (with temperatures reaching over 100°F
in the majority of the Midwest) is expected to
intensify,286 and urban heat islands may cause
hardships to those most vulnerable, such as
the old and infirm and those without resources
to control their microclimate (for example,
through the use of air conditioning).287 Under
the higher scenario (RCP8.5), extreme heat is
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adaptation action—that is, embed and integrate
climate adaptation action in what cities already
do (see Case Study “Great Lakes Climate Adaptation Network”) (see also Ch. 28: Adaptation,

KM 5)—there are few examples in the published
literature that document failure or success (but
see Kalafatis et al. 2015, Vogel et al. 2016292,293).

Case Study: Great Lakes Climate Adaptation Network
The Great Lakes Climate Adaptation Network (GLCAN) is a regional, member-driven peer network of local
government staff who work together to identify and act on the unique climate adaptation challenges of the
Great Lakes region. GLCAN formed in 2015 as a regional network of the Urban Sustainability Directors’ Network
(USDN) to unite Great Lakes cities with universities in the region. It has been cooperating actively with a regional climate organization, the Great Lakes Integrated Sciences and Assessments (GLISA), a NOAA-supported
program housed at the University of Michigan and Michigan State University, to create climate information in
support of decision-making in member cities. In this example of sustained engagement, GLCAN and GLISA
work as a boundary chain that moves climate information from producers at the Universities to users in the
cities, as well as across cities. This minimizes transaction costs, in terms of human and financial resources,
while building trust and legitimacy.292,294 In one example of this partnership, with funding from USDN, GLCAN and
GLISA worked with the Huron River Watershed Council and five Great Lakes cities (Ann Arbor, Dearborn, Evanston, Indianapolis, and Cleveland) to develop a universal vulnerability assessment template that mainstreams
the adaptation planning process and results in the integration of climate-smart and equity-focused information
into all types of city planning.295 The template is publicly available;296 its purpose is to reduce municipal workloads and save limited resources by mainstreaming existing, disparate planning domains (such as natural hazards, infrastructure, and climate action), regardless of city size or location. Based on this work, USDN funded a
follow-up project for GLISA to work with additional Great Lakes and Mid-Atlantic cities and a nonprofit research
group (Headwaters Economics) to develop a socioeconomic mapping tool for climate risk planning.

Linked Boundary Chain Model

Figure 21.12: Shown here is a con guration of the boundary chain employed in the Great Lakes Climate Adaptation Network
(GLCAN) Case Study. The information is tailored and moves through different boundary organizations (links in the chain) to
connect science to users. By co-creating information and pooling resources throughout the chain, trust and legitimacy are built
and cost is decreased. Source: adapted from Lemos et al. 2014.294 ©American Meteorological Society.
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In addition, work on estimating the cost of
adaptation nationally and in the Midwest remains
limited, though the EPA has estimated that the
Midwest is among the regions with the largest
expected damages to infrastructure, including the
highest estimated damages to roads, rising from
$3.3 billion per year in 2050 to $6 billion per year
in 2090 (in 2015 dollars) under a higher scenario
(RCP8.5), and highest number of vulnerable
bridges (Key Message 5).28 Additionally, economic
models that value climate amenities—for example,
offering residents the benefits of warmer winters
or cooler summers—indicate that while the
Midwest is among the regions with the largest
predicted amenity loss, certain cities (such as
Minneapolis and Minnesota) and subregions
(such as upper Michigan) will be among the few
places where the value of warmer winters outweighs the cost of hotter summers.297,298 Limited
evidence indicates that household consideration
of climate amenities may contribute to reversing
long-standing trends in out-migration from the
Midwest298 and that changes in national migration
patterns will contribute to population growth in
the region.28 More research is needed to understand how cities in the Midwest might be affected
by long-term migration to the region.31

data, that promote the joint development of
usable climate information across different types
of stakeholders, including city officials, water
managers, farmers, and tribal officials.224,294,300 For
example, working closely with corn farmers and
climate information intermediaries, including
extension agents and crop consultants, in Iowa,
Nebraska, Michigan, and Indiana, an interdisciplinary team of climate scientists, agronomists,
computer scientists, and social scientists have not
only created a suite of decision support tools (see
Key Message 1) but also significantly advanced
understanding of corn farmers’ perceptions of
climate change,301 willingness to adapt,302 and
opportunities for and limitations of the use of
climate information in the agricultural sector.294,303
Strategies being implemented as a result of
these collaborations, including the use of green
infrastructure and water conservation efforts, are
proving effective at reducing sensitivity to the
impacts of climate change in the Midwest.304,305,306
In addition, binational partnerships between the
United States and Canada, in support of the Great
Lakes Water Quality Agreement, synthesized
annual climate trends and impacts for a general
audience in a pilot product for 2017 to provide a
timely and succinct summary in an easy-tounderstand format (Ch. 16: International, KM 4).307
However, these organizations face challenges
including the high costs in interacting with users,
contextualizing and customizing climate information, and building trust.308 The development
of new forms of sustained engagement likely
would increase the use of climate information
in the region.

Collaboratively Developing Knowledge and
Building Adaptive Capacity
Interactions among producers of climate information (for example, universities and research
institutes), end users (such as city planners,
watershed managers, and natural resource
managers), and intermediaries (for example,
information brokers and organizations) play a
critical role in increasing the integration and use
of climate knowledge for adaptation.299 In the
Midwest, organizations such as the Great Lakes
Integrated Sciences and Assessments (GLISA;
glisa.umich.edu) and the Wisconsin Initiative on
Climate Impacts (wicci.wisc.edu), and research
projects such as Useful to Usable (U2U), have
created mechanisms and tools, such as climate
scenarios, decision support tools, and climate
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Tribal Adaptation
Tribes and Indigenous communities in the
Midwest have been among the first to feel the
effects of climate change as it impacts their
culture, sovereignty, health, economies, and
ways of life.39 The Midwest contains ceded
territory—large swaths of land in Minnesota,
Wisconsin, and Michigan in which O jibwe
tribes reserved hunting, fishing, and gathering
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rights in treaties with the United States government.88 Climate change presents challenges
to the O jibwe tribes in co-managing these
resources with other land managers; as the climate changes, various species utilized by tribes
are declining and may shift entirely outside of
treaty boundaries and reserved lands.127,309,310 In
certain tribal cultures, all beings (species) are
important; climate adaptation efforts that favor
certain beings at the detriment of others can
be problematic. Adaptation to climate change
might also mean giving up on something
deeply embedded in tribal culture for which no
substitute exists.31 A family sugarbush (a forest
stand used for maple syrup), for example,
cannot be replaced culturally, spiritually, or
economically if the sugar maple range were to
shift outside of treaty or reservation boundaries. As the effects of climate change become
more pronounced, further research can shed
light on how tribal nations are being affected.

occur over a relatively long period of time, but
tribal elders and harvesters have been noticing
changes, such as declining numbers of waabooz
(snowshoe hare), many of which Scientific Ecological Knowledge has been slower to document.
The Traditional Ecological Knowledge of elders
and harvesters who have lived and subsisted in a
particular ecosystem can provide a valuable and
nuanced understanding of ecological conditions
on a smaller, more localized scale. Integrating this
Traditional Ecological Knowledge with Scientific
Ecological Knowledge in climate change initiatives provides a more complete understanding of
climate change impacts.136 Community input to
tribal adaptation plans ensures that Traditional
Ecological Knowledge can be used to produce
adaptation strategies trusted by community members.314
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Traceable Accounts
Process Description
The chapter lead authors were identified in October 2016, and the author team was recruited
in October and November 2016. Authors were selected for their interest and expertise in areas
critical to the Midwest with an eye on diversity in expertise, level of experience, and gender.
The writing team engaged in conference calls starting in December 2016, and calls continued
on a regular basis to discuss technical and logistical issues related to the chapter. The Midwest
chapter hosted an engagement workshop on March 1, 2017, with the hub in Chicago and satellite
meetings in Iowa, Indiana, Michigan, and Wisconsin. The authors also considered other outreach
with stakeholders, inputs provided in the public call for technical material, and incorporated the
available recent scientific literature to write the chapter. Additional technical authors were added
as needed to fill in the gaps in knowledge.
Discussion amongst the team members, along with reference to the Third National Climate
Assessment and conversations with stakeholders, led to the development of six Key Messages
based on key economic activities, ecology, human health, and the vulnerability of communities. In
addition, care was taken to consider the concerns of tribal nations in the northern states of the
Midwest. The Great Lakes were singled out as a special case study based on the feedback of the
engagement workshop and the interests of other regional and sector chapters.

Note on regional modeling uncertainties
Interaction between the lakes and the atmosphere in the Great Lakes region (e.g., through ice
cover, evaporation rates, moisture transport, and modified pressure gradients) is crucial to simulating the region’s future climate (i.e., changes in lake levels or regional precipitation patterns).315,316
Globally recognized modeling efforts (i.e., the Coupled Model Intercomparison Project, or CMIP)
do not include a realistic representation of the Great Lakes, simulating the influence of the lakes
poorly or not at all.192,198,317,318,319 Ongoing work to provide evaluation, analysis, and guidance for the
Great Lakes region includes comparing this regional model data to commonly used global climate
model data (CMIP) that are the basis of many products practitioners currently use (i.e., NCA, IPCC,
NOAA State Climate Summaries). To address these challenges, a community of regional modeling
experts are working to configure and utilize more sophisticated climate models that more accurately represent the Great Lakes’ lake–land–atmosphere system to enhance the understanding
of uncertainty to inform better regional decision-making capacity (see http://glisa.umich.edu/
projects/great-lakes-ensemble for more information).

Key Message 1
Agriculture
The Midwest is a major producer of a wide range of food and animal feed for national consumption
and international trade. Increases in warm-season absolute humidity and precipitation have eroded
soils, created favorable conditions for pests and pathogens, and degraded the quality of stored grain
(very likely, very high confidence). Projected changes in precipitation, coupled with rising extreme
temperatures before mid-century, will reduce Midwest agricultural productivity to levels of the 1980s
without major technological advances (likely, medium confidence).
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Description of evidence base
Humidity is increasing. Feng et al. (2016)3 show plots of trends in surface and 850 hPa specific
humidity of 0.4 and 0.2 g/kg/decade, respectively, from 1979–2014 for the April–May–June period
across the Midwest. These represent increases of approximately 5% and 3% per decade, respectively. Automated Surface Observing Stations in Iowa320 having dew point records of this length
and season show dew point temperature increases of about 1°F per decade. Brown and DeGaetano
(2013)49 show increasing dew points in all seasons throughout the Midwest. Observed changes in
annual average maximum temperature for the Midwest over the 20th century (Vose et al. 2017,54
Table 6.1) have been less than 1°F. However, future projected changes in annual average temperature (Vose et al. 2017,54 Table 6.4), as well as in both warmest day of the year and warmest 5-day
1-in-10 year events (Vose et al. 2017,54 Table 6.5), are higher for the Midwest than in any other
region of the United States.
Garbrecht et al. (2007)321 state that precipitation changes are sufficient to require U.S. policy
changes for agricultural lands. The Soil Erosion Site (http://soilerosion.net/water_erosion.
html) describes the soil erosion process and provides links to soil erosion models.322 Nearing et
al. (2004)44 report that global climate models project increases in erosivity (the ability or power of
rain to cause soil loss) across the northern states of the United States over the 21st century.
Spoilage in stored grain is caused by mold growth and insect activity, which are related to the
moisture content and temperature of the stored grain.323 The ability of fungi to produce mycotoxins, including aflatoxin and fumonisins, is largely influenced by temperature, relative humidity,
insect attack, and stress conditions of the plants.57,324 Humidity has a determining influence on the
growth rate of these degradation agents.325
Germination of wheat declined in storage facilities where moisture level increased with time.326
Freshly harvested, high-moisture content grain must be dried to minimize (or prevent) excessive
respiration and mold growth on grains.327 The storage life of grain is shortened significantly when
stored at warm temperatures. One day of holding warm, wet corn before drying can decrease
storage life by 50%.45
Feng et al. (2016)3 show humidity is rising in the Midwest in the warm season. Cook et al. (2008)4
show that the factors leading to these humidity increases (warming Gulf of Mexico and strengthening of the Great Plains Low-Level Jet) will increase in a warming climate.
The ability of fungi to produce mycotoxins is largely influenced by temperature, relative humidity,
insect attack, and stress conditions of the plants.324 More extreme rainfall events would favor
formation of Deoxynivalenol, also known as vomitoxin.57
Hatfield et al. (2011,50 Table 1) give the relationships between temperature and vegetative function
as well as reproductive capacity. This work was expanded and updated in Walthall et al. (2012).328
Mader et al. (2010)74 report a comprehensive climate index for describing the effect of ambient
temperature, relative humidity, radiation, and wind speed on environmental stress in animals.
St-Pierre et al. (2003)329 provide tables estimating economic losses in dairy due to reduced reproduction. The data show a strong gradient across the Midwest (with losses in Iowa, Illinois, and
Indiana being three times the losses in Minnesota, Wisconsin, and Michigan under the current
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climate). Temperature and humidity increases projected for the Midwest will increase economic
losses across the entire region. Lewis and Bunter (2010)330 document heat stress effects of temperature on pig production and reproduction.
St-Pierre et al. (2003)329 provide tables estimating economic losses in dairy, beef, swine, and poultry, resulting in declines from both meat/milk/egg production. The data show a strong gradient
across the Midwest (with losses in Iowa, Illinois, and Indiana being twice the losses in Minnesota,
Wisconsin, and Michigan under the current climate). Temperature and humidity increases projected for the Midwest will increase losses across the entire region. Babinszky et al. (2011)75 identified
temperature thresholds for meat/egg/milk production, beyond which performance declines.
The adverse effects of heat stress include high mortality, decreased feed consumption, poor body
weight gain and meat quality in broiler chickens, and poor laying rate, egg weight, and shell quality
in laying hens.76
Takle et al. (2013)65 found that by mid-century, yields of corn and soybean are projected to fall well
below projections based on extrapolation of trends since 1970 even under an optimistic economic
scenario, with larger interannual variability in yield and total production. Liang et al. (2017)2 report
that the ratio of measured agricultural output to measured inputs would drop by an average 3% to
4% per year under medium to high emissions scenarios and could fall to pre-1980 levels by 2050
even when accounting for present rates of innovation. Schauberger et al. (2017)66 found that the
impact of exposure to temperatures from 30°C to 36°C projected for the end of the century under
RCP8.5 creates yield losses of 49% for maize and 40% for soybean.
According to Easterling et al. (2017),193 evidence suggests that droughts have become less frequent
in the Midwest as the region has become wetter. However, they note that “future higher temperatures will likely lead to greater frequencies and magnitudes of agricultural droughts throughout
the continental United States as the resulting increases in evapotranspiration outpace projected
precipitation increases.”

Major uncertainties
Global and regional climate models do not simulate well the dynamical structure of mesoscale
convective systems in the Midwest, which are the critical “end processes” that create intense
precipitation from increasing amounts of moisture evaporated over the Gulf of Mexico and
transported by low-level jets (LLJs) into the Midwest. Secondly, the strengthening of future LLJs
depends on strengthening of both the Bermuda surface high pressure and the lee surface low
over the eastern Rocky Mountains. Confirming simulations of this in future climates are needed.
Global and regional climate models do simulate future scenarios having increasing temperatures
for the region with high confidence (a necessary ingredient for increased humidity). There is
uncertainty of the temperature thresholds for crops because, as pointed out by Schauberger et al.
(2017),66 some negative impacts of higher temperatures can be overcome through increased water
availability. Agricultural yield models, productivity models, and integrated assessment models
each provide different ways of looking at agricultural futures, and each of these three types of
models has high levels of uncertainty. However, all point to agriculture futures that fail to maintain
upward historical trends.
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Description of con dence and likelihood
There is very high confidence that increases in warm-season absolute humidity and precipitation
very likely have eroded soils, created favorable conditions for pests and pathogens, and degraded
quality of stored grain. There is medium confidence that projected increases in moisture, coupled
with rising mid-summer temperatures, likely will be detrimental to crop and livestock production
and put future gains in commodity grain production at risk by mid-century. Projected changes
in precipitation, coupled with rising extreme temperatures, provide medium confidence that by
mid-century Midwest agricultural productivity likely will decline to levels of the 1980s without
major technological advances.

Key Message 2
Forestry
Midwest forests provide numerous economic and ecological benefits, yet threats from a
changing climate are interacting with existing stressors such as invasive species and pests to
increase tree mortality and reduce forest productivity (likely, high confidence). Without adaptive
actions, these interactions will result in the loss of economically and culturally important tree
species such as paper birch and black ash (very likely, very high confidence) and are expected to
lead to the conversion of some forests to other forest types (likely, high confidence) or even to
non-forested ecosystems by the end of the century (as likely as not, medium confidence). Land
managers are beginning to manage risk in forests by increasing diversity and selecting for tree
species adapted to a range of projected conditions.

Description of evidence base
Multiple ecosystem vulnerability assessments that have been conducted for major forested
ecoregions within the Midwest89,90,91,92,93 suggest that climate change is expected to have significant
direct impacts to forests through effects of warming and changes in the timing and amounts of
precipitation.96,98,103,104
Significant indirect impacts to forests are expected as warming increases the negative effects of
invasive plants, insect pests, and tree pathogens of forests.105,106 Increasing stress on individual
trees from climate changes (warming temperatures, drought, and frost damage) increases the
susceptibility of trees to the impacts from invasive plants, insect pests, and disease agents.109,111
Direct and indirect impacts of climate change may lead to the decline of culturally88,127 and economically important tree species,125 as well as leading to shifts in major forest types and altered
forest composition as tree species at the northern limits of their ranges decline and southern
species experience increasing suitable habitat.120 These shifts raise the possibility of future losses
of economic and cultural benefits of forests due to conversion to different forest types or the
change to non-forest ecosystems.119,123,124
Many examples of land managers implementing climate adaptation in forest management exist,
suggesting significant willingness to address the impacts of a changing climate across diverse
land ownerships in managed forests134 and urban forests.133 Forest management strategies to adapt
to a changing climate highlight the importance of increasing forest diversity and managing for
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tree species adapted to a range of climate conditions.8 The importance of Traditional Ecological
Knowledge for informing approaches for climate adaptation on tribal lands and within ceded
territory is recognized.331

Major uncertainties
There is significant uncertainty surrounding the ability of tree species migration rates to keep
pace with changes in climate (based on temperature and precipitation) due to existing forest
fragmentation and loss of habitat. Uncertainty in forest management responses, including active
and widespread adaptation efforts that alter forest composition, add to the uncertainty of tree
species movements. This leads to considerable uncertainty in the extent to which shifts in tree
species ranges may lead to altered forest composition or loss of forest ecosystems in the future.
Due to the complex interactions among species, there is uncertainty in the extent that longer
growing seasons, warming temperatures, and increased CO2 concentrations will benefit tree
species, due to both limitations in available water and nutrients, as well as limited benefits
for trees relative to the positive influences of these changes on stressors (invasives, insect
pests, pathogens).

Description of con dence and likelihood
There is high confidence that the interactions of warming temperatures, precipitation changes,
and drought with insect pests, invasive plants, and tree pathogens will likely lead to increased tree
mortality of some species, reducing productivity of some forests. There is very high confidence
that these interactions will very likely result in the decline of some economically or culturally
important tree species. Additionally, there is high confidence that suitable habitat conditions for
tree species will change as temperatures increase and precipitation patterns change, making it
likely that forest composition will be altered and forest ecosystems may shift to new forest types.
Due to uncertainties on species migration rates and forest management responses to climate
changes, there is medium confidence that by the end of the century, some forest ecosystems are as
likely as not to convert to non-forest ecosystems.

Key Message 3
Biodiversity and Ecosystems
The ecosystems of the Midwest support a diverse array of native species and provide people
with essential services such as water purification, flood control, resource provision, crop
pollination, and recreational opportunities. Species and ecosystems, including the important
freshwater resources of the Great Lakes, are typically most at risk when climate stressors, like
temperature increases, interact with land-use change, habitat loss, pollution, nutrient inputs, and
nonnative invasive species (very likely, very high confidence). Restoration of natural systems,
increases in the use of green infrastructure, and targeted conservation efforts, especially of
wetland systems, can help protect people and nature from climate change impacts (likely, high
confidence).
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Description of evidence base
Changes in climate will very likely stress many species and ecological systems in the Midwest. As
a result of increases in climate stressors, which typically interact with multiple other stressors,
especially in the southern half of the Midwest region, both the ecological systems and the ecological services (water purification, pollination of crops and wild species, recreational opportunities,
etc.) they provide to people are at risk. We draw from a wide range of national and global scale
assessments of risks to biodiversity (e.g., Maclean and Wilson 2011, Pearson et al. 2014, and the
review by Staudinger et al. 2013 that covered literature included in the Third National Climate
Assessment20, 18,22), which all agree that on the whole, we are highly likely to see increases in species declines and extinctions as a result of climate change. It is very challenging to say specifically
what combination of factors will drive these responses, but the weight of evidence suggests very
high confidence in the overall trends. The link to interactions with other stressors is also very
strong and is described in Brook et al. (2008)157 and Cahill et al. (2013),17 among others. Terrestrial
ecosystem connectivity, thought to be important for the adaptive capacity of many species, is very
low in the southern half of the Midwest region.158,159 This may limit the movement of species to
more suitable habitats or for species from the southern United States to migrate into the Midwest.
These connectivity/movement potential studies also support the idea that land-use change will
constrain the potential for retaining function and overall diversity levels. The last section refers to
the benefits of restoration as a mechanism for protecting people and nature from climate change
impacts. While it is not possible to fully demonstrate that protection of people and nature is
indeed occurring now from climate change impacts (we would need attribution of current floods,
etc.), there is strong evidence that actions like restoring wetlands can reduce flooding impacts182
and that protecting forests protects water quality and supply.

Major uncertainties
There is significant uncertainty surrounding the ability of species and ecosystems to persist and
thrive under climate change, and we expect to see many different types of responses (population
increases, declines, local and regional extinctions).17 In some cases, climate change does have the
potential to benefit species; for example, fish in the coldest regions of the Great Lakes (i.e., Lake
Superior) are likely to show increases in productivity, at least in the short run.332 However, as a
whole, given the environmental context upon which climate change is operating, and the presence
of many cold-adapted species that are close to the southern edge of their distributional range, we
expect more declines than increases.
The last section of the Key Message focuses on land protection and restoration—conservation
strategies intended to reduce the impacts of land-use change. Many modeling studies have called
out loss of habitat in the Midwest as a key barrier to both local survival and species movement
in response to climate change (Schloss et al. 2012 and Carroll et al. 2015 are two of the most
recent158,159). Restoring habitat can restore connectivity and protect key ecological functions like
pollination services and water purification. Restoring wetlands also can help protect ecosystems
and people from flooding, which is the rationale for the last line in the Key Message.

Description of con dence and likelihood
In the Midwest, we already have seen very high levels of habitat loss and conversion, especially
in grasslands, wetlands, and freshwater systems. This habitat degradation, in addition to the
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pervasive impacts of invasive species, pollution, water extraction, and lack of connectivity, all
suggest that the adaptive capacity of species and systems is compromised relative to systems that
are more intact and under less stress. Over time, this pervasive habitat loss and degradation has
contributed to population declines, especially for wetland, prairie, and stream species. A reliance
on cold surface-water systems, which often have compromised connectivity (due to dams, roadstream crossings with structures that impede stream flow, and other barriers) suggests that freshwater species, especially less mobile species like mussels, which are already rare, are at particular
risk of declines and extinction. Due to the variety of life histories and climate sensitivities of
species within the region, it is very challenging to specify what mechanisms will be most important in terms of driving change. However, knowing that drivers like invasive species, habitat loss,
pollution, and hydrologic modifications promote species declines, it is very likely that the effects
of climate change will interact, and we have very high confidence that these interactions will tend
to increase, rather than decrease, stresses on species that are associated with these threats. While
there is strong evidence that investments in restoring habitat can benefit species, we currently do
not have strong observational evidence of the use of these new habitats, or benefits of restored
wetlands, in response to isolated climate drivers. Thus, the confidence level for this statement is
lower than for the first half of the message.

Key Message 4
Human Health
Climate change is expected to worsen existing conditions and introduce new health threats by
increasing the frequency and intensity of poor air quality days, extreme high temperature events,
and heavy rainfalls; extending pollen seasons; and modifying the distribution of disease-carrying
pests and insects (very likely, very high confidence). By mid-century, the region is projected to
experience substantial, yet avoidable, loss of life, worsened health conditions, and economic
impacts estimated in the billions of dollars as a result of these changes (likely, high confidence).
Improved basic health services and increased public health measures—including surveillance
and monitoring—can prevent or reduce these impacts (likely, high confidence).

Description of evidence base
There is strong evidence that increasing temperatures and precipitation in the Midwest will occur
by the middle and end of the 21st century.27 The impacts of these changes on human health are
broadly captured in the 2016 U.S. Global Change Research Program’s Climate and Health Assessment.26 Air quality, including particulate matter and ground-level ozone, is positively associated
with increased temperatures and has been well-documented to show deleterious impacts on
morbidity and mortality.231 Likewise, increased temperatures have been shown in communities
in the Midwest, as well as across the United States, to have substantial impacts on health and
well-being.232,233,235,236,333,334 The frequency of extreme rainfall events in the Midwest has increased in
recent decades, and this trend is projected to continue.193 Studies have shown that extreme rainfall
events lead to disease, injury, and death.237 Increases in seasonal temperatures and shifting precipitation patterns have been well documented to be correlated with increased pollen production,
allergenicity, and pollen season length.230,231 Similarly, there is agreement that shifting temperature
and precipitation patterns are making habitats more suitable for disease-carrying vectors to move
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northward toward the Midwest region.242,243,250,335,336,337 The disease burden and economic projections primarily are based on EPA estimates.28
Access to basic preventive care measures quantifiably reduces disease burden for climatesensitive exposures.238,240 Gray literature indicates that public health practitioners are dedicated
to increasing capacity for adapting to climate change through classic public health activities such
as conducting vulnerability assessments, employing communication and outreach campaigns, and
investing in surveillance efforts.26,244,245,246,247,248

Major uncertainties
While the modeling performed by the EPA was completed using the best available information,
there is uncertainty around the extent to which biophysical adaptations will protect midwestern
populations from heat-, air pollution-, aeroallergen-, and vector-related illness and death. Likewise, while there is a general consensus regarding habitat suitability for disease-carrying vectors
in the eastern and western United States, the degree to which the disease burden may increase or
decrease is largely uncertain.

Description of con dence and likelihood
Based on the evidence, there is very high confidence that climate change is very likely to impact
midwesterners’ health.

Key Message 5
Transportation and Infrastructure
Storm water management systems, transportation networks, and other critical infrastructure
are already experiencing impacts from changing precipitation patterns and elevated flood risks
(medium confidence). Green infrastructure is reducing some of the negative impacts by using
plants and open space to absorb storm water (medium confidence). The annual cost of adapting
urban storm water systems to more frequent and severe storms is projected to exceed $500
million for the Midwest by the end of the century (medium confidence).

Description of evidence base
The patterns of increased annual precipitation, and the size and frequency of heavy precipitation
events in the Midwest, are shown in numerous studies and highlighted in Melillo et al. (2014)27 and
Easterling et al. (2017).193 Increases in annual precipitation of 5% to 15% are reported across the
Midwest region.193 In addition, both the frequency and the intensity of heavy precipitation events
in the Midwest have increased since 1901.193
For the early 21st century (2016–2045), both lower and higher scenarios (RCP4.5 and RCP8.5) indicate that average annual precipitation could increase by 1% to 5% across the Midwest, suggesting
that the observed increases are likely to continue. By mid-century (2036–2065), both scenarios
(RCP4.5 and RCP8.5) indicate precipitation increases of 1% to 5% in Missouri and Iowa and 5% to
10% increases in states to the north and east. By late century (2070–2089), precipitation is expected to increase by 5% to 15% over present day, with slightly larger increases in the higher scenario
(RCP8.5). Model simulations suggest that most of these increases will occur in winter and spring
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over the 21st century. Similar to annual precipitation, the amounts from the annual maximum
one-day precipitation events (a measure of heavy precipitation events) are projected to increase
over time in the Midwest. The size of the events could increase by 5% to 15% by late century.193
Gray literature documents that heavy rains in the Midwest are overwhelming storm water
management systems, leading to property damage. Kenward et al. (2016)256 provide examples of
rain-related sewage overflows in the Midwest. These include an overflow of 681 million gallons
during heavy rains in April 2015 in Milwaukee and an overflow of over 100 million gallons from
December 26–28, 2015, in St. Louis. Winters et al. (2015)37 document that failure of storm water
management systems in heavy rain leads to property damage, including basement backups.
The disruption of transportation networks by heavy precipitation in the Midwest has been documented by collecting contemporary news reports and by compiling state government reports.
Posey (2016)338 relates that four storms between April 2013 and April 2014 forced evacuations or
damaged cars in St. Louis, Missouri. In the same period, there were 18 flood-related closures
on Missouri roads, a figure that excludes closures on small local roads. Flooding in May 2017 led
to the closure of more than 400 roads across Missouri, a figure that again excludes local roads.
Closed roadways included multiple stretches of Interstate 44, as well as sections of I-55, affecting
interstate traffic between St. Louis and Memphis.339 News reports document that the same stretch
of I-44 was shut down during the floods of December 2015–January 2016.340
Flood-related disruptions to Midwest barge and rail traffic in 2013 were documented by several
articles in Journal of Commerce, a shipping trade magazine.265,266 WorkBoat, a trade journal of the
inland shipping industry, documents that Mississippi River navigation has been halted by flooding
in 2013, 2015, 2016, and 2017. It also documents low river conditions affecting navigation in 2012
and 2015.267,268,269,270,341 Disruptions to rail service caused by the floods of 2017 were documented in
news media accounts.342 Changon (2009)343 documents that flooding in 2008 resulted in extensive
damage to railroads in Illinois and adjacent states, with costs exceeding $150 million due to direct
damage and lost revenue.
Although there is ample documentation of transportation systems in the Midwest being disrupted
by floods in recent years, there is a lack of long-term time series data on disruptions with which
to determine whether these incidents are becoming more frequent. Development of long-term
data on transportation disruptions in the Midwest is a research need. It is clear that flood frequency and severity on major rivers in the Midwest have increased in recent decades, although
additional research is needed on the relative contributions of climate change and land-use change
to increases in flood risk.344,345,346
The EPA estimated economic costs related to infrastructure and transportation in the Midwest,
including costs associated with bridge scour and pavement degradation.28 The use of green
infrastructure to reduce impacts associated with heavy precipitation is also documented in gray
literature, including municipal planning documents. Using planted areas to absorb rainfall and
reduce runoff has become a common approach to storm water management.223,275,276,347,348,349,350
Dechannelization and restoration of streams as a technique for improving storm water management is described in Trice (2013)282 and Milwaukee Metropolitan Sewer District (2017).281
Preservation of open space is described in Ducks Unlimited (2017)279 and the Ozaukee Washington
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Land Trust (2016).280 The use of urban forestry as an adaptation method is documented in the
Minneapolis Marq2 Project (2017)277 and the Cleveland Tree Plan (2015).278 Projected costs to storm
water systems are based on EPA projections.28

Major uncertainties
Although there is very high confidence that flood risk is increasing in the Midwest, there remains
uncertainty about the relative contributions of climate change and land-use change. There is,
however, sufficient evidence that changing precipitation patterns are leading to changes in
hydrology in the Midwest,351,352,353,354,355 and that heavier precipitation patterns are consistent with
projections from climate models, to justify a rating of medium confidence to the assertion that
climate change is contributing to changes in flooding risk. There is high confidence that local
governments and nongovernmental organizations are turning to green infrastructure solutions
as a response to increased flooding risk. Additional research is needed to quantify the aggregate
benefits of these approaches.
While it is clear that flood frequency and severity on major rivers in the Midwest have increased
in recent decades, it must be emphasized that the change in precipitation levels is not the only
factor contributing to the increase in flood risk. Land-use change, particularly the destruction of
floodplains by levee systems, has also been documented as a key contributor to increasing flood
risk in the Midwest.344,345,346 On smaller streams, tile drainage systems have been shown to exacerbate flood risk.24 Determining the relative contribution of land-use change and climate change to
increases in riverine flood risk is an important research need.

Description of con dence and likelihood
There is medium confidence that climate change is contributing to increased flood risk in the Midwest; there is medium confidence that green infrastructure is reducing flood risk. There is much
uncertainty associated with specific numerical projections. This leads to medium confidence that
costs will exceed $500 million. However, the EPA projections are sufficient to provide high confidence that increasing the capacity of existing storm water systems in order to maintain current
levels of service would require significant expenditures on the part of urban sewer districts.

Key Message 6
Community Vulnerability and Adaptation
At-risk communities in the Midwest are becoming more vulnerable to climate change impacts
such as flooding, drought, and increases in urban heat islands (as likely as not, high confidence).
Tribal nations are especially vulnerable because of their reliance on threatened natural
resources for their cultural, subsistence, and economic needs (likely, medium confidence).
Integrating climate adaptation into planning processes offers an opportunity to better manage
climate risks now (medium confidence). Developing knowledge for decision-making in
cooperation with vulnerable communities and tribal nations will help to build adaptive capacity
and increase resilience (high confidence).
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Description of evidence base
Limited evidence in the scientific literature indicates that at-risk communities in the Midwest will
be increasingly vulnerable to the impacts of climate change, including increased flooding resulting
from increased variation in precipitation patterns and changing lake levels,285 urban heat islands,287
and an intensification of heat and drought (see also the impacts and associated references in the
previous sections).286
Several recent survey reports28,283,284 project negative climate impacts for tribal nations and
Indigenous communities, especially as a result of an increased frequency of extreme precipitation
events.283 Tribal nations are especially vulnerable to climate impacts because of their reliance
on natural resources,127 the isolation of rural communities, and potential shifts of species out
of sovereign land.309,310 Climate change thus poses a threat to tribal culture, sovereignty, health,
and way of life.39
Gray literature,293 survey reports,32 and scientific literature292 point to a few initiatives to integrate
adaptation into municipal planning processes and utilize participatory methodologies to evaluate
and manage climate risk.
A growing body of research indicates that interaction between producers of climate information,
intermediaries, and end users plays a critical role in increasing climate knowledge integration and
use for adaptation in the Midwest.224,294,300,308 Limited evidence links the implementation of adaptation actions identified as a result of these collaborations to reduced sensitivity.304,305,306

Major uncertainties
Limited research specific to the Midwest region contributes to uncertainty around the specific
vulnerabilities of at-risk communities, including urban and rural communities and tribal nations.
Though climate change planning and action in both Midwest cities and rural areas are underway,
documentation remains low, few examples exist in the public literature of the failure or success
of efforts to mainstream climate action into municipal governance, and attempts to assess vulnerabilities, especially in poor urban communities, frequently encounter climate justice barriers.
Likewise, the number, scope, and nature of tribal adaptation plans remain undocumented, as
does the degree of implementation of these plans and the manner in which Traditional Ecological
Knowledge is incorporated.

Description of con dence and likelihood
There is high confidence that communities in the Midwest will as likely as not be increasingly
vulnerable to climate change impacts such as flooding, urban heat islands, and drought. Similarly,
there is medium confidence that tribal nations in the Midwest are likely to be especially vulnerable
because of their reliance on threatened natural resources for their cultural, subsistence, and
economic needs. Due to limited documentation in the literature, there is medium confidence that
integrating adaptation into planning processes will offer an opportunity to manage climate risk
better. Finally, there is high confidence that developing knowledge for decision-making in cooperation with vulnerable communities and tribal nations will help to decrease sensitivity and build
adaptive capacity.
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An Exploration of Property-Value Impacts Near Utility-Scale Solar
Installations
Leila Al-Hamoodah, Kavita Koppa, Eugenie Schieve, D. Cale Reeves, Ben Hoen, Joachim Seel
and Varun Rai
Abstract
Nationwide, electric utilities increasingly rely on solar installations as part of their energy
portfolio. This trend begs the question of how they affect nearby home values. Understanding
whether these installations are amenities or disamenities and the scale thereof will help
policymakers, solar developers, and local utilities to site and build solar installations with
minimal disruption to nearby communities. This paper investigates where large solar
installations are located, the housing and income characteristics of the surrounding areas, and if
the installations affect nearby residential property values. We approach these questions using
geospatial analysis and a survey of residential property assessors. Geospatial analysis
examines both housing density and median income surrounding these facilities, while the
survey gauges local assessors’ opinions of the impacts of these installations on property values.
Property values can be a useful proxy for various non-market goods like scenic value, tax
benefits, and of particular interest here, both positive and negative perceptions of utility-scale
solar facilities. Our results show that while a majority of survey respondents estimated a value
impact of zero, some estimated a negative impact associated with close distances between the
home and the facility, and larger facility size. Regardless of these perceptions, geospatial
analysis shows that relatively few homes are likely to be impacted. Though only one component
of a larger analysis, these property value impacts are likely to be of growing interest as more
solar facilities are built. This exploration of impacts will help inform solar developers, public
officials, home assessors, and homeowners about the effects and implications of solar energy
infrastructure.
Introduction
The installation of utility-scale solar facilities continues at a rapid pace across the United States,
with over ten gigawatts of new photovoltaic (PV) capacity installed in 2016 alone (Bollinger et
al., 2017: p. 1; Perea et al., 2016). These utility-scale PV installations, often informally called
solar farms (Fehrenbacher, 2016; New York State PV Trainers Network, 2017), are defined here
to include installations one megawatt (MWAC) and larger. Like other power plants, these utilityscale solar installations have the potential to impact nearby home values. The potential adverse
impact on home prices due to the installation of solar utilities is relevant to solar developers,
public officials, home appraisers, and homeowners, yet no peer-reviewed literature has directly
addressed the subject to date.
The primary research question is: Do utility-scale solar PV installations impact the value of
nearby homes? This study contributes to the existing literature on amenities and disamenities
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by extending the research to utility-scale solar PV installations. Amenities are considered to be
features that increase the value of a home, while disamenities have the opposite effect. The
information in this study tackles relevant issues for solar stakeholders and identifies questions
for future research.
Background and Literature Review
Residential housing literature covers a broad range of amenities and disamenities, including
open-space and water views (Anderson & West, 2006; Bond et al., 2002), as well as landfills,
coal-fired power plants, shale gas production facilities, oil and sour gas facilities, and
transmission lines (Anderson et al., 2007; Des Rosiers, 2002; Case et al., 2006; Muehlenbachs
et al., 2014; Davis, 2008; Locke, 2012), respectively. Research on High Voltage Transmission
Lines (HVTLs), for example, has found adverse effects on proximate home values to be present
in some analyses, while not in others, and, in general to be sensitive to micro-siting differences
(Anderson et al., 2007; Des Rosiers, 2002). Alternatively, research on power plants and natural
gas facilities has found that increasing proximity to the disamenity correlates to a greater
change in property values (Davis, 2008; Boxall, 2005).
In the case of utility-scale wind turbines, much of the available research in the U.S. has not
found consistent or compelling evidence of sales price impacts on homes (Hoen et al., 2015;
Hoen & Atkinson-Palombo, 2016; Lang & Opaluch, 2013). In fact some studies have
documented wind turbines’ connection to increased property tax revenues to local school
districts (and local taxing entities), which might be connected to increased property values by
extension (Loomis & Aldeman, 2011). Additional benefits of utility-scale wind can include job
growth, supply industry growth, landowner profits, and road improvement, most of which are an
effect of increased tax revenue from the large installations (Loomis et al., 2016). Recent survey
results suggest that U.S. residents living near wind facilities prefer living next to a wind turbine
over more conventional energy infrastructure, such as coal, nuclear and natural gas (Hoen et
al., 2018). Respondents in the same survey who lived within a half a mile of a wind project
expressed similar preferences between living next to a wind (37 percent) or a solar facility (24
percent), with roughly a third having no opinion, but these differences were not statistically
significant. This, therefore, suggests that disamenity research on wind’s effects on property
values, a proxy for local preferences, might provide a reasonable basis for comparison to utilityscale solar facilities.
To the best of the authors’ knowledge, no existing peer-reviewed research provides quantitative
evidence of property value impacts associated with utility-scale solar facilities, but existing
studies address related areas. Previous research on residential PV installations, for example,
has indicated that buyers place a premium on homes with PV systems (Hoen et al., 2017). In
addition, available literature has explored public opinions surrounding utility-scale solar
installations and perceived property value impacts. A survey by Carlisle et al. found that around
80 percent of U.S. survey respondents support the development of large-scale solar facilities
both in the U.S. generally, and within their own county (2015). However, this survey also
2
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indicated that 70 percent of respondents believe these installations will decrease property
values. A public opinion survey on solar facilities by the Idaho National Laboratory found that 43
percent of respondents in the southwest United States believed that a view of a large-scale
solar facility would decrease the value of their home, while 23 percent believed it would increase
the value (Idaho National Laboratory, 2013). In the same survey, one fifth of respondents
indicated that a buffer of less than a mile would be acceptable between utility-scale solar
facilities and residential areas (21 percent), while the remainder believed the buffer should be
between one and five miles (26 percent), six and ten miles (16 percent), more than ten miles (21
percent), or were unsure or had no preference (16 percent). Notably, respondents in the
southwest sample were more open to proximity to solar installations within one mile of a
residential area (26 percent) than was the national sample. Finally, select appraiser research
conducted in North Carolina has found that utility-scale solar facilities have no impact on
property values (Kirkland, 2006).
In addition to the above research, various media outlets provide evidence of a perceived impact
on home prices by homeowners. News articles from California, North Carolina, and Tennessee,
for example, identify communities that expressed displeasure over solar installations proposed
or constructed near their homes (Lunetta, 2017; McShane, 2014; West, 2015). Online forums
also indicate concern by homeowners about the potential impact of a solar farm on home values
(Zillow, 2017; Realtor.com, 2011; HackettstownLiFE, 2011). Some common concerns over
proximity to solar farms include changes in property values due to the solar installation’s
appearance, safety or health concerns, or changes in the environment, such as water run-off or
displaced wildlife (McShane, 2014; HackettstownLiFE, 2011; West, 2015; Appraisers Forum,
2015). Other homeowners expressed no concern about living near a solar facility, or even
preferred solar farms to alternative uses like animal agriculture, wind farms, industrial uses, or
housing development (Zillow, 2017; HackettstownLiFE, 2011). Online forums also indicate that
appraisers have varying opinions about whether solar installations may constitute a disamenity
(Appraisers Forum, 2015).
Building upon the available amenity, disamenity, and public opinion literature, this study
explores the impact of utility-scale solar installations on home values using two complementary
analytical approaches: a geospatial solar-siting analysis and a survey of property assessors.
First, the solar-siting analysis examines both housing density and median income surrounding
these solar facilities. This will provide context on the scope of potential impacts due to proximity
to solar, by identifying the number of homes that may be affected and the characteristics of
those residents. Next, a survey of residential property assessors was conducted to evaluate the
scale and direction of those impacts, if any. This research seeks to understand both the
characteristics of utility-scale solar installations as they relate to neighboring homes, and any
potential impact on home prices due to proximity to a solar installation. The remainder of the
paper outlines the data, methodology, and results of each analytical approach. It then identifies
limitations and suggestions for further research, and concludes with recommendations for
policymakers and other stakeholders.
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Solar-Siting Analysis
The solar-siting analysis assesses the scope and equity distribution of utility-scale solar’s
potential impact on nearby property values. It does so by considering the number of homes that
may be affected by proximity to solar. To do this, we mapped the locations for utility-scale solar
facilities in ArcGIS 10.5, and combined it with housing census and median income data. The
median income data was compared to the national average to determine if the siting of utilityscale solar raises any equity concerns.
Data
The primary data for this analysis is 956 unique solar sites completed in 2016 or earlier with
confirmed latitude and longitude coordinates. This list was developed using data from the U.S.
Energy Information Administration’s (EIA) Form 860 and proprietary data from Lawrence
Berkeley National Lab (LBNL), containing a total of 1,805 solar installations. Many utility-scale
solar sites were included in both datasets, but sometimes differed in coordinates or total
capacity due to aggregation. To ensure the accuracy of the latitude and longitude coordinates
for these sites, the research team reviewed satellite images of each site. Installations were
excluded if the provided coordinates were not directly on top of solar panels in satellite imagery.
Where the EIA and LBNL sources reported different coordinates, the coordinates that more
accurately aligned with the center of the array were used. Finally, entries in the EIA’s database
with a shared plant code ID were combined into a single facility with their summed nameplate
capacity.
Ultimately we used 956 out of 1,805 installations that had been cleaned and compiled from the
EIA and LBNL sources in this mapping analysis. In general, this sample of facilities used in the
analysis has a similar distribution of nameplate capacity to the 1,805 installation sites. The
average nameplate capacity of the full sample (1,805 installations) and the selection used in our
analysis (956 installations) were not statistically significantly different (p-value = 0.5). For a
complete comparison of the analyzed and total solar installation descriptive statistics, see
Appendix C.1. The location of the facilities is also similarly distributed, with California hosting
the most facilities, followed by North Carolina, in both sets. Thus, these 956 sites are
representative of the total 1,805 installations from the EIA and LBNL sources. Figures C.2 and
C.3 in the appendix present histograms of total nameplate capacity for the two groups. The
minimum, median, average, and maximum capacity of these 956 installations is 0.4MWAC,
4MWAC, 12MWAC, and 314MWAC, respectively.1 These installations were then broken into
categories based on capacity: 1-4.99MW, 5-9.99MW, 10-19.99MW, 20-49.99MW, 50-99.99MW,
and 100+ MW.
1

While we define utility-scale solar as facilities 1MW and higher, three sites under 1MW were included in
the underlying EIA database. These were included in our dataset as well.
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These GIS data are merged with data on housing density and median household income
estimates throughout the United States. We used data on housing population density and
median household income from the American Community Survey’s 5-Year estimates of
unweighted sample housing units and median household income by census block group. We
joined estimated housing units and median household income per block group to TIGER/Line
Shapefiles provided by the U.S. Census Bureau and displayed them as a density across the
United States.
Methodology
To begin this analysis, the latitude and longitude coordinates for the verified operating solar
facilities were plotted in ArcGIS. Starting from the coordinates of the solar facility, radii of 100
feet up to three miles were used to create select areas, or buffers, around the solar facilities. To
account for the area of the solar facility itself, where no home could possibly exist, a circular
area originating from the center of the facility was created, which we call here a “pseudopolygon” (See Figure A.1). These pseudo-polygons were calculated by estimating the average
area of utility-scale solar installations (the team assumed an average of 6 acres/MW), and then
calculating the radius needed to equal the estimated area required. Pseudo-polygons were
created for the following categories: 1MW = 1-4.99MW (6 acre circle); 5MW = 5-9.99MW (30
acres), 10MW = 10-19.99MW (60 acres); 20MW = 20-49.99MW (120 acres); 50MW = 5099.99MW (300 acres); and 100MW = 100MW+ (600 acres) facilities. For the complete pseudopolygon calculations, see Appendix C.4. Outside the pseudo-polygon, buffer zones of 100 feet,
500 feet, 1,000 feet, one half mile, one mile, and three miles were then used to estimate
distances from the facilities. For a full extent of the buffer zones, see Appendix C.5. Estimates
of the number of homes that exist within each zone were calculated, using the proportion of the
block groups which overlapped with the distance radii. The number of homes within each
distance radii were summed, by combining the buffer zones with aggregate housing data block
group polygons. In some cases, those polygons did not fall completely within the buffer zones.
In that case, housing units were estimated by comparing the area of the block group to the area
intersecting the buffer zone, and proportioning the total housing units for the block group
accordingly.
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Figure A.1: A satellite image of a pseudo-polygon (white) and the buffers (yellow) beginning at 100ft out to
½ mile are shown above. The pseudo-polygon buffers the area of the facility to account for the area where
no homes can exist. As presented above, the pseudo-polygon does not encompass the entire facility,
making the polygons a conservative estimate of the true facility size.

The next analysis with ArcGIS sought to compare the median household income of residents
living near utility-scale solar installations to that of the national average. Given the rapid growth
of utility-scale solar within the past decade, the income of residents living nearby utility-scale
solar utilities serves as an important indicator of equity in the siting of those facilities. This may
be due, in part, to lower land prices. If solar were to be determined a disamenity,
disproportionate build-out of utility-scale solar in lower-income communities could raise
concerns about equity. In contrast, if proximity to solar is found to be an amenity, presence near
lower income communities could increase home values. To determine whether or not utility6
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scale solar is located in communities which earn less than the national median income, we
compared 2015 median income figures by block group within three miles of utility-scale solar
installations to the national median income in the same year.
As above, 2015 U.S. median household income by block group data from the IPUMS NHGIS
Database was joined with 2015 Block Group TIGER/Line shapefiles in ArcGIS. Of the median
income data, approximately 6,484 of the 217,203 block groups (about 3 percent) did not report
median incomes. As with housing density, most distance radii capture multiple block groups with
differing reported median incomes. To estimate the median income at every distance, each
distance radius was broken down by its percent of block groups. The median income of each
weighted block group was then totaled to find a unique median income for every distance
radius. In ArcGIS, this was accomplished using the same installation data and pseudo-polygons
as above, and by intersecting these datasets with block group median income. A weighted sum
of median income surrounding each facility at every buffer distance was calculated by
determining the area of the block group intersected in proportion to the rest of the buffer area.
The proportion of the block group area was then multiplied by its median income. Finally, the
median income for the total area of the buffer was summed using the facility ID.
Results
Our analysis indicates that the greatest total number of estimated homes in proximity to solar
installations is within three miles (cumulatively) of 1MW facilities (534,725 homes), while the
smallest number of estimated homes is within 100 feet of 100MW facilities (ten homes). Heat
maps of housing population with utility-scale solar installation locations both nationwide and
California alone are presented in Appendices C.6 and C.7. An estimate of the total number of
homes within three miles of the 956 solar facilities used in our analysis is presented in Table
A.1 (for an extrapolation of the total number of homes within three miles of all 1,805 facilities,
see Appendix C.7). These findings are consistent with the authors’ expectations that more
homes will be located near smaller facilities, where areas of higher population densities can only
permit small facilities, and accordingly that the largest facilities will be located in rural regions.
Not surprisingly, the total number of homes increases as distance from the facility, and therefore
land area, increases. Further, an estimate of the average number of homes residing within the
various distance radii of the capacity range of solar facilities is shown in Table A.2. These
findings show similar trends: more homes will be found further from facilities and near smaller
facilities. An average of 22 homes are located within three miles of a 1MW facility, while less
than one home will be located within 100 feet of a 100MW facility, on average. Finally, a stacked
bar of new utility-scale solar installations by year online and capacity size is presented in Chart
A.1. This suggests that while the total number of all facilities is rapidly increasing, the largest
facilities, 50MW and 100MW+ appear to be increasing the most rapidly.
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Table A.1: The table below provides a count of the total number of homes in the U.S. located within certain distances
of utility-scale solar. As indicated below, housing estimates increase as the utility-scale solar installations decreases
in MW capacity and distance from the facility increases.

Table A.2: The table below provides a count of the average number of homes within a certain distances of individual
utility-scale solar installations. The actual number of homes will vary by facility, but this table may serve as a useful
tool for estimating the number of homes impacted by utility-scale solar

8

OEC Comment Exhibit B (9 )

Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Chart A.1: The chart below provides a count of utility-scale solar shown by capacity and year online, shown as a
percentage. While 1MW are steadily increasing, larger utility-scale solar installations appear to be gaining
prominence.

These housing density estimates inform the survey analysis discussed below by estimating the
magnitude of property value impacts, if present. These total housing estimates are conservative
as they only consider the 956 confirmed utility-scale solar sites, rather than all known solar sites
in the United States. While an extrapolation is made in the appendix (C.8), the estimates are
less certain. Further analysis should be expanded to all utility-scale solar sites in the U.S. with
corrected coordinates, and continued analysis that stretches beyond 2015-2016 will be critical
given the rapid growth of utility-scale solar. In regards to the average housing density estimates,
they follow the trend that fewer homes will be expected at increasing facility sizes and
decreasing distance from a facility. This housing data can be used to estimate the number of

9

OEC Comment Exhibit B (10 )

Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

transactions that occur within these buffer zones. Transaction estimates can be adjusted based
on region and current market trends.
This analysis also considered median household incomes surrounding solar installations. The
estimates of 2015 median income by block group is displayed below as a box plot with a
horizontal line indicating the national median household income for that year ($56,515) (See
Chart A.2). The highest median income was located within three miles of 1MW facilities
($59,579), while the lowest median income was located within one mile of 50MW facilities
($34,223). Most notable were the consistencies of the median income near 1MW facilities with
that of the national average; and that the interquartile ranges for 100MW facilities are lower than
the interquartile ranges of 50MW facilities, at all distances. These findings highlight that larger
facilities tend to be sited in areas with lower incomes. However, because only 27 100MW
facilities were included in this analysis – in contrast to the 521 1MW facilities – the fewer
observations will make the median income reported near the 27 100MW facilities more impactful
to the analysis. Overall, less variability in median income of nearby residents was observed with
increasing distance from a facility. Residents living within 100 feet to three miles of a 1MW
utility-scale solar facility maintained relatively similar incomes ranging from approximately
$57,000 to $59,000.
While not definitive, these findings raise preliminary concerns regarding equity in the locating of
utility-scale solar. Our analyses suggest that the largest utility-scale solar facilities are most
likely to be located in areas where residents earn lower incomes than the national average. This
is consistent with the expectation that the largest facilities would require hundreds of acres of
land, which will more likely be located in rural areas. Issues with unreported median incomes by
some block groups influenced the calculations performed. An estimated median income of
$58.89 within one mile of a 50MW facility was calculated here, but is unlikely. These low
estimates are the result of unreported median income data in some block groups. While the null
values were not included in the analysis, the values nevertheless affected the weighted sum
calculations. Despite unreported median incomes, examination of the interquartile ranges
provide valuable insight on the economic status of residents living near utility-scale solar. With
the rapid expansion of utility-scale solar, our research suggests that property value impacts,
whether positive, neutral or negative, could disproportionately affect homeowner’s with lower
incomes.

10

OEC Comment Exhibit B (11 )

Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Chart A.2: These box plots display reported median income of all residents living within one mile of utility-scale solar
installations. The horizontal line displays the national median income. In general the interquartile ranges of reported
median income appear to decline as installation size increases. Extreme minimums are the result of unreported
income by block groups, as noted above. For a complete overview of median income, see Appendix C.

Survey of Home Assessors
Data
In addition to evaluating the scope of potential property value impacts, this research sought to
quantify the scale and direction of those impacts. We distributed an online survey to public
sector property assessors in 430 unique counties identified by the EIA Form 860 data as having
at least one utility-scale solar PV installation. The aim of this survey was to collect opinions as to
the effects of utility-scale solar PV installations on property values. Survey questions sought to
evaluate, a) whether assessors believe there is an impact on home prices from utility-scale solar
installations, b) the scale and direction of those impacts, and c) the sources of those impacts.
Assessors, appraisers and real estate agents were all considered as possible targets for this
survey research. We ultimately selected assessors, or appraisers hired by the public sector
(herein referred to jointly as “assessors”), because of their work as public servants responsible
for providing assessments of property values, in accordance with professional standards.
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The survey asked respondents to provide several control variables, including their state and
county, years of professional experience, and whether their manual provides instructions
regarding utility-scale solar PV installations. They were also asked to provide their opinion of
solar energy in the United States, using a 7-point Likert scale. For a full copy of the survey, see
Appendix D.1.
To address our research questions regarding possible property value impacts, respondents
were asked to estimate the impact on residential property values of three sizes of solar PV
installations – 1.5MW, 20MW and 102MW – at distances ranging from 100 feet to three miles
from the nearest home. These questions took the form of sliders with a range of negative 50
percent to positive 50 percent. A satellite image indicating the approximate size of each
installation was also provided as a visual aid. In preparing these questions, we hoped to capture
actual adjustments made by assessors in their professional practice, but allowed for perceptions
of potential impacts for those assessors that have not made such adjustments. Additionally, the
respondents were asked to indicate on a 5-point Likert scale whether various features of solar
installations, such as their size, height, and presence of a fence or other visual barriers, would
have a positive or negative impact on property values.
This survey was determined by the University of Texas at Austin IRB to be exempt from review.2
The survey was distributed via email to approximately 400 email addresses obtained via publicly
available websites. In addition, 53 counties with high numbers of installations, high total PV
solar capacity, and/or older installations were identified as high priority survey targets, and were
selected for phone follow-up to request their county’s participation. Phone follow-ups occurred
over two weeks and not all counties were reached. This follow-up procedure motivated an
additional eight responses.

2

IRB Study Number 2017-12-0067 was determined to be exempt for the qualifying period 03/20/2018 to
03/19/2021.
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Survey Results
Of the approximately 400 assessors contacted via email, 37 consented to participate in the
survey (a 10 percent response rate, approximately). Survey respondents were geographically
dispersed across the United States, and represented 23 states of the 42 known to have utilityscale solar facilities, according to the EIA Form 860. North Carolina provided the most
respondents (8), followed by Florida (3), Massachusetts (2), Connecticut (2) and Utah (2). All
other states represented had one respondent. Notably, no responses were recorded from
California, despite efforts to contact 13 California counties by phone. Below, Figure B.1
provides a map of responses by state. For a more detailed breakdown of response rates by
state and question, see Appendix D.2.

Figure B.1: A map with the county of respondents by state is shown above.

The number of responses varied per question, from a low of 18 to a high of 36, with more
respondents providing information for control variables than for research questions surrounding
estimates of property value impacts. Of the respondents that elected to participate, all were
current assessors with between two years and over 40 years of assessment experience, and a
mean of 21 years. The majority of respondents have completed a residential home assessment
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within the last two years (77 percent). Almost all respondents have completed a residential
home assessment since a solar facility came online in their county (91 percent). About half of
respondents that provided an answer indicated they had assessed a home near a utility-scale
solar installation (45 percent), while the remainder had not (55 percent). Only one respondent (5
percent) had actually adjusted the value of a home based on the presence of a solar installation,
while 21 (95 percent) had not, with the remainder declining to answer. Finally, on a 5-point
Likert scale, all respondents indicated having either a neutral, positive, or extremely positive
opinion of solar.
To estimate the scale and direction of property value impacts from solar installations, if any,
respondents were asked to estimate this impact in percentage terms at varying distances from
three sizes of solar facilities: 1.5MW, 20MW and 102MW. A summary of these responses can
be seen in Chart B.1 below. Additional descriptive statistics of the results can be seen in
Appendices D.3 - D.5.

Chart B.1: The below chart shows the estimates of home value impacts for all respondents, broken down by
share of responses in various groups, at each distance for the three facility sizes.
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Estimated property value impacts at all distances and all facility sizes had a median and mode
of zero percent. The majority of responses suggested either no impact (66 percent of all
estimates) on home prices, or a positive impact (11 percent of all estimates), as a result of
proximity to solar installations. However, some respondents did estimate a negative impact on
home prices associated with solar installations. When averaging estimates across all
respondents, the estimated impact was negative up to 1,000 feet, one half mile and one mile for
1.5MW, 20MW and 102MW facilities, respectively. The averages suggest that respondents
estimate that greater proximity to utility-scale solar installations is linked to a more negative
property value impact, and that those impacts would be larger as the size of the solar
installation increases. In discussing the averages, however, it is worthy of note that highly
negative estimates from a few respondents appeared to be pulling the average away from the
median. For a discussion of property value impacts in dollars, see Appendix D.7.
Survey respondents were also asked to indicate whether they have assessed a home near a
utility-scale solar installation. When comparing results of the estimated property value impacts
of those that have assessed homes near solar installations to those that haven’t, the data
suggest that those with experience assessing near these installations are more conservative in
their estimates of impact. The average estimated impact at each facility size, distance, and by
assessor group is shown in Chart B.2. On average, respondents that have assessed near solar
installations (n = 10) estimated that home value would decline by 3 percent, on average, when
within 100 feet of a 20MW installation. Respondents that have not assessed near solar
installations (n = 6), by contrast, estimated a 19 percent drop, on average, for the same facility
size and distance. These differences were statistically significant at 100 feet and 500 feet, for
1.5MW and 20MW facilities, respectively, at the 5 percent significance level. While the
responses of these two groups are different at closer proximities, they appear to converge at
around one half mile.
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Chart B.2: The below chart shows the average estimate of home value impacts for two groups of
respondents - those that have assessed a home near a utility-scale solar installation (“Yes”) and those that
have not (“No”). It shows the average of responses for each group for each distance and facility size.

Facility size, distance, and an assessor’s experience assessing near a solar installation all
appear to influence estimates of impact provided by the respondent. A linear regression with
clustered standard errors by respondent was used to evaluate the scale and significance of
those effects. Results from this regression are shown below in Table B.1. The results indicate
that distance does impact estimates, with greater distance between the home and the
installation being associated with less negative estimates (0.04 percent per 100 feet). The
results also suggest that experience assessing near a solar installation is associated with a
much less negative estimate of impact (4.2 percent). Finally, the results suggest that an
increase in the installation’s size is associated with a more negative estimate (-0.02 percent per
MW), although this result is not significant at the 10 percent level. Overall, this model has an R2
value of 0.16, indicating relatively low explanatory power.
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Table B.1: The below table provides results from a regression model with estimates of property value
impact, in percentage terms, due to proximity to solar installations as the dependent variable, and facility
size (in MW), distance (in 100 feet), and a dummy variable for whether the respondent has assessed a
home near a utility-scale solar installation in the past as independent variables.

Further, to control for the explanatory power of individual respondent’s own opinions underlying
their estimates of impact, we add fixed effects for each respondent to the model, removing the
flag for prior assessment experience. The resulting model has an R2 of 0.44. The coefficients on
size (-0.02 percent per MW) and distance (0.04 percent per 100 feet) show little change, while
size has become significant at the 10 percent level. Results for this regression are shown in
Table B.2 below.
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Table B.2: The below table provides results from a regression model with estimates of property value
impact, in percentage terms, due to proximity to solar installations as the dependent variable, and facility
size (in MW), distance (in 100 feet), and fixed effects for each respondent as independent variables.
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In addition to estimates of impact, this survey aimed to identify which features of utility-scale
installations, if any, might influence whether the facility is an amenity or disamenity.
Respondents were asked to indicate on a 5-point Likert scale whether 12 distinct features of a
solar installation would have a positive or negative impact on nearby residential property values.
For full results, see Chart B.3. In general, the installation of a solar facility on land that was
previously more appealing is opined to have a negative impact. By contrast, the installation of
solar on land that had an unappealing use previously is believed to have a positive property
value impact. Other features associated with negative property value impacts included higher
panels, larger installations, and new infrastructure, such as power lines. The presence of trees
or hedges around the array, the introduction of new local services, and reduced traffic flow were
considered to have positive property value impacts. Noteworthy, however, is that the majority of
respondents indicated that any given feature had no impact on property values, suggesting the
features of the installation itself will not impact whether it is an amenity or disamenity.
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Chart B.3: The below bar chart shows the count of responses of each type about the impact of each
characteristic of solar installations on property values. Responses ranged from “Strongly Negative” to
“Strongly Positive”.

Other noteworthy observations can be drawn from the survey data. Respondents were asked to
indicate if they have adjusted a home’s value due to proximity to a solar installation. Only one
respondent out of 18 that had assessed homes near solar facilities, indicated they had made
such an adjustment. This respondent estimated a negative impact of 10 percent, 15 percent,
and 25 percent for homes within 100 feet of a 1.5MW, 20MW and 102MW installation,
respectively. Meanwhile, only two respondents indicated that their professional manual or other
training materials provide instructions regarding residential assessments near utility-scale solar
installations. These respondents were located in North Carolina and Wisconsin, states with a
very large number of utility-scale solar installations and very few, respectively. Of those two,
only the respondent from North Carolina provided estimates of value impacts, estimating zero
percent impact across all three facility sizes at all distances.
While the survey results suggest there could be negative residential property value impacts at
some proximity to solar installations, the results of the geospatial analysis suggest these
impacts are unlikely to be felt by many homeowners. Estimated negative impacts from proximity
to solar installations were greatest at 100 feet from the installation. However, the results of the
solar-siting analysis suggest that there is less than one home, on average, within 100 feet of a
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utility-scale solar installation. Within half a mile of solar installations – a distance at which the
average estimated impact was negative for all facility sizes – there are only seven homes near a
1MW installation, on average, and even fewer as the size of the installation increases. At the
highest estimated housing density, there are 22 homes, on average, within three miles of a
1MW solar installation. However, at this distance survey respondents estimated a positive
property value impact of 0.8 percent, on average.
Discussion
The results of our solar-siting analysis and survey provide some information on which to begin
to estimate potential property value impacts due to proximity to solar installations. Survey
responses were mixed; estimates were zero or positive for most responses, but were negative
at some distances on average. Our regression models suggested that estimates were more
negative at closer proximity to the installation, with greater installation size, and when provided
by assessors that had not previously assessed a home near a utility-scale solar facility. In
reviewing the survey results, the role of an assessor’s experience working near solar facilities is
worthy of note. Assessors with experience assessing near solar installations perceived
considerably smaller impacts than those without such experience. In addition, the majority of
assessors with experience assessing homes near solar installations did not adjust property
values based on that proximity. We cannot determine from the survey whether this is because
the assessors see no evidence of value impacts, or because they lack professional instructions
on how make such adjustments. Even where respondents estimated negative impacts, these
were typically at close proximity to the facilities. At these proximities, our solar-siting analysis
suggested the number of homes likely to be impacted would be low.
The research team faced several challenges when cleaning and collecting the data for our
analysis. For the solar-siting analysis, determining the accuracy of installation coordinates via
satellite imagery was subject to human error. In addition, the missing block group data for
median income estimates led to lower estimates than are feasible in some regions. For the
survey, the geographic distribution of respondents was not representative of the distribution of
solar facilities across the United States. In particular, there were no responses from California
which is home to the largest number of utility-scale solar facilities. In addition, due to our small
sample size, we were unable to conduct many statistical tests to test relationships in our data.
These low sample sizes also led responses from a few respondents to shift the mean far from
the median values. Finally, some respondents expressed hesitation in completing the survey
given the lack of statistical evidence to support any estimates of property value impacts. This
was difficult to address given our goal of establishing such evidence. In addition, some
assessors were not aware of installations in their county, despite EIA installation data
demonstrating otherwise.
Despite these challenges, the survey illuminated the opinions of assessors nationwide regarding
large solar projects. Multiple assessors noted in the survey that installations in their counties are
located in rural areas. These isolated settings led one respondent assessor to indicate they,
“have seen no impact on real estate (home) values.” Multiple respondents also noted that there
is insufficient data to answer the survey questions, either due to a lack of statistical evidence or
because there was only one installation in their area for reference. Our data show a discrepancy
between the actual number of installations in a given county and the number perceived to be
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there by the assessor, which suggests that assessors may be unaware of installations within
their own counties. It also indicates a lack of responsiveness to the presence of installations in
such a case. One respondent cited “reasonable setback/buffers and screening” as neutralizing
any potential property value impacts. Finally, another respondent introduced the importance of
homeowner perception, in that “the initial fears of homeowners are the worst, being clear and
upfront about how scale, potential reflection and appearance are important.” Overall, we see
that the assessors surveyed often see no impact due to rurality or do not feel they can make a
judgment due to lack of data or evidence.
In the future, several modifications could be made to improve upon this research. In the
geospatial analysis, coordinate accuracy was reviewed via satellite imagery. However, rather
than excluding inaccurate coordinates, future research could improve upon this by correcting
those coordinates. While our geospatial analysis relied on pseudo-polygons to estimate the
surface area of facilities, generating polygon shapefiles for every site would provide more
accurate estimates of housing density and median income surrounding those facilities. In
addition, while the pseudo-polygons provide a significant improvement upon housing and
income estimates, they were limited by the use of buckets for the size of the facilities. These
polygons were based on estimates of the sizes of 1MW, 5MW, 10MW, 20MW, 50MW, and
100MW facilities only, and therefore do not estimate the exact area of each individual facility
based on its capacity. As a result, these pseudo-polygons are conservative estimates of the
facility’s total area. There are also multiple options for continued survey research on this topic. A
contingent valuation (Type III) survey could ask respondents to comment on the property values
of two homes that are identical except for proximity to a utility-scale solar installation.
Alternatively, a survey tool like the one used in this research could gauge perceptions of realtors
or homeowners and ask about willingness to pay as a proxy for property values.
In addition to the analyses conducted here, future analyses could be improved by focusing on
solar sites that are both of an appropriate size to potentially impact home values, and near a
sufficient number of properties. In addition, current housing estimates could estimate the
number of home transactions occurring near utility-scale solar installations. The number of
homes transactions needed to generate sufficient statistical power and effect size for a hedonic
regression model, for example, can inform future disamenity research. To better incorporate the
effect of visual disturbance, future studies could also incorporate ArcGIS Viewshed analysis,
elevation contours, or dummy variables for visibility. This study did not differentiate between
ground-mounted and rooftop installations, although the vast majority of the analyzed plants are
assumed to be ground-mounted. Future research could make this distinction and remove
rooftop installations from the dataset. In addition, multiple assessors indicated that the
installations in their counties were rural and not proximate to residential properties. Subsequent
studies could pivot by investigating effects on land values, rather than home values, to account
for rurality. Finally, to shift from perceived to actual property value impacts, future research can
conduct analyses on home sales data to collect empirical evidence of actual property value
impacts.
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Conclusion
This study has investigated utility-scale solar facilities as a potential amenity or disamenity. To
do so, it aimed to understand both the scope of homes potentially impacted by proximity to solar
installations, and the scale and direction of those impacts, if any. The results of the solar-siting
analysis indicate that very few homes, on average, are located around these utility-scale solar
installations. On average, we estimate 0.53 homes or fewer are located within 100 feet of the
solar installations analyzed in this research. Within three miles, we estimate only 23.84 homes
surrounded 10MW facilities, on average. These results suggest the number of homes that could
potentially be impacted by the presence of utility-scale solar installations are relatively few.
However, as the cumulative numbers of solar installations continues to grow, the number of
homes potentially impacted also grows. This is particularly true if installations are located in
more dense, urban areas. In addition, the solar-siting analysis suggests that median income
surrounding large solar installations may be lower than those surrounding smaller installations.
Given the authors’ expectations that smaller solar facilities are more likely to be located in urban
areas, which typically have higher median incomes, this is not unexpected. However, it brings in
questions surrounding the equity of potential property value impacts due to proximity to
installations, on the basis of income level.
Results from our survey of residential home assessors show that the majority of respondents
believe that proximity to a solar installation has either no impact or a positive impact on home
values. However, variation in responses by size of the facility, distance from the home, and the
assessor’s experience assessing near such an installation previously, all impacted those
estimates. Regression analyses suggest that closer proximity to an installation is associated
with more negative estimates of property value impacts, as is larger installation size. Prior
experience assessing near a solar installation, by contrast, was associated with more
conservative estimates of impact. Meanwhile, the median and mode of all estimates of impact
was zero, suggesting negative estimates from a few respondents were pulling down the mean.
Additionally, the survey results indicate that respondents believe some features of solar
installations may be associated with positive impacts. These include a location on land that
previously had an unappealing use, or the presence of trees or other visual barriers around the
array. Meanwhile, features such as being located on land that previously had an appealing use
and higher installations are expected to have a negative impact, according to the respondents.
The results of this research may be of interest to solar developers, public officials, home
assessors, and homeowners. In particular, solar developers should be conscientious of potential
impacts on property values from their selection of a solar site and potential pushback they may
face from homeowners in the process. Public officials are often tasked with approving the
proposed locations of new solar installations, and, therefore, would be interested to know about
the benefits or adverse consequences of those decisions. Public assessors, meanwhile, are
tasked with assessing the value of homes including those located near solar facilities. The
results of our survey indicate that very few assessors currently receive any instructions in their
professional manual or other training materials surrounding assessments near solar
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installations. Finally, homeowners have an interest in the value of their home as an asset, and
may be inclined to resist any modifications to nearby land use that could hurt their home’s value.
This research suggests several policy interventions may be appropriate as additional research
is conducted around impacts from solar installations. First, regulations around an installation’s
appearance and land use may help minimize impacts on property values. For example,
incorporating vegetation to block the visibility of solar panels, keeping panels low to the ground,
or using land with a previously unappealing use, such as an animal feedlot, may prove helpful.
Second, engaging the public in the design process for these installations may help allay
homeowner concerns. Third, a consideration of housing density by distance around the
proposed facility should help identify the scope of potential impact for any particular facility, with
the expectation that greater distance between the facility and the home is likely to see fewer
impacts, if any. Finally, the results of our survey suggest a need to provide consistent and
thorough instructions to property assessors on when and how to incorporate these installations
into their assessment practice. Given the interest of various stakeholders, we expect continued
research to better understand whether utility-scale solar causes negative price impacts to be a
valuable addition to current amenity and disamenity literature.
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Appendices
Appendix C.1 - Descriptive Statistics of Analyzed & Actual Utility-Scale Solar
Installations
C.1: The table below provides a comparison of the sites used in the analysis (row 1) and the complete number of
utility-scale solar (row 2).

Appendices C.2 & C.3 - Histograms of Installation Capacity
C.2: Utility-scale solar installations by their total capacity in the United States are displayed as a density.
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C.3: Utility-scale solar facilities by capacity used in this analysis are displayed as a density. Comparison of the two
charts shows that this research contained a greater proportion of low capacity facilities.
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Appendix C.4 - Pseudo-Polygon Calculations
C.4: The table below shows the calculations used to create the pseudo-polygons. The team estimated approximately

6 acres/MW, which was evidently conservative.
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Appendix C.5 - Full Extent of Buffer Zones

C.5: A satellite image of the buffers (in yellow) beginning at 100ft (shown at 500ft) out to three miles are shown
above. Total and average estimates of homes are made within these buffer zones and select distances.
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Appendix C.6 - Map of Housing Density Near Select Solar Sites in the U.S.

C.6: A heat map of 2015 population in the United States with the location of utility-solar installations displayed by
county. Population data was aggregated at the county level to display U.S. housing density. While block groups
provide the most specific data on the location of housing populations, the are often too small to display on a
nationwide map.
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Appendix C.7 - Map of Housing Density Near Select Solar Sites in California

C.7: California housing density with utility-scale solar installations. A heat map of 2015 county population in California
underscores that California is a region of high-interest to utility-scale solar research. The state is both populous and
contains the most and largest utility-scale solar in the country.
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Appendix C.8 - Total Number of Homes Near Utility-Scale Solar Installations,
Extrapolated to 1,805 Installations
C.8: The table below provides a count of the total number of homes within certain distances of utility-scale solar
installations. The following estimates were extrapolated to 1,805 installations using the estimates made with the 956
confirmed utility-scale solar installations.
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Appendices C.9 - C.19 - Boxplots of Median Income by Installation Size
C.9: Median income near all 1MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
corresponds with the median income near 1MW facilities relatively well. Extreme minimums were caused by
unreported median income by about 3 percent of block groups, which affected the weighted sum calculations.
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C.10: Median income near all 5MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
appears to be higher than that of residents who live in proximity to 5MW utility-scale solar facilities. Extreme
minimums were caused by unreported median income by about 3 percent of block groups, which affected the
weighted sum calculations.
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C.11: Median income near all 10MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
appears to be higher than that of residents who live in proximity to 10MW utility-scale solar facilities. Extreme
minimums were caused by unreported median income by about 3 percent of block groups, which affected the
weighted sum calculations.
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C.12: Median income near all 20MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
appears to be higher than that of residents who live in proximity to 20MW utility-scale solar facilities. Extreme
minimums were caused by unreported median income by about 3 percent of block groups, which affected the
weighted sum calculations.
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C.13: Median income near all 50MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
appears to be higher than that of residents who live in proximity to 50MW utility-scale solar facilities. Extreme
minimums were caused by unreported median income by about 3 percent of block groups, which affected the
weighted sum calculations.
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C.14: Median income near all 100MW facilities in the United States is shown as box plots. Distance from facility
increases from right to left. The national median income is displayed as a horizontal line. The national median income
appears to be much higher than that of residents who live in proximity to 100MW utility-scale solar facilities. Extreme
minimums were caused by unreported median income by about 3 percent of block groups, which affected the
weighted sum calculations.
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C.15: Median income 100ft from all facilities in the United States is shown as box plots. Installation size increases
from right to left. The national median income is displayed as a horizontal line. The interquartile range for median
income appears to roughly decrease as facility size increases. Extreme minimums were caused by unreported
median income by about 3 percent of block groups, which affected the weighted sum calculations.
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C.16: Median income 500ft from all facilities in the United States is shown as box plots. Installation size increases
from right to left. The national median income is displayed as a horizontal line. The interquartile range for median
income appears to roughly decrease as facility size increases. Extreme minimums were caused by unreported
median income by about 3 percent of block groups, which affected the weighted sum calculations.
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C.17: Median income 1,000ft from all facilities in the United States is shown as box plots. Installation size increases
from right to left. The national median income is displayed as a horizontal line. The interquartile range for median
income appears to roughly decrease as facility size increases. Extreme minimums were caused by unreported
median income by about 3 percent of block groups, which affected the weighted sum calculations.
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C.18: Median income half a mile from all facilities in the United States is shown as box plots. Installation size
increases from right to left. The national median income is displayed as a horizontal line. The interquartile range for
median income appears to roughly decrease as facility size increases. Extreme minimums were caused by
unreported median income by about 3 percent of block groups, which affected the weighted sum calculations.
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C.19: Median income three miles from all facilities in the United States is shown as box plots. Installation size
increases from right to left. The national median income is displayed as a horizontal line. The interquartile range for
median income appears to roughly decrease as facility size increases. Extreme minimums were caused by
unreported median income by about 3 percent of block groups, which affected the weighted sum calculations.
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Appendix C.20 - Median Income Near Solar Facilities
C.20: The table below provides estimates of median income by facility size and distance from a solar facility.
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Appendix D.1: Survey Instrument
University of Texas - Lawrence Berkeley National Lab Solar Installations and Property
Values Study
Hello and thank you for taking the time to participate in our survey on property values
near solar installations. Below is a consent form with information about our study. We
appreciate your feedback.
Identification of Investigator and Purpose of Study
Thank you for participating in this research study, entitled “Property-Value Impacts Near UtilityScale Solar Installations.” The study is being conducted by Dr. Varun Rai, Leila Al-Hamoodah,
Eugenie Schieve, and Kavita Koppa at the LBJ School of Public Affairs of The University of
Texas at Austin, PO Box Y, Austin, TX, 78713. You can reach the team via email at
varun.rai@mail.utexas.edu.
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The purpose of this research study is to examine the effects of utility-scale solar installations on
residential property values. Your participation in the study will contribute to a better
understanding of how these effects, if they exist, are incorporated into property value
assessment. You are free to contact the research team at the above email address to discuss
the study. You must be at least 18 years old to participate.
If you agree to participate:
● You will complete a survey about if and how utility-scale solar installations affect
property values.
● The survey will take approximately 10 to 15 minutes of your time.
● You will not be compensated for your participation.
Risks/Benefits/Confidentiality of Data
There are no known risks to participation in this survey. There will be no costs to you for
participating, nor will you be compensated. Your email address will be kept during the data
collection phase for tracking purposes, and to share final results with you if you indicate you
want them. A limited number of research team members will have access to the data during
data collection and analysis. Personally identifying information, including email address, will be
stripped from the final dataset. Email addresses will not be shared.
Participation or Withdrawal
Your participation in this survey is voluntary. You may decline to answer any question and you
have the right to withdraw from participation at any time. Withdrawal will not affect your
relationship with The University of Texas in any way. If you do not want to participate you may
close your browser window at any time to exit the survey. If you do not want to receive any
more reminders about the survey, please click the opt-out link in the invitation email you
received.
Contacts
If you have any questions about the study or need to update your email address, send an email
to varun.rai@mail.utexas.edu. This study has been reviewed by The University of Texas at
Austin Institutional Review Board and the study number is [STUDY NUMBER].
Your Rights as a Research Participant
If you have questions about your rights or are dissatisfied at any time with any part of this study,
you can contact, anonymously if you wish, the Institutional Review Board by phone at (512)
471-8871 or email at orsc@uts.cc.utexas.edu.
This page serves as your formal consent to participate in this study. Please print a copy
of this page for your records. If you agree to participate in this study, click indicate your
consent below.
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Please indicate your consent to participate in this survey.

o I consent to participate in this survey
o I do not consent to participate in this survey
Thank you for taking the time to complete this survey. This survey is intended for individuals
who are currently or were recently employed as a home assessor or home appraiser in the
United States for the public sector. We recommend completing this survey on a laptop or
desktop computer, rather than on a phone or tablet.
While completing this survey, please consider the following definitions as used in this survey:
1. Utility-scale solar installations include any ground-mounted photovoltaic (PV) solar
arrays that sell electricity to a utility rather than providing electricity for residential use.
These installations can be of any size but utility-scale are typically considered to be at
least 1 megawatt (MW), which may cover between 5 and 9 acres of land per MW. See
the images below for examples of utility-scale solar installations.
2. Assessment refers to the process of assessing or appraising the value of a home for
the public sector.
3. Assessment value or appraisal value refers to the monetary value public assessors or
public appraisers estimate for a home. For the purposes of this survey, assessment
value and appraisal value may be referred to simply as "value". Impacts on home prices
refer to monetary impacts (i.e. a change in the value of the home).
If you have any questions while completing the survey, please
contact varun.rai@mail.utexas.edu. Thank you for your time.

Examples of utility-scale solar installations in the United States.
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We would like to know more about the role in which you assess homes. Which of the following
best describes you?

o I am currently an assessor or appraiser for the public sector (i.e. I am employed by a
county or town to perform assessments)

o I was formerly an assessor or appraiser for the public sector
o I have never been an assessor or appraiser for the public sector
o I prefer not to answer
How many years of experience do you or did you have in assessing for the public sector?
Please indicate the number of years only in your response. For example, please indicate "9"
rather than "nine" or "9 years."
________________________________________________________________

What was the approximate date of the most recent residential assessment you completed?
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In which state and county (or county equivalent) are/were you most recently employed as an
assessor or appraiser for the public sector?

Because you selected "other", please indicate the county (or county equivalent) you are or were
most recently employed as an assessor or appraiser for the public sector?

________________________________________________________________

To the best of your knowledge, approximately how many utility-scale solar installations are
currently operating in the county (or county equivalent) where you are/were most recently
employed as an assessor for the public sector?
Please indicate the number of installations only in your response. For example, please indicate
"5" rather than "five" or "about five."
________________________________________________________________
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Does your professional manual or do your professional training materials provide instructions
regarding assessing home values that are located near a utility-scale solar installation?

o Yes
o No
o I don't know
o I don't have a manual or other professional materials
o I prefer not to answer
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Part I: 1.5MW Facilities
Please use the sliders below to estimate if and how the presence of a 1.5MW utility-scale solar
installation would impact a nearby home's assessment value in percentage terms. Please do
so at the varying distances between the home and the nearest solar panel.
1.5MW utility-scale solar installations may cover between 7.5 to 13.5 acres. For an example of a
1.5MW solar installation, please refer to the image below.

●
●

●

Please indicate a value of 0 if the value of the home would not be impacted in any way
by the presence of a 1.5MW solar installation at a given distance, in percent terms.
Please indicate the corresponding value greater than 0 if the value of the home would
increase by the presence of a 1.5MW solar installation at a given distance, in percent
terms.
Please indicate the corresponding value less than 0 if the value of the home would
decrease by the presence of a 1.5MW solar installation at a given distance, in percent
terms.
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Part II: 20MW Facilities
Please use the sliders below to estimate if and how the presence of a utility-scale solar
installation of 20MW would impact a nearby home's assessment value in percentage terms.
Please do so at the varying distances between the home and the nearest solar panel.
Utility-scale solar installations of 20MW may cover 100 to 180 acres. For an example of a solar
installation of 20MW, please refer to the image below.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

●
●

●

Project Director:
Dr. Varun Rai

Please indicate a value of 0 if the value of the home would not be impacted in any way
by the presence of a 20MW solar installation at a given distance, in percent terms.
Please indicate the corresponding value greater than 0 if the value of the home would
increase by the presence of a 20MW solar installation at a given distance, in percent
terms.
Please indicate the corresponding value less than 0 if the value of the home would
decrease by the presence of a 20MW solar installation at a given distance, in percent
terms.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Part III: 102MW Facilities
Please use the sliders below to estimate if and how the presence of a 102MW utility-scale solar
installation would impact a nearby home's assessment value in percentage terms. Please do so
at the varying distances between the home and the nearest solar panel.
Utility-scale solar installations 102MW may cover 510 to 918 acres. For an example of a
102MW solar installation, please refer to the image below.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

●
●

●

Project Director:
Dr. Varun Rai

Please indicate a value of 0 if the value of the home would not be impacted in any way
by the presence of a 102MW solar installation at a given distance, in percent terms.
Please indicate the corresponding value greater than 0 if the value of the home would
increase by the presence of a 102MW solar installation at a given distance, in percent
terms.
Please indicate the corresponding value less than 0 if the value of the home would
decrease by the presence of a 102MW solar installation at a given distance, in percent
terms.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Do you have any other comments on the value impacts from proximity to utility-scale solar
installations?
________________________________________________________________

Please indicate whether the following features or aspects of a utility-scale installation would
have a positive or negative impact on nearby residential property values:
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Have you assessed a home near a utility-scale solar installation?

o Yes
o No
o Other (please explain) ________________________________________________
o I prefer not to answer
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Have you adjusted for the value of a home based on the presence of a utility-scale solar
installation in the past?

o Yes
o No
o Other (please explain) ________________________________________________
o I prefer not to answer
Do you have any comments on your experience assessing homes near utility-scale solar
installations that you would like to share?
________________________________________________________________

In general, what is your opinion of solar energy in the U.S.?

o Extremely positive
o Somewhat positive
o Neither positive nor negative
o Somewhat negative
o Extremely negative
o I prefer not to answer
Is there anything in this survey that we should clarify or that you would like to comment on?
This will help us refine our survey to ensure it is as clear as possible.
________________________________________________________________
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Would you like to be informed via email of the results of this research upon study completion?

o Yes
o No
May we follow up with you via email if we need to clarify your survey responses?

o Yes
o No
What is your email address?
Your email address will not be shared and will be used for survey validation and related
communication purposes only.
________________________________________________________________

Are you ready to submit?
If you are done with the survey, please click the forward button below. If not, please use the
back button at the bottom of the screen to return to your previous answers.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendix D.2 - Responses by Geographic Region and Question
Appendix D.2: The above table indicates where respondents come from for each question, as well as the number of
respondents per question.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendix D.3 - Descriptive Statistics for Estimates of Property Value Impacts (%)
Table B.1: The below table contains descriptive statistics on all respondents’ estimates of home value
impacts due to proximity to solar installation. These impacts were estimated at several distances between
the home and the installation, and for three facility sizes. The table also includes p-values from t-tests
measuring whether the mean of responses was statistically different than zero.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendices D.4 - D.6 - Estimates of Property Value Impacts in Boxplots
The following boxplots provide additional information on the variation in survey responses for
estimates of property value impacts by facility size and distance.
Appendix D.4: The below boxplots indicate the range of estimates from survey respondents for property
value impacts near a 1.5MW facility. The median is indicated with an “X”.

65

OEC Comment Exhibit B (66 )

Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendix D.5: The below boxplots indicate the range of estimates from survey respondents for property
value impacts near a 20MW facility. The median is indicated with an “X”.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendix D.6: The below boxplots indicate the range of estimates from survey respondents for property
value impacts near a 102MW facility. The median is indicated with an “X”.
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Policy Research Project (PRP), LBJ School of Public Affairs,
The University of Texas at Austin, May 2018.

Project Director:
Dr. Varun Rai

Appendix D.7 - Estimating Property Value Impacts in Dollar Terms ($)
To estimate property value impacts in dollar terms, we pulled county-level median home value
from the U.S. Census Bureau’s 2016 American Community Survey. The below table converts
the estimates of property value impacts provided by survey respondents into dollars, based on
the median home value in each respondent’s county. If this impact were the true impact and the
home values were the same for the whole county, then the results suggest that being located
100 feet from a 20MW solar installation would be associated with a $26,252 decline in home
value, on average. By contrast, living three miles from a 1.5MW installation would be associated
with an average $1,098 gain in value. Of course, variations in median home values and effect
sizes across the United States could lead to significant differences by region.
Table: The below table provides descriptive statistics on the estimate of home value impact translated into
dollars. The dollar impacts are estimated by multiplying each respondent’s estimate of impact (%) with the
median home price in their county.
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ABSTRACT
While utility-scale solar energy is important for reducing dependence on fossil fuels, solar arrays
use significant amounts of land (about 5 acres per MW of capacity), and may create local land
use disamenities. This paper seeks to quantify the externalities from nearby solar arrays using the
hedonic method. We study the states of Massachusetts and Rhode Island, which have high
population densities and ambitious renewable energy goals. We observe over 400,000
transactions within three miles of a solar site. Using a difference-in-differences, repeat sales
identification strategy, results suggest that houses within one mile depreciate 1.7% following
construction of a solar array, which translates into an annual willingness to pay of $279.
Additional results indicate that the negative externalities are primarily driven by solar
developments on farm and forest lands in non-rural areas. For these states, our findings indicate
that the global benefits of solar energy in terms of abated carbon emissions are outweighed by
the local disamenities.
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1 INTRODUCTION
Solar energy in the United States has grown at an average rate of 49% per year since
2009, making the US the second largest producer of solar energy in the world (EIA International
Energy Outlook 2019). In 2019, solar energy accounted for 40% of all new capacity additions in
the country, the largest ever in its history, and exceeding all other energy sources (Perea et al.,
2020). By June 2020, the cumulative installed capacity of solar in the United States reached 81.4
gigawatts (GW), which is enough to power 15.7 million homes (Perea et al., 2020). Solar is
predicted to overtake wind to become the largest source of renewable energy in the US by 2050,
accounting for 46% of all energy produced from renewable sources (EIA Annual Energy
Outlook 2018).
While there is a broad support for renewable energy in the United States (Bates &
Firestone, 2015; Farhar, 1994; Firestone et al., 2018; Hoen et al., 2019; Krohn & Damborg,
1999), and for solar energy in particular (Carlisle et al., 2014, 2015; Farhar, 1994; Greenberg,
2009; Jacobe, 2013; Pew Research Center, 2019), the development of large-scale solar
installations has not been obstacle free. One major hurdle to overcome before construction
begins is the siting process. Solar installations require over ten times more land area than nonrenewable sources to generate the same amount of energy, and the requirement of large tracts of
land for their construction has become the largest cause of land use change in the United States
(Trainor et al. 2016; Ong et al. 2013). Recently, the siting of large solar projects has become
contentious in some parts of the country due to concerns about visual disamenities, impacts on
ecosystems, siting of transmission lines, loss of a town’s rural character, water pollution, fire
risk, water use, and reduction in property values (Farhar et al., 2010; Gross, 2020; Lovich &
Ennen, 2011). The debate is especially heated when solar development is proposed on existing
farm and forest lands, which is common because these are the cheapest locations for
development (Kuffner, 2018; Naylor, 2019).
The purpose of this paper is to quantify the externalities associated with proximity to
utility-scale solar installations using hedonic valuation. Theory indicates that property values will
reflect people’s willingness to pay to avoid the cumulative disamenities of solar development
(Bishop et al., 2019; Rosen, 1974). Our study focuses on the states of Massachusetts (MA) and
Rhode Island (RI), which are ideal for two reasons. First, both states have recently experienced a
sudden boom in the development of large-scale solar installations. This trend has been driven by
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the Renewable Portfolio Standards (RPS), regulations that require increased energy production
from renewable energy sources, which have been adopted by both states. MA’s RPS calls for
25% of electricity generated by renewable sources by 2030 and RI’s RPS calls for 38.5% by
2035. Second, both states have high population density, ranked 2nd and 3rd among U.S. states.
This level of development means that most solar sites are proximate to residential areas, which
yields many observed transactions for precise estimates.
We analyze the impact of utility-scale solar installations sized 1 MW and above on
nearby property prices in MA and RI. 1 We use a difference-in-differences (DID) identification
strategy, which compares changes in housing prices after construction for nearby properties with
those further away. We empirically estimate the spatial extent of treatment to be one mile from
the solar installation and choose a cutoff for control properties of three miles. Our primary
sample consists of 208 solar installations, 71,337 housing transactions occurring within one mile
(treated group), and 347,921 transactions between one to three miles (control croup).
Across a variety of specifications, our results suggest that solar installations negatively
affect nearby property values. Our preferred specification, which includes property fixed effects
(i.e., repeat sales), month-year fixed effects, and county-year fixed effects, indicates that property
values in the treatment group decline 1.7% (or $5,751) relative to the control group, and this
estimate is statistically different from zero at the 1% level. These findings suggest that solar
arrays create local, negative externalities, and the average household annual willingness to pay to
avoid these externalities is $279. This helps explain local concerns and opposition and gives
pause to current practices of not including proximate residents in siting decisions or
compensating them after siting has occurred. While we cannot estimate producer and consumer
surplus, we can compare external benefits and costs. Our estimates imply that the global positive
external benefits of carbon mitigation are outweighed by local externalities costs at a ratio of
0.46. However, renewable energy in New England usually displaces natural gas use by power
plants. Solar in more rural places (thus affecting fewer households) and solar that displaces coal
would have a more favorable benefit-cost ratio.
We also examine heterogeneity in treatment effects in several ways. First, with respect to
proximity, we find substantially larger negative impacts on homes located within 0.1 mile of

1

Following the U.S. Energy Information Administration (EIA), we define large-scale solar installations as those
with an installed capacity of 1 MW or larger.
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solar installations (-7.0%). Second, we estimate a series of models exploring heterogeneity based
on prior land use (farm or forest vs. landfills or industrial areas) and rural character of a
municipality (defined based on population density). The results suggest that the overall negative
effects of solar arrays on nearby property values are driven by farm and forest sites in non-rural
areas (non-rural is most akin to suburban, as there are very few solar sites in urban areas). Solar
developments on landfills and industrial areas or in rural areas have smaller and statistically
insignificant effects on prices. We posit that solar arrays on farm and forest lands cause greater
externalities, given the dual loss of open space amenities and gain of industrial disamenities, and
that this effect hinges on the scarcity of open space typical in non-rural areas.

2 CONCEPTUAL FRAMEWORK
Environmental goods and services are often ‘non-market goods’, meaning they are not
traded in any market. However, that does not mean that they have no value. Using economic
theory, we can estimate environmental values by examining people’s decisions and how they
make choices and tradeoffs regarding such goods.
One way of valuing environmental goods and services is through the revealed preference
method where the preferences of individuals are inferred through their actual buying and selling
decisions in a related market. For example, air quality is not transacted in any market, but people
‘reveal’ their value for it when they buy homes away from urban and industrial areas with high
traffic volumes and poor air quality. In this example, air quality is the non-market good, the
‘actual buying and selling decision’ is the choice of purchasing a house with specific
characteristics, and the ‘related market’ is the housing market.
A common application of the revealed preference method is the hedonic housing price
technique. First theorized by Rosen (1974), the hedonic price model (HPM) measures the
implicit price of each attribute of a bundled good. Applied to the housing market, the idea is that
the price of a property can be broken down into the price of its various attributes. These
attributes can be structural (e.g. lot size, living area, number of bedrooms and bathrooms,
presence of air conditioning or pool, etc.), neighborhood (e.g. school quality, proximity to
shopping, etc.), and environmental (e.g. air and groundwater quality, tree cover, proximity to
brownfield, etc.). More formally, let us consider a house 𝑖𝑖, and let 𝑃𝑃𝑖𝑖 denote its price, 𝑆𝑆𝑖𝑖 the set of

structural characteristics, 𝑁𝑁𝑖𝑖 the neighborhood characteristics, and 𝐸𝐸𝑖𝑖 the environmental
5
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characteristics of that house. Then the hedonic price function of the house can be represented
mathematically as a function of its characteristics:
𝑃𝑃𝑖𝑖 = 𝑓𝑓(𝑆𝑆𝑖𝑖 , 𝑁𝑁𝑖𝑖 , 𝐸𝐸𝑖𝑖 )

(1)

When purchasing a house, the consumers make tradeoffs between their desired quantities of each
of these attributes and price. Further, in equilibrium, prices adjust to reflect willingness to pay for
the bundled attributes. By examining transacted properties with sales price and attributes, the
implicit value of each attribute can be estimated. In the context of solar development, the value
that people place on solar arrays can be estimated by examining transactions in close proximity
to solar arrays compared to those further away.
The HPM is a well-established and frequently used tool for measuring nonmarket values.
It has been used extensively in the literature for estimating the willingness to pay for
environmental amenities like air quality (Bajari et al., 2012; Bayer et al., 2009; Bento et al.,
2014; Chay and Greenstone, 2005; Grainger, 2012; Lang, 2015; Ridker and Henning, 1967) and
open space (Anderson and West, 2006; Black, 2018; Geoghegan et al., 1997; Irwin, 2002; Lang,
2018), and also environmental disamenities like brownfields (Haninger et al., 2017; Lang and
Cavanagh, 2018; L. Ma, 2019) and electrical transmission lines (Hamilton and Schwann, 1995).
Several hedonic studies also estimate the public’s valuation of non-renewable energy sources and
infrastructure, particularly coal plants (Davis, 2011), nuclear energy (Gawande and JenkinsSmith, 2001; Tanaka and Zabel, 2018), petroleum storage (Zabel and Guignet, 2012), and
hydraulic fracturing (Boslett et al., 2016, 2019; Gopalakrishnan and Klaiber, 2014;
Muehlenbachs et al., 2015).
The HPM produces intuitive and policy relevant results. For example, Haninger et al.
(2017) analyze federal brownfield remediation and find that properties in close proximity to
EPA-funded remediated brownfields appreciate 5-11% following cleanup, and that in aggregate
this valuation exceeds the costs of remediation and hence the federal program passes a benefitcost test. Lang (2018) examines municipal land conservation spending in the United States, and
estimates that properties on average appreciate 0.68–1.12% for every $1000 per household of
open space spending authorized. The positive appreciation implies that the valuation of open
space amenities exceeds the costs of additional taxes, and further that land conservation is
underprovided. Muehlenbachs et al. 2015 analyze hydraulic fracturing (“fracking”) in
Pennsylvania and find that properties within 1km of a well pad decline in value 16.5%, but only
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when the properties use well water, public water supply houses are unaffected. These results
suggest that perception of risk is focused on contaminated drinking water.
The HPM has become increasingly popular for the valuation of renewable energy in
recent years, with the most frequent applications focusing on wind energy. Within the United
States, studies that use data with large numbers of observations close to turbines find no
significant impact on property prices. Hedonic studies that find no negative externalities from
onshore wind energy development include Hoen et al. (2011) for 24 wind facilities across the
United States; Lang et al. (2014) for 10 wind turbine sites in Rhode Island; Hoen et al. (2015) for
67 wind facilities (with over 45,000 turbines) installed all over the United States through 2011,
and Hoen and Atkinson-Palombo (2016) for 41 turbines in densely populated areas of
Massachusetts. In contrast, studies in European countries find that wind turbines have a
significantly negative impact on nearby properties, though the magnitude of the effect differs by
region (Dröes & Koster, 2016; Gibbons, 2015; Sunak & Madlener, 2016). Vyn (2018) finds the
Canadian experience to be heterogeneous and dependent on community acceptance. More
recently, hedonic methods have focused on estimating externalities from offshore wind turbines.
While this literature is still in its infancy, early studies indicate no negative impacts to property
values in the vicinity of offshore wind turbines (Jensen et al., 2018) and positive impacts to
tourism (Carr-Harris & Lang, 2019).
Hedonic valuation has also been applied to residential rooftop solar. General consensus is
that houses installed with rooftop photovoltaic (PV) panels sell for a premium, though there is
regional variation in the size of the effect: 3.5% in California (Dastrup et al., 2012; Hoen et al.,
2012), 5.4% in Hawaii (Wee, 2016), 17% in Arizona (Qiu et al. 2017), and 3.2% in Western
Australia (Ma et al. 2016). However, this literature is only tangentially related as it is about
quantifying internalities (valuation of personal financial benefits), not externalities, and has
nothing to do with land use.
In sum, there exists little information on the externalities associated with large-scale solar
installations within the United States. It is therefore necessary to understand the value people
place on solar structures in order to help state and municipal policy makers implement policies
and decisions that reflect public preferences.
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3 DATA
To implement the hedonic analysis, we build a composite dataset that integrates: 1) the
data on the location and attributes of all solar developments in MA and RI, and 2) the data on
attributes and locations of residential properties in MA and RI.

3.1 Solar data
The dataset on solar installations is obtained from the Energy Information
Administration’s (EIA’s) report EIA-860M, or the Monthly Update to the Annual Electric
Generator Report. The EIA-860M contains data on the total capacity of electric generation
facilities in the United States that have a capacity of 1 MW and above, their point location
(latitude and longitude), and the month and year that generation begins. Figure 1 represents a
map of 284 solar installations constructed prior to August 2019, which is when we set the cutoff
for being in our sample. The installations are well dispersed across all regions in both states,
which increases confidence that estimates will not be affected by unobserved regional
differences. We exclude 76 solar installations (27% of all installations) that are built within 1
mile of each other, since property value impacts may be hard to measure for observations in the
proximity of multiple installations. 2 This is similar to a sample cut made by Haninger et al.
(2017).
Figure 2 graphs new and cumulative solar capacity by year. The first installation came
online in December 2010. New capacity displays a continuous upward trend through 2014. There
is a sharp fall in 2015, after which the trend rises again and peaks in 2017, before falling again in
2018. As of August 2019, the cumulative solar capacity in RI and MA is 817 MW. Capacity
factors for this region are about 16.5% (EIA 2019), which means these solar installations are
collectively producing 1180 GWh of electricity per year, which is enough to power 157,681
homes.
One limitation of our data is that we do not have shapefiles representing the exact
footprint of the solar installations, thus we must approximate that using Geographic Information
Systems (GIS) software. Solar installations require approximately 5 acres of land per MW of
capacity (Denholm & Margolis, 2008; Ong et al., 2013). We assume that the point location is the

2

Figure A1 in the online appendix represents a map of the resultant 208 solar installations.
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centroid of the installation and then create a circle around it with an area equal to 5 times the
capacity (in MW) of each array. 3
We hypothesize that prior land use may affect property value impacts. Specifically,
houses in proximity to farms and forests that are developed into solar may depreciate more than
houses in proximity to a brownfield or capped landfill that is developed into solar. 4 Since farms,
forests, and other open space are amenities and boost home values (Irwin, 2002; Lang, 2018),
conversion of these types of lands may lead to larger price decreases because it is the
combination of a loss of amenities and the gain of disamenities. To infer prior land use, we
overlay the estimated circular footprints on 2005 land use data obtained from Massachusetts
Bureau of Geographic Information and 2011 land use data obtained from Rhode Island
Geographic Information System for the respective states. We then assign each installation a prior
land use: ‘greenfield’ if it was formerly either a farm or forest land, and ‘non-greenfield’ if it was
either a commercial site or a landfill. 5 63% of installations and 70% of capacity is classified as
greenfield (see Figure A2 in the online appendix).

3.2 Property data
We use ZTRAX housing transaction data from Zillow (http://www.zillow.com/data),
which include information on property location (latitude and longitude), sales price, date of
transaction, and many property characteristics (lot size, square feet of living area, number of
bedrooms, number of bathrooms, year built, number of fireplaces, central air-conditioning, and

3

We manually crosscheck the EIA data with Google Maps, and correct the latitude and longitude when they do not
correspond to the centroid of the array. We recognize that this approach could lead some properties to be
misclassified as treatment or control, inducing a small amount of measurement error in treatment status. As a result,
our DID estimates may be slightly attenuated.
4
Solar developers prefer farm and forest lands because they have substantially lower construction costs compared to
alternative sites like brownfields, landfills, superfunds and industrial lands.
5
Several solar installations cover an area with multiple land uses. We obtain exactly one land use type per solar site
in five additional steps. First, we classify the land use as ‘landfill’ if the installations have the term ‘landfill’ in their
name, or if they are listed in the EPA’s dataset of contaminated land. Second, we use a stratifying logic to group all
land-use types under seven major categories: commercial, farm, forest, landfill, recreational, residential, and
wetland. Third, we place ‘transportation’, ‘urban public/institutional’, ‘industrial’, ‘powerline/utility’, and
‘junkyard’ under commercial; ‘orchard’, ‘cropland’, ‘pasture’, ‘nursery’, and ‘cranberry bog’ under farm;
‘spectator recreation’, and ‘participation recreation’ under recreation, ‘multi-family residential’, ‘low density
residential’, ‘medium density residential’, ‘very low density residential’, and ‘high density residential’ under
residential; and ‘forested wetland’, ‘water’, and ‘non-forested wetland’ under wetland. Fourth, we rank all land use
categories under each installation by area, such that the land use with the greatest area gets the highest rank. We
drop all land use categories but the ones with the highest rank to obtain exactly one land use per installation in the
following four major categories: commercial, farm, forest, and landfill.
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swimming pool). The data include 2,095,835 property transactions from January 2005 to June
2019 in the states of RI and MA. Houses with missing observations for sales price, bedrooms,
full bathrooms, and half bathrooms are dropped. We also drop groups of single-family residential
properties with the same latitudes and longitudes, but different addresses. Sales prices are
adjusted to 2019 levels using the Northeast regional housing Consumer Price Index from Bureau
of Labor Statistics. After dropping transactions with prices of $100 or less, since these are clearly
not arms-length transactions, we drop transactions in the bottom and top 5% of the sales price
distribution to get rid of outliers. Further, we drop observations that have more than four stories,
six bedrooms, five full bathrooms, or three half bathrooms. Houses that underwent major
reconstruction are dropped since they may have different attributes in previous transactions. We
exclude homes that sell before they were built, as there is evidence these are lot sales without
improved property. We also drop single-family residential properties with lot sizes larger than 10
acres, since large plots could be potential sites for solar development and price impacts of nearby
solar could be completely different. Condominiums are assigned a lot size value of zero acres
and are identified with an indicator variable. The subjective condition of properties is defined by
a dummy variable equal to 1 indicating above average condition.
Similar to prior land use, we hypothesize that existing development in areas surrounding
solar arrays may impact property prices. Many rural areas pride themselves on their rural
character and residents seek out that type of bucolic setting. Hence, construction of solar
installations could be seen as an industrialization of the landscape and may cause larger negative
impacts on property values. We proxy for rural character with municipality-level population
density, which comes from the 2010 Census. We define an indicator variable 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, which

equals one if the town has a population density of 850 people per square mile or fewer. We chose
this cutoff because 850 is the average population density of MA, which forms the bulk of the
observations in our dataset, and, at this cutoff, almost a third of the properties and 60% of the
solar installations are classified as rural, which we believe are reasonable proportions. However,
we examine different cutoffs in the appendix. It is important to note non-rural properties should
not be thought of as urban, but more suburban. Very few utility-scale solar developments are
built in urban areas as there is just not space.
To build our main dataset, we spatially merge the solar data with the property dataset. We
match every property to the nearest eventual site of solar development to infer proximity. We
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only include transactions occurring within three miles of any eventual solar installation to
increase similarities in observable and unobservable characteristics for sample properties. For
properties lying within three miles of two installations, we keep only those that transacted before
both installations were built and those that transacted after both were constructed. This ensures
cleaner identification of the pre-construction and post-construction periods in our model.
The final, composite dataset includes 419,258 property transactions representing 284,364
unique properties around 208 solar installations. Figure 3 shows the number of transactions by
distance to nearest solar installation. We have roughly 18,000 transactions within half a mile, and
71,337 transactions within one mile of a solar installation. This is far more compared to many
prior studies measuring externalities of wind energy, and it enables precise estimation of any
effect that may be present. Further, 27.43% of transactions occur post-construction and 17.27%
of the post-construction observations are within one mile. 6

4 METHODS
We use the difference-in-differences (DID) method in the hedonic framework to analyze
the causal impact of solar installations on housing prices. We compare treated properties located
near large-scale solar installations to similar control properties that are further away from such
installations. The treated properties are defined as those that lie within some distance d of a solar
site, and control properties are greater than distance d (and less than three miles). Our basic
empirical specification is:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝛽𝛽1 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 + 𝛽𝛽2 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛽𝛽3 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 ) + 𝛾𝛾𝑋𝑋𝑖𝑖𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖

(2)

Where 𝑃𝑃𝑖𝑖𝑖𝑖 is the log sales price of house 𝑖𝑖 at time 𝑡𝑡. 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 is a dummy variable equal to 1 if a
house is in the treatment group and 0 otherwise, 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 is an indicator for post-treatment, which
equals 1 if a house sells after the construction of the nearest solar installation, 𝑋𝑋𝑖𝑖𝑖𝑖 is a vector of

housing variables (bedrooms, bathrooms, etc.), as well as census block fixed effects and monthyear fixed effects. Month-year fixed effects capture macroeconomic trends that affect the entire
region that could be correlated with solar development trends. Block fixed effects account for
location-specific unobservable heterogeneity that could be correlated with solar development.
Lastly, 𝜖𝜖𝑖𝑖𝑖𝑖 is the error term. 𝛽𝛽1 is the pre-treatment price difference between treated and control
6

Figure A3 in the online appendix presents the number of post-construction transactions by distance bin.
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houses, and 𝛽𝛽2 is the price difference between control properties, before and after treatment. The
coefficient of interest is 𝛽𝛽3, which is the differential price change from before to after solar
development for treated properties relative to control properties.

In addition, we also estimate repeat sales models that include property fixed effects:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝛽𝛽2 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛽𝛽3 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 ) + 𝛾𝛾𝑋𝑋𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖

(3)

This model uses only within-property variation to identify 𝛽𝛽3, and thus controls for time-

invariant unobservables at the property level. In this specification, 𝑋𝑋𝑖𝑖𝑖𝑖 only includes temporal

fixed effects, as other housing variables are time-invariant. In addition to this specification, we
also estimate a model that adds county-year fixed effects, which allows for different countyspecific trends in the housing market. Across all specifications, our preferred model includes
property, month-year, and county-year fixed effects, as it best controls for unobservable
determinants of price and most flexibly controls for regional price trends, both of which could be
correlated with solar development. In all models, we cluster standard errors at the census tract
level to allow for correlated errors within a larger area.
Since the extent of treatment is unknown, we first seek to empirically identify d, the
distance up to which the effects of constructing a solar installation persist, and this will define
the boundary for our treatment group. Following similar strategies as Davis (2011),
Muehlenbachs et al. (2015), and Boslett et al. (2019), we estimate a series of DID models similar
to our preferred specification, except with treatment defined by successive tenth-mile increments
and control always being 2-3 miles. Figure 4 plots the estimates for each tenth-mile increment
ranging from zero to two miles; each point and confidence interval represents a separate
regression. Results indicate large, negative impacts for houses within 0.1 mile, but with large
standard errors. Point estimates bounce around some, but more or less show effects diminishing
with distance as expected. Beyond one mile, all estimates are statistically insignificant. Given
this evidence, in all future specifications, we define the treatment group to be within one mile
and the control group to be 1-3 miles.
We extend the analysis to investigate heterogeneity in treatment effect in multiple ways.
First, we estimate a model that allows for heterogeneity in the impact based on distance. We
identified treatment extending to one mile with Figure 4, but Figure 4 also suggests that
treatment effects could be substantially larger within 0.1 mile. To explore this possibility more
formally, we develop a model that defines multiple distance bands. The first (outermost) band
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represents control properties located two to three miles away from the nearest solar installation
(per usual). The second (outer-middle) band includes treated properties located 1 – 2 miles from
the nearest solar installation. The third (middle) band includes treated properties located 0.5 – 1
mile from the nearest solar installation. The fourth (inner-middle) band includes treated
properties located 0.1 – 0.5 miles from the nearest solar installation. Finally, the fifth (innermost)
band consists of treated properties within a distance of 0.1 mile from the closest installation. Our
specification is:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝛽𝛽2 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + ∑5𝑘𝑘=2 𝛽𝛽3𝑘𝑘 �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑘𝑘 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 � + 𝛾𝛾𝑋𝑋𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖

(4)

where 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑘𝑘 is a dummy variable equal to 1 if a property 𝑖𝑖 lies within the 𝑘𝑘 𝑡𝑡ℎ distance band. 𝑃𝑃𝑖𝑖𝑖𝑖 ,

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 , 𝑋𝑋𝑖𝑖𝑖𝑖 , and 𝛼𝛼𝑖𝑖 are as defined in Equation 3. Our coefficients of interest are 𝛽𝛽3𝑘𝑘 , which are the
differential changes in property prices from before to after the construction of solar installations,

for homes in distance band 𝑘𝑘, compared to changes in property values of control houses (lying in
distance band 1).

Second, we investigate heterogeneity in treatment effect by two more characteristics: prior
land use and rural character. This is done by a triple difference analysis in which we interact the
treatment effect term in Equation 3 with a variable for our characteristic of interest. The
specifications are as follow:
𝑃𝑃𝑖𝑖𝑖𝑖 = 𝛽𝛽2 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛽𝛽3 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 ) + 𝛽𝛽4 (𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑𝑖𝑖 )
+𝛽𝛽5 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑𝑖𝑖 ) + 𝛾𝛾𝑋𝑋𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖

(5)

𝑃𝑃𝑖𝑖𝑖𝑖 = 𝛽𝛽2 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛽𝛽3 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 ) + 𝛽𝛽4 (𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖 )
+𝛽𝛽5 (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑𝑖𝑖 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖 ) + 𝛾𝛾𝑋𝑋𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖

(6)

where 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑑𝑑𝑖𝑖 is an indicator variable equal to 1 if a property is located within the vicinity

of a solar installation that was built on land that was formerly a farm or forest, and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖 is an
indicator variable equal to 1 if property 𝑖𝑖 lies in a town with a population density of 850 people
per square mile or fewer.

Our coefficients of interest in Equations 5 and 6 are 𝛽𝛽3 and 𝛽𝛽5. 𝛽𝛽5 is interpreted as the

difference in price impacts for greenfields relative to non-greenfield sites (Eq. 5) and the

difference in price impacts for homes in rural areas relative to non-rural ones (Eq. 6). In Equation
5, we expect 𝛽𝛽5 to be negative. We hypothesize that developments on farm and forest lands will
lead to larger negative impacts on housing prices due to the more dramatic change in landscape
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compared to a commercial site or landfill and the loss of open space amenities. We also expect a
negative sign on 𝛽𝛽5 in Equation 6, reflecting a loss in the rural character of a town due to the
construction of solar installations.

Intuition would suggest a positive correlation between 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, which

indeed plays out in the data. To try to separate the effects and test for multiplicative effects, we
estimate a quadruple difference model that includes both 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 fully interacted
with 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.

4.1 Summary statistics and assumptions
Having defined treatment and control, we now evaluate the comparability of those
groups. The summary statistics for key variables are given in Table 1. The first column
represents the mean values of our full sample. The mean sales price is $338,320. The average
property in our data has a lot size of half an acre, has living area of just under 3000 square feet,
approximately 3 bedrooms, and is about 49 years old. About 21% of the properties are
condominiums, 45% are located within 3 miles of a greenfield development, and 34% are rural.
The second and third columns in Table 1 compare pre-treatment housing attribute means
between the 0 – 1 miles (treated) and 1 – 3 miles (control) observations to examine similarity
between the treatment and control groups. In the last column, we report the normalized
differences in means, which is the difference in means between the treatment and control groups
divided by the square root of the sum of their variances. None of the covariates have a
normalized difference exceeding 0.25, which is the limit beyond which the difference in means
becomes substantial.
The critical assumption for the DID design to yield causal estimates is the parallel trends
assumption, which requires that the treatment and control properties have the same trend in
outcomes if treatment did not occur. A common way of assessing the plausibility of this
assumption is to examine pre-treatment trends in sales prices for the treatment and control
groups. In Figure 5 we plot pre-treatment average sales prices of treatment and control groups up
to 2010, which is the year in which the first solar installations were constructed. The price trends
are similar for both groups, thus boosting our confidence that the assumption holds, and the
control group serves as a good counterfactual.
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5 RESULTS
5.1 Main results
We present our main results in Table 2. Column 1 results are obtained from estimating
Equation 2, which includes housing covariates (described in detail in the notes of the table),
census block fixed effects, and month-year fixed effects. Columns 2 and 3 are results obtained
from estimating repeat sales models described by Equation 3. Both columns include month-year
fixed effects, and Column 3 additionally includes county-year fixed effects. The coefficient on
Treated is insignificant in Column 1 suggesting that, controlling for housing characteristics and
spatial and temporal fixed effects, treated properties are not statistically significantly different
from control properties pre-construction. The DID coefficient of interest ranges between -0.016
to -0.026 and is statistically significantly different from zero across all models. Our preferred
specification is Column 3 which includes property, month-year, and county-year fixed effects.
This model indicates that on average, houses lying within one mile of solar installations sell for
1.7% less post construction relative to properties further away, all else equal. This finding
confirms our hypothesis that nearby solar installations are a disamenity.
We convert the percentage reduction to dollars by multiplying the coefficient and the
average property price for treated properties prior to construction ($327,700), which equals
$5,571. Assuming capitalization can be converted to a welfare measure in this context (see
Kuminoff & Pope, 2014), we can then translate this price discount into an annual willingness to
pay for avoiding proximity to solar. Assuming a 5% interest rate, average annual willingness to
pay is $279 per household.
There are no other property value studies of solar arrays for us to compare our estimates
to. To date, Botelho et al. (2017) is the only study to examine the negative externalities from
large-scale solar facilities. Using a contingent valuation framework, they find that local residents
in Portugal are willing to accept $12.93 – $56.64 per month on average as compensation for
being in the vicinity of solar installations. While their methods are different and vicinity is
defined differently, their results are consistent with ours ($25.17/month). In addition, Botelho et
al. conduct a discrete choice experiment to delve into aspects of siting that drive the disamenity
and estimate that respondents are willing to pay $8.65, $7.57, and $5.15 per month to avoid
negative impacts on flora and fauna, landscape, and glare effects, respectively. Second, we
extend the hedonic valuation literature on renewable energy to include large-scale solar.
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First, we provide the first estimates of the non-market valuation of large-scale solar
installation externalities in the United States.

5.2 Robustness checks
In Table 3 we present results from a series of robustness checks to ensure that the results
from our preferred model are consistent to alternative data samples. In Column 1 we drop all
observations with sales prices in the top and bottom 1% of the distribution (as opposed to 5% in
the main sample) to assess whether the results are robust to including more high and low value
properties. In Column 2 we restrict the sample to include only properties with a lot size of 5
acres or lesser, decreasing the maximum from 10 acres in our main sample. While it is unlikely
that a solar array would be sited on a parcel of 5 – 10 acres, it is possible and so these properties
may appreciate based on expectations of possible lease payments. Column 3 excludes all
condominiums from the sample. Column 4 includes all 284 solar installations from our full
sample, which means properties could be exposed to multiple treatments. Columns 5 and 6
explore different amounts of land required per MW of installed capacity, 4 acres in Column 5,
and 6 acres in Column 6. By contracting and expanding the assumed size of installations, the set
of properties that are designated as treatment control is altered. Across all columns, our
coefficient of interest is statistically significant and the magnitude ranges between -0.014
to -0.017. In sum, we find that our results are robust across all specifications.

5.3 Heterogeneity in treatment effect
In Table 4, we examine the heterogeneity in treatment effect by three characteristics:
proximity to solar installations, prior land use, and rural character of towns. Each panel
represents a different regression and all panels include property fixed effects, month-year fixed
effects, and county-year fixed effects.
In Panel A, we estimate the model described by Equation 4 that allows for heterogeneity
in the impact on prices based on distance. The coefficient on the 1 – 2 miles band is statistically
insignificant, which is congruent with our assumption that treatment effects do not persist
beyond 1 mile. The coefficients on the 0.1 – 0.5 miles and 0.5 – 1 mile bands are significant and
similar magnitude to the main results. The coefficient on the 0 – 0.1 mile band is -0.070, which is
4 times larger in magnitude than the 0.1 – 0.5 miles and 0.5 – 1 mile bands, though only
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significant at the 10% level. This suggests that property prices for homes lying within 0.1 mile
from a solar installation fall by 7.0% ($23,682) post-construction, compared to houses further
away. These results suggest extremely large disamenities for properties in very close proximity.
In Panel B, we provide estimates from the model described by Equation 5 where we
explore heterogeneity by prior land use. The triple-interaction coefficient of interest is negative
as expected, and implies that farm and forest lands that are developed into solar arrays decrease
property values 0.8% more than brownfields and industrial areas. However, this coefficient is
statistically insignificant, meaning the differential impact is imprecise and could even be zero.
In Panel C, we examine heterogeneity by rural character of towns and report the
coefficients from the specification defined in Equation 6. The coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is

larger in magnitude (-0.024) than the main results. The coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

is essentially the same magnitude as the coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, but the opposite sign.

Taken together, these results suggest that the treatment effect in rural areas is effectively zero (a
statistically insignificant 0.1%), and that the negative externalities of solar arrays are only
occurring in non-rural areas. These findings go against our intuition. One possibility is that land
is abundant in rural areas, so the development of some land into solar does little to impact
scarcity, whereas in non-rural areas it makes a noticeable impact. A second possibility is that
there are unobserved visibility differences across sites. If visibility is a key driver of negative
impacts and installations in rural locations are less visible on average (due to land abundance for
vegetative buffers), then this could produce the results observed.
In Panel D we further explore heterogeneity by land use and rural character. This is done
by estimating a quadruple difference model that interacts the treatment effect term in Equation 2
with both the 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 indicator variables. 7 The coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃,
which represents the effect of non-greenfield solar arrays in non-rural areas is -0.014, which is
slightly smaller than the overall average effect observed in Table 2, but is also imprecisely
estimated. The coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, which applies to greenfield sites

in non-rural areas, is -0.036 and is statistically significant. This suggests a large additional effect
of greenfield sites in non-rural areas relative to non-greenfield sites, and a total effect of -5.0%.

7

Tables A2-A4 in the online appendix examine the robustness of the results presented in Table 4, including different
regression specifications and different population density cutoff values that define 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅. The results are broadly
consistent with the findings presented.
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The coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, which applies to non-greenfield sites in rural

areas, is 0.002 and is statistically insignificant. This suggests no statistical difference between the
property value effect of non-greenfield sites in rural versus non-rural areas. Lastly, the
coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅, which applies to greenfield sites in

rural areas, is 0.056 and is statistically significant. This indicates a counter-effect to the negatives
seen for 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, and the total effect for greenfield
sites in rural areas is a positive 0.008. The total effect is statistically indistinguishable from zero.
Taken together, the results of Panel D suggest that the overall negative effects of solar arrays on
nearby property values are driven by greenfield sites in non-rural areas. Similar developments on
farm and forest lands in rural areas have no impact on nearby properties. These findings are
consistent with the ideas that greenfield developments cause greater externalities, given the dual
loss of open space amenities and gain of industrial disamenities, but that effect hinges on the
scarcity of open space.
In the online appendix, we also present results that test for heterogeneity by size of
installation and time since construction (see Tables A5 and A6). In both cases we find no
evidence of differential property value impacts by size and by time.

6 CONCLUSION
This paper estimates the valuation of externalities associated with nearby utility-scale
solar installations using revealed preferences from the property market. Using the DID empirical
technique, we estimate regression models with treatment and control groups defined by distance
to the nearest solar installation. We observe 71,337 housing transactions occurring within one
mile (treated group), and 347,921 transactions between one to three miles (control croup) of 208
solar installations in MA and RI.
Our preferred model suggests that property values in the treatment group decline by 1.7%
($5,751) on average compared to those in the control group after the construction of a nearby
solar installation, all else equal. This translates to an annual willingness to pay of $279 per
household to avoid disamenities associated with proximity to the installations. However, this
average effect obscures heterogeneity. We find substantially larger negative effects for properties
within 0.1 miles and properties surrounding solar sites built on farm and forest lands in non-rural
areas.
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While a full cost-benefit analysis of solar arrays is beyond the scope of this paper,
because we do not know anything about consumer and producer surplus, we can still compare
the negative local externalities to the global benefits of carbon mitigation to gain a more holistic
understanding of local opposition. 8 We therefore conduct the following back-of-the-envelope
calculations. On the cost side, we first consider the point estimate from our preferred
specification which translates to a loss of $5,751 per household for treated homes close to solar
installations. Our complete sample (prior to any data cuts) consists of 289,254 unique properties
located within 1 mile of all solar installations in the dataset. Put together, we estimate a net loss
of $1.66 billion in aggregate housing value due to proximate solar installations in MA and RI.
To quantify the benefits from solar installations, we first calculate net generation from
solar installations. Assuming a capacity factor of 16.5%, the 817 MW of installed solar capacity
in MA and RI generates is 1,180,892 MWh (megawatt hours) of electricity per year. 9 Current
non-renewable generation in MA and RI comes almost entirely from natural gas. According to
the EIA, 0.42 mt (metric tons) of CO2 are emitted from each MWh of electricity that is generated
from natural gas, implying that a total of 495,975 mt of CO2 are abated annually from solar
energy generation. Assuming that an average solar installation lasts 30 years, we estimate 14.88
million mt of CO2 are abated in their entire life-span. The EPA (Environmental Protection
Agency) estimates a social cost of $51.80 per metric ton of CO2, which translates to $771 million
in lifetime benefits from the production of energy from solar installations (US EPA). We find
that, considering only externalities, the benefit-cost ratio is 0.46, with a net loss of $893 million.
However, we caution against generalizing the benefit-cost findings to other regions in the
United States for two main reasons. First, over 90% of the energy generated in MA and RI
comes from natural gas, which emits only half as much CO2 as coal. It is possible for benefits to
outweigh the costs in states where coal dominates the fuel mix for electricity generation. Second,
MA and RI are the 3rd and the 2nd most densely populates states in the country, respectively,
which makes the siting of solar installations away from residential areas a herculean task.
Careful siting of installations in states that have large tracts of open land available and around
sparsely populated regions may allow for more favorable cost-benefit ratios.

8

To be sure, significant amounts of money are part of the market transactions. A developer quoted us that they offer
landowners $15-20,000 per MW per year of installed capacity. It is unknown how much is profit and whether some
portion of that could be used to compensate proximate households.
9
𝑁𝑁𝑁𝑁𝑁𝑁 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 (𝑀𝑀𝑀𝑀ℎ) = % 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 365 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × 24 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 × 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑀𝑀𝑀𝑀)
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The demographic and geographical differences across states have implications for their
respective RPS goals. For densely populated New England states with ambitious RPS targets,
wind energy may be the better choice. Onshore wind turbines require a fraction of the land area
per MW of installed capacity compared to solar, while offshore turbines require none.
Furthermore, unlike solar installations, wind turbines in the United States (both onshore and
offshore), have been found to have no disamenities associated with their proximity (Carr-Harris
& Lang, 2019; Hoen et al., 2011, 2015; Hoen & Atkinson-Palombo, 2016; Lang et al., 2014).
Moving forward, states should customize plans to meet renewable energy targets that work best
with their respective geographies.

20
OEC Comment Exhibit C (21 )

REFERENCES
Anderson, S. T., & West, S. E. (2006). Open space, residential property values, and spatial
context. Regional Science and Urban Economics, 36(6), 773–789.
https://doi.org/10.1016/j.regsciurbeco.2006.03.007
Bajari, P., Fruehwirth, J. C., Kim, K. il, & Timmins, C. (2012). A Rational Expectations
Approach to Hedonic Price Regressions with Time-Varying Unobserved Product
Attributes: The Price of Pollution. American Economic Review, 102(5), 1898–1926.
https://doi.org/10.1257/aer.102.5.1898
Bates, A., & Firestone, J. (2015). A comparative assessment of proposed offshore wind power
demonstration projects in the United States. Energy Research & Social Science, 10, 192–
205. https://doi.org/10.1016/j.erss.2015.07.007
Bayer, P., Keohane, N., & Timmins, C. (2009). Migration and hedonic valuation: The case of air
quality. Journal of Environmental Economics and Management, 58(1), 1–14.
https://doi.org/10.1016/j.jeem.2008.08.004
Bento, A., Freedman, M., & Lang, C. (2014). Who Benefits from Environmental Regulation?
Evidence from the Clean Air Act Amendments. The Review of Economics and Statistics,
97(3), 610–622. https://doi.org/10.1162/REST_a_00493
Bishop, K. C., Kuminoff, N. V., Banzhaf, H. S., & Boyle, K. J. (2019). Best Practices in Using
Hedonic Property Value Models for Welfare Measurement. Review of Environmental
Economics and Policy, 43.
Black, K. J. (2018). Wide open spaces: Estimating the willingness to pay for adjacent preserved
open space. Regional Science and Urban Economics, 71, 110–121.
https://doi.org/10.1016/j.regsciurbeco.2018.06.001
Boslett, A., Guilfoos, T., & Lang, C. (2016). Valuation of expectations: A hedonic study of shale
gas development and New York’s moratorium. Journal of Environmental Economics and
Management, 77, 14–30. https://doi.org/10.1016/j.jeem.2015.12.003
Boslett, A., Guilfoos, T., & Lang, C. (2019). Valuation of the External Costs of Unconventional
Oil and Gas Development: The Critical Importance of Mineral Rights Ownership.
Journal of the Association of Environmental and Resource Economists, 6(3), 531–561.
https://doi.org/10.1086/702540
Botelho, A., Lourenço-Gomes, L., Pinto, L., Sousa, S., & Valente, M. (2017). Accounting for
local impacts of photovoltaic farms: The application of two stated preferences approaches
to a case-study in Portugal. Energy Policy, 109, 191–198.
https://doi.org/10.1016/j.enpol.2017.06.065
Carlisle, J. E., Kane, S. L., Solan, D., Bowman, M., & Joe, J. C. (2015). Public attitudes
regarding large-scale solar energy development in the U.S. Renewable and Sustainable
Energy Reviews, 48, 835–847. https://doi.org/10.1016/j.rser.2015.04.047
Carlisle, J. E., Kane, S. L., Solan, D., & Joe, J. C. (2014). Support for solar energy: Examining
sense of place and utility-scale development in California. Energy Research & Social
Science, 3, 124–130. https://doi.org/10.1016/j.erss.2014.07.006
Carr-Harris, A., & Lang, C. (2019). Sustainability and tourism: The effect of the United States’
first offshore wind farm on the vacation rental market. Resource and Energy Economics,
57, 51–67. https://doi.org/10.1016/j.reseneeco.2019.04.003
Chay, K. Y., & Greenstone, M. (2005). Does Air Quality Matter? Evidence from the Housing
Market. Journal of Political Economy, 113(2), 376–424. https://doi.org/10.1086/427462

21
OEC Comment Exhibit C (22 )

Dastrup, S. R., Graff Zivin, J., Costa, D. L., & Kahn, M. E. (2012). Understanding the Solar
Home price premium: Electricity generation and “Green” social status. European
Economic Review, 56(5), 961–973. https://doi.org/10.1016/j.euroecorev.2012.02.006
Davis, L. W. (2011). THE EFFECT OF POWER PLANTS ON LOCAL HOUSING VALUES
AND RENTS. The Review of Economics and Statistics, 93(4), 1391–1402.
Denholm, P., & Margolis, R. M. (2008). Land-use requirements and the per-capita solar footprint
for photovoltaic generation in the United States. Energy Policy, 36(9), 3531–3543.
https://doi.org/10.1016/j.enpol.2008.05.035
Dröes, M. I., & Koster, H. R. A. (2016). Renewable energy and negative externalities: The effect
of wind turbines on house prices. Journal of Urban Economics, 96, 121–141.
https://doi.org/10.1016/j.jue.2016.09.001
EIA - Annual Energy Outlook 2018. (2018, July 17). https://www.eia.gov/outlooks/aeo/
EIA International Energy Outlook. (2019). https://www.eia.gov/outlooks/ieo/
Farhar, B. C. (1994). Trends in US Public Perceptions and Preferences on Energy and
Environmental Policy. Annual Review of Energy and the Environment, 19(1), 211–239.
https://doi.org/10.1146/annurev.eg.19.110194.001235
Farhar, B. C., Hunter, L. M., Kirkland, T. M., & Tierney, K. J. (2010). Community Response to
Concentrating Solar Power in the San Luis Valley: October 9, 2008 - March 31, 2010
(NREL/SR-550-48041). National Renewable Energy Lab. (NREL), Golden, CO (United
States). https://doi.org/10.2172/983406
Firestone, J., Bidwell, D., Gardner, M., & Knapp, L. (2018). Wind in the sails or choppy seas?:
People-place relations, aesthetics and public support for the United States’ first offshore
wind project. Energy Research & Social Science, 40, 232–243.
https://doi.org/10.1016/j.erss.2018.02.017
Gawande, K., & Jenkins-Smith, H. (2001). Nuclear Waste Transport and Residential Property
Values: Estimating the Effects of Perceived Risks. Journal of Environmental Economics
and Management, 42(2), 207–233. https://doi.org/10.1006/jeem.2000.1155
Geoghegan, J., Wainger, L. A., & Bockstael, N. E. (1997). Spatial landscape indices in a hedonic
framework: An ecological economics analysis using GIS. Ecological Economics, 23(3),
251–264. https://doi.org/10.1016/S0921-8009(97)00583-1
Gibbons, S. (2015). Gone with the wind: Valuing the visual impacts of wind turbines through
house prices. Journal of Environmental Economics and Management, 72, 177–196.
https://doi.org/10.1016/j.jeem.2015.04.006
Gopalakrishnan, S., & Klaiber, H. A. (2014). Is the Shale Energy Boom a Bust for Nearby
Residents? Evidence from Housing Values in Pennsylvania. American Journal of
Agricultural Economics, 96(1), 43–66. https://doi.org/10.1093/ajae/aat065
Grainger, C. A. (2012). The distributional effects of pollution regulations: Do renters fully pay
for cleaner air? Journal of Public Economics, 96(9), 840–852.
https://doi.org/10.1016/j.jpubeco.2012.06.006
Greenberg, M. (2009). Energy sources, public policy, and public preferences: Analysis of US
national and site-specific data. Energy Policy, 37(8), 3242–3249.
https://doi.org/10.1016/j.enpol.2009.04.020
Gross, S. (2020). Renewables, land use, and local opposition in the United States (p. 24). The
Brookings Institution. https://docs.windwatch.org/FP_20200113_renewables_land_use_local_opposition_gross.pdf

22
OEC Comment Exhibit C (23 )

Hamilton, S. W., & Schwann, G. M. (1995). Do High Voltage Electric Transmission Lines
Affect Property Value? Land Economics, 71(4), 436–444. JSTOR.
https://doi.org/10.2307/3146709
Haninger, K., Ma, L., & Timmins, C. (2017). The Value of Brownfield Remediation. Journal of
the Association of Environmental and Resource Economists, 4(1), 197–241.
https://doi.org/10.1086/689743
Hoen, B., & Atkinson-Palombo, C. (2016). Wind Turbines, Amenities and Disamenitites: Astudy
of Home Value Impacts in Densely Populated Massachusetts. Journal of Real Estate
Research, 38(4), 473–504. https://doi.org/10.5555/0896-5803-38.4.473
Hoen, B., Brown, J. P., Jackson, T., Thayer, M. A., Wiser, R., & Cappers, P. (2015). Spatial
Hedonic Analysis of the Effects of US Wind Energy Facilities on Surrounding Property
Values. The Journal of Real Estate Finance and Economics, 51(1), 22–51.
https://doi.org/10.1007/s11146-014-9477-9
Hoen, B., Firestone, J., Rand, J., Elliott, D., Hübner, G., Pohl, J., Wiser, R., Lantz, E., Haac, R.,
& Kaliski, K. (2019). Attitudes of U.S. Wind Turbine Neighbors: Analysis of a
Nationwide Survey. Energy Policy, 134. https://doi.org/10.1016/j.enpol.2019.110981
Hoen, B., Wiser, R., Cappers, P., Thayer, M., & Sethi, G. (2011). Wind Energy Facilities and
Residential Properties: The Effect of Proximity and View on Sales Prices. Journal of
Real Estate Research, 33(3), 279–316.
https://doi.org/10.5555/rees.33.3.16133472w8338613
Hoen, B., Wiser, R., Thayer, M., & Cappers, P. (2012). Residential Photovoltaic Energy Systems
in California: The Effect on Home Sales Prices. Contemporary Economic Policy, 31(4),
708–718. https://doi.org/10.1111/j.1465-7287.2012.00340.x
Irwin, E. G. (2002). The Effects of Open Space on Residential Property Values. Land
Economics, 78(4), 465–480. https://doi.org/10.2307/3146847
Jacobe, D. (2013, March 27). Americans Want More Emphasis on Solar, Wind, Natural Gas.
Gallup.Com. https://news.gallup.com/poll/161519/americans-emphasis-solar-windnatural-gas.aspx
Jensen, C. U., Panduro, T. E., Lundhede, T. H., Nielsen, A. S. E., Dalsgaard, M., & Thorsen, B.
J. (2018). The impact of on-shore and off-shore wind turbine farms on property prices.
Energy Policy, 116, 50–59. https://doi.org/10.1016/j.enpol.2018.01.046
Krohn, S., & Damborg, S. (1999). On public attitudes towards wind power. Renewable Energy,
16(1), 954–960. https://doi.org/10.1016/S0960-1481(98)00339-5
Kuffner, A. (2018, March 16). Worry over solar sprawl spreads across Rhode Island.
Providencejournal.Com. https://www.providencejournal.com/news/20180316/worryover-solar-sprawl-spreads-across-rhode-island
Kuminoff, N. V., & Pope, J. C. (2014). Do “Capitalization Effects” for Public Goods Reveal the
Public’s Willingness to Pay? International Economic Review, 55(4), 1227–1250.
https://doi.org/10.1111/iere.12088
Lang, C. (2015). The dynamics of house price responsiveness and locational sorting: Evidence
from air quality changes. Regional Science and Urban Economics, 52, 71–82.
https://doi.org/10.1016/j.regsciurbeco.2015.02.005
Lang, C. (2018). Assessing the efficiency of local open space provision. Journal of Public
Economics, 158, 12–24. https://doi.org/10.1016/j.jpubeco.2017.12.007

23
OEC Comment Exhibit C (24 )

Lang, C., & Cavanagh, P. (2018). Incomplete Information and Adverse Impacts of
Environmental Cleanup. Land Economics, 94(3), 386–404.
https://doi.org/10.3368/le.94.3.386
Lang, C., Opaluch, J. J., & Sfinarolakis, G. (2014). The windy city: Property value impacts of
wind turbines in an urban setting. Energy Economics, 44, 413–421.
https://doi.org/10.1016/j.eneco.2014.05.010
Lovich, J. E., & Ennen, J. R. (2011). Wildlife Conservation and Solar Energy Development in
the Desert Southwest, United States. BioScience, 61(12), 982–992.
https://doi.org/10.1525/bio.2011.61.12.8
Ma, C., Polyakov, M., & Pandit, R. (2016). Capitalisation of residential solar photovoltaic
systems in Western Australia. Australian Journal of Agricultural and Resource
Economics, 60(3), 366–385. https://doi.org/10.1111/1467-8489.12126
Ma, L. (2019). Learning in a Hedonic Framework: Valuing Brownfield Remediation.
International Economic Review, 60(3), 1355–1387. https://doi.org/10.1111/iere.12389
Muehlenbachs, L., Spiller, E., & Timmins, C. (2015). The Housing Market Impacts of Shale Gas
Development. American Economic Review, 105(12), 3633–3659.
https://doi.org/10.1257/aer.20140079
Naylor, D. (2019, October 16). West Greenwich residents air concerns over proposed solar
project. Providencejournal.Com.
https://www.providencejournal.com/news/20191016/west-greenwich-residents-airconcerns-over-proposed-solar-project
Ong, S., Campbell, C., Denholm, P., Margolis, R., & Heath, G. (2013). Land-Use Requirements
for Solar Power Plants in the United States (NREL/TP-6A20-56290, 1086349).
https://doi.org/10.2172/1086349
Perea, A., Smith, C., Davis, M., Sun, X., White, B., Cox, M., Curtin, G., Rumery, S., Holm, A.,
Goldstein, R., & Baca, J. (2020). U.S. Solar Market Insight Executive summary. Wood
Mackenzie and Solar Energy Industries Association.
Pew Research Center. (2019, November 25). U.S. Public Views on Climate and Energy.
https://www.pewresearch.org/science/2019/11/25/u-s-public-views-on-climate-andenergy/
Qiu, Y., Wang, Y. D., & Wang, J. (2017). Soak up the sun: Impact of solar energy systems on
residential home values in Arizona. Energy Economics, 66, 328–336.
https://doi.org/10.1016/j.eneco.2017.07.001
Ridker, R. G., & Henning, J. A. (1967). The Determinants of Residential Property Values with
Special Reference to Air Pollution. The Review of Economics and Statistics, 49(2), 246–
257. JSTOR. https://doi.org/10.2307/1928231
Rosen, S. (1974). Hedonic Prices and Implicit Markets: Product Differentiation in Pure
Competition. Journal of Political Economy, 82(1), 34–55. https://doi.org/10.1086/260169
Sunak, Y., & Madlener, R. (2016). The impact of wind farm visibility on property values: A
spatial difference-in-differences analysis. Energy Economics, 55, 79–91.
https://doi.org/10.1016/j.eneco.2015.12.025
Tanaka, S., & Zabel, J. (2018). Valuing nuclear energy risk: Evidence from the impact of the
Fukushima crisis on U.S. house prices. Journal of Environmental Economics and
Management, 88, 411–426. https://doi.org/10.1016/j.jeem.2017.12.005

24
OEC Comment Exhibit C (25 )

Trainor, A. M., McDonald, R. I., & Fargione, J. (2016). Energy Sprawl Is the Largest Driver of
Land Use Change in United States. PLOS ONE, 11(9), e0162269.
https://doi.org/10.1371/journal.pone.0162269
U.S. Energy Information Administration (EIA). (n.d.). Retrieved June 24, 2020, from
https://www.eia.gov/energyexplained/electricity/electricity-in-the-us-generation-capacityand-sales.php
US EPA. (n.d.). The Social Cost of Carbon [Reports and Assessments]. Retrieved July 9, 2020,
from /climatechange/social-cost-carbon
Vyn, R. J. (2018). Property Value Impacts of Wind Turbines and the Influence of Attitudes
toward Wind Energy. Land Economics, 94(4), 496–516.
https://doi.org/10.3368/le.94.4.496
Wee, S. (2016). The effect of residential solar photovoltaic systems on home value: A case study
of Hawai‘i. Renewable Energy, 91, 282–292.
https://doi.org/10.1016/j.renene.2016.01.059
Zabel, J. E., & Guignet, D. (2012). A hedonic analysis of the impact of LUST sites on house
prices. Resource and Energy Economics, 34(4), 549–564.
https://doi.org/10.1016/j.reseneeco.2012.05.006

25
OEC Comment Exhibit C (26 )

Figures and Tables

Figure 1: Map of solar installations across Massachusetts and Rhode Island
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Figure 3: Number of transactions by distance to nearest solar installation

Distance to closest solar installation (in miles)
Notes: These transactions occur near eventual solar installations, since the data span across the years 2005 – 2019,
and the construction of the installations is staggered throughout that time period.
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Figure 4: Distance bin coefficient estimates
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Notes: The treatment variable is defined as a bin variable, with treated properties lying within 1/10 mile distance
bands up to 2 miles. Control properties are those lying 2 – 3 miles away from the nearest solar installation. The
coefficients are obtained by estimating a series of DID models similar to Equation 2 that regresses log sales price on
1/10 mile distance bands up to 2 miles, along with month-year, county-year, and property fixed effects. Resulting
coefficients and 95% confidence intervals are graphed.
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Figure 5: Pre-treatment trends between treatment and control groups
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Notes: The graph represents all transactions occurring pre-construction. Treated are properties within one mile of an
eventual solar installation, and Control is between one and three miles. The sample size is 181,190.
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Table 1: Housing attribute means by treatment status
Variables

Full
sample

Sales price (000's)
Lot size (acres)
House area (sq. feet)
Bedrooms
Full bathrooms
Half bathrooms
Age of home (years)
Condo (1=yes)
Pool (1 = yes)
Air conditioning (1 = yes)
Fireplace number
Condition (1 = above average)
Greenfield (1 = yes)
Rural (1 = yes)
Observations

338.32
0.49
2874.92
2.91
1.56
0.52
49.23
0.21
0.04
0.43
0.41
0.26
0.45
0.34
419,258

Pre-treatment means
0 - 1 mile 1 - 3 miles
327.70
340.74
0.50
0.48
2849.70
2865.73
2.88
2.91
1.56
1.56
0.52
0.52
43.06
48.11
0.22
0.21
0.04
0.04
0.47
0.43
0.38
0.42
0.22
0.26
0.46
0.46
0.40
0.34
51,471
252,773

Normalized
difference in means
-3.11e-07
0.017
-5.83e-06
-0.027
-0.012
-0.009
-0.003
0.058
-0.027
0.121
-0.076
-0.150
0.021
0.199

Notes: Sales prices are adjusted to 2019 levels using the CPI. Normalized difference in means calculated
according to Imbens and Wooldridge (2009). Normalized differences exceeding 0.25 in absolute value are
considered statistically different.
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Table 2: Difference-in-differences estimates of the impact of solar installations on property prices
Dependent variable: Sale price (ln)
Independent variables
(1)
(2)
(3)
Treated
0.002
(0.005)
Post
0.015***
0.011**
-0.006
(0.004)
(0.005)
(0.004)
Treated × Post
-0.016***
-0.026***
-0.017***
(0.005)
(0.007)
(0.006)
Fixed Effects
Month-year
Y
Y
Y
Block
Y
Property
Y
Y
County-year
Y
Observations
419,258
231,503
231,503
2
R
0.804
0.889
0.893
Notes: Treat = 1 if a house is within 1 mile of a solar construction and Post = 1 if a house sells post-construction.
Column 1 includes the following control variables: lot size, house area, number of bedrooms, full bathrooms, half
bathrooms, and fireplaces, indicator variables for condos, the condition of the house, and for the presence of a pool
and air conditioning, capacity of installation (in MW) and greenfield. Standard errors are clustered at the tract level
and shown in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%, respectively.

32
OEC Comment Exhibit C (33 )

Table 3: Robustness checks
Dependent variable: Sale price (ln)
Independent
variables

Treated × Post
Observations
R2

Price cuts
at top and
bottom 1%
(1)
-0.015**
(0.007)
258,562
0.865

Lot size no
more than
5 acres
(2)
-0.016***
(0.006)
230,100
0.894

Drop
Condos

Keep all
1 MW = 4
installations
acres

1 MW = 6
acres

(3)
-0.014***
(0.005)
179,387

(4)
-0.017***
(0.006)
273,878

(5)
-0.016***
(0.006)
233,943

(6)
-0.017***
(0.005)
231,977

0.880

0.897

0.894

0.893

Notes: Treated = 1 if a house is within 1 mile of a solar construction, and Post = 1 if a house sells post-construction.
All specifications include property, month-year, and county-year fixed effects. Standard errors are clustered at the
tract level and shown in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%, respectively.
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Table 4: Heterogeneity of treatment effects
Independent variables
Panel A: Heterogeneity by proximity
(1 – 2 miles) × Post

Dependent variable: Sale price (ln)
-0.005
(0.005)
-0.019***
(0.007)
-0.017*
(0.009)
-0.070*
(0.038)

(0.5 – 1 mile) × Post
(0.1 – 0.5 miles) × Post
(0 – 0.1 miles) × Post
Panel B: Heterogeneity by prior land use
Treated × Post

-0.013*
(0.008)
-0.008
(0.011)

Treated × Post × Greenfield
Panel C: Heterogeneity by population density
Treated × Post

-0.024***
(0.008)
0.025**
(0.011)

Treated × Post × Rural
Panel D: Heterogeneity by population density and land use
Treated × Post
Treated × Post × Greenfield
Treated × Post × Rural
Treated × Post × Greenfield × Rural
Observations

-0.014
(0.009)
-0.036**
(0.014)
0.002
(0.017)
0.056**
(0.022)
231,503

Notes: Treated = 1 if a house is within 1 mile of a solar construction and Post =1 if a house sells post-construction. In
Panel A, (1 – 2 miles), (0.5 – 1 mile), (0.1 – 0.5 miles) and (0 – 0.1 mile) are dummy variables = 1 if properties lie
within the respective distances from the nearest solar installation, and distance bin for 2 – 3 miles is omitted.
Greenfield = 1 if the prior land use is farm or forest land, and Rural = 1 if the population density per square mile is ≤
850. Panel B includes an interaction term Post*Greenfield and Panel C includes Post*Rural. Additional interactions
included in Panel D are: Treated*Rural, Treated*Greenfield, Post*Rural, Post*Greenfield, Rural*Greenfield,
Post*Greenfield*Rural, and Treated*Rural*Greenfield. All models include month-year, county-year, and property
fixed effects. Standard errors are clustered at the tract level and shown in parentheses. *, **, and *** indicate
significance at 10%, 5%, and 1%, respectively.
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APPENDIX

This appendix provides supplemental figures and tables to our main results.
Figure A1 maps the location and capacities (in MW) of the 208 solar installations that are
included in our main results.
Figure A2 depicts the increase in new and cumulative solar capacity over time by prior land use.
Figure A3 represents the number of sample post-treatment transactions by distance to nearest
solar installation, in quarter mile intervals.
Figure A4 shows the distribution of solar installations by capacity.
Table A1 provides post-treatment means and the normalized differences in means between the
treated and control groups for key property attributes.
Table A2 assesses robustness of results presented in Table 4 of the main text. We present two
additional specifications: month-year fixed effects and block fixed effects in Column 1, and
month-year and property fixed effects in Column 2. Column 3 is the same as the results
presented in Table 4. In Panel A, we find that the large, negative coefficient found for (0 −
0.1 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is only found when property fixed effects are included. In Panels B, C, and D,
results are largely similar across columns.
Table A3 explores how different population density cutoff values that define the variable 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
affect the results presented in Panel C of Table 4 in the main paper. 850 people/square mile is the
cutoff used in the main text. The results in the first three columns (500 people/square mile, 850
people/square mile, and 1000 people/square mile) are quite consistent. The results in columns 4
and 5 (1200 people/square mile, 1500 people/square mile) are qualitatively similar to the
previous results, but the coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑥𝑥 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is smaller in magnitude and not
statistically significantly different from zero. In the final column (2000 people/square mile), the
coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑥𝑥 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is negative and statistically insignificant, and the
coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is statistically insignificant as well. The trend in results is
expected as more areas are classified as rural. Given that we find that negative property value
impacts of solar are strongest in non-rural (suburban) areas, as these places are increasingly
classified as rural, the coefficient on 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑥𝑥 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is a mixture of the zero impacts in
rural areas and the negative impacts in non-rural areas.
Table A4 explores how different population density cutoff values that define the variable 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
affect the results presented in Panel D of Table 4 in the main paper, similar to Table A3. We
specify different cutoff values of population density per square mile and report results using our
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main specification. The coefficients are consistent with the results of Panel D in Table 4, for all
cutoff values except the highest one (2000 people/square mile).
Table A5 explores heterogeneity in treatment effect by the size of the solar installations. We
define 𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 as an indicator variable = 1 if the size of the installation (in MW) is
greater than the median value in our sample (2 MW). We find no evidence of heterogeneity by
installation size, the coefficient is small and statistically insignificant, implying no additional
disamenities from solar developments larger than 2 MW. We additionally explore an alternative
specification (results not provided) where capacity is treated as a linear variable and is interacted
with 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡 . These estimates yield the same conclusion to those in Table A3. This
result indicates that the presence of utility-scale solar is a disamenity regardless of size. Given
that the smallest installations in our analysis are still quite large at five acres in size (about 3.8
football fields), it could be that there is no additional impact of size because it is difficult or even
impossible to see beyond five acres from ground level. However, one limitation of this analysis
is that the range of observed sizes is narrow. Of the 208 installations in our dataset, almost 50%
have a capacity of 2 MW or lesser, and only 13 (6%) are 5 MW or larger.
Table A6 examines heterogeneity in treatment effect by time elapsed. We split our 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 variable
into two sub-categories: 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 3 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) and 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (3 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦), where
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 3 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) is a dummy variable = 1 if a property transacts less than three years
post-construction, and 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (3 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) is a dummy variable = 1 if a property transacts
3 or more years post-construction. We interact both variables with 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, and find that both
coefficients are significant and almost equal across the board, implying no change in the effect
over time.
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Figure A1: Map of solar installations at least 1 mile apart across Massachusetts and Rhode Island
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Notes: These transactions occur near eventual solar installations, since the data span across the years 2005 – 2019,
and the construction of the installations is staggered throughout that time period.
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Table A1: Housing attribute means by treatment status, post construction
Variable
Price (000's)
Lot size (acres)
House area (sq. feet)
Bedrooms
Full bathrooms
Half bathrooms
Age of home (years)
Condo (1=yes)
Pool (1 = yes)
Air conditioning (1 = yes)
Fireplace number
Condition (1 = above average)
Greenfield (1 = yes)
Rural (1 = yes)
Observations

Post-treatment means
0 - 1 mile 1 - 3 miles
321.02
341.25
0.48
0.50
2872.97
2913.40
2.90
2.93
1.56
1.57
0.53
0.53
52.17
54.95
0.21
0.20
0.04
0.04
0.45
0.43
0.35
0.40
0.25
0.28
0.39
0.42
0.40
0.32
19,866
95,148

Normalized
difference in means
-4.64e-07
-0.013
-1.47e-05
-0.024
-0.020
0.001
-0.001
0.041
-0.033
0.078
-0.117
-0.013
-0.095
0.239
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Table A2: Heterogeneity of treatment effects
Dependent variable: Sale price (ln)
(1)
(2)
(3)

Independent variables
Panel A: Heterogeneity by proximity
(1 – 2 miles) × Post

-0.009*
(0.005)
-0.019***
(0.007)
-0.025***
(0.008)
-0.037
(0.028)

-0.006
(0.006)
-0.027***
(0.009)
-0.030***
(0.011)
-0.092**
(0.036)

-0.005
(0.005)
-0.019***
(0.007)
-0.017*
(0.009)
-0.070*
(0.038)

-0.013
(0.008)
-0.009
(0.010)

-0.024**
(0.010)
-0.005
(0.014)

-0.013*
(0.008)
-0.008
(0.011)

-0.022***
(0.008)
0.024**
(0.010)

-0.034***
(0.010)
0.034**
(0.014)

-0.024***
(0.008)
0.025**
(0.011)

-0.013
(0.010)
-0.029**
(0.014)
0.008
(0.014)
0.041**
(0.019)

-0.024*
(0.013)
-0.030
(0.019)
0.011
(0.019)
0.051**
(0.026)

-0.014
(0.009)
-0.036**
(0.014)
0.002
(0.017)
0.056**
(0.022)

Month-year

Y

Y

Y

Block
Property
County-year
Observations

Y
Y

Y
Y
231,503

(0.5 – 1 mile) × Post
(0.1 – 0.5 miles) × Post
(0 – 0.1 miles) × Post
Panel B: Heterogeneity by prior land use
Treated × Post
Treated × Post × Greenfield
Panel C: Heterogeneity by population density
Treated × Post
Treated × Post × Rural
Panel D: Heterogeneity by population density and land use
Treated × Post
Treated × Post × Greenfield
Treated × Post × Rural
Treated × Post × Greenfield × Rural
Fixed Effects

419,258

231,503

Notes: Treated = 1 if a house is within 1 mile of a solar construction and Post =1 if a house sells post-construction.
In Panel A, (1 – 2 miles), (0.5 – 1 mile), (0.1 – 0.5 miles) and (0 – 0.1 mile) are dummy variables = 1 if properties
lie within the respective distances from the nearest solar installation, and distance bin for 2 – 3 miles is omitted.
Greenfield = 1 if the prior land use is farm or forest land, and Rural = 1 if the population density per square mile is
≤ 850. Panel B includes an interaction term Post*Greenfield and Panel C includes Post*Rural. Additional
interactions included in Panel D are: Treated*Rural, Treated*Greenfield, Post*Rural, Post*Greenfield,
Rural*Greenfield, Post*Greenfield*Rural, and Treated*Rural*Greenfield. All models include month-year, countyyear, and property fixed effects. Standard errors are clustered at the tract level and shown in parentheses. *, **, and
*** indicate significance at 10%, 5%, and 1%, respectively.
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Table A3: Heterogeneity of treatment effects by population density
Population density per square mile cutoff
Independent variables
500
850
1000
1200
1500
Treated × Post
-0.020*** -0.024*** -0.024*** -0.023*** -0.018**
(0.006)
(0.008)
(0.008)
(0.008)
(0.008)
Treated × Post × Rural
0.022*
0.025**
0.023**
0.016
0.008
(0.012)
(0.011)
(0.011)
(0.011)
(0.011)
Observations
classified as rural
Solar installations
40%
61%
69%
76%
82%
Properties
16%
32%
39%
46%
53%
Observations
231,503
231,503
231,503
231,503
231,503
2
R
0.894
0.894
0.894
0.894
0.894

2000
-0.006
(0.009)
-0.013
(0.011)

87%
62%
231,503
0.894

Notes: Dependent variable is Sale price (ln) in all specifications. Treated = 1 if a house is within 1 mile of a solar
construction, Post =1 if a house sells post-construction, and Rural = 1 if the population density per square mile is ≤
column heading value. All models include month-year, county-year, and property fixed effects. Standard errors are
clustered at the tract level and shown in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%,
respectively.
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Table A4: Heterogeneity of treatment effects by population density and land use
Population density per square mile cutoff
Independent variables
500
850
1000
1200
1500
Treated × Post
-0.014*
-0.014
-0.016
-0.014
-0.006
(0.008)
(0.009)
(0.010)
(0.010)
(0.010)
Treated × Post × Greenfield
-0.018 -0.036** -0.028* -0.031** -0.041***
(0.012)
(0.014)
(0.015)
(0.015)
(0.016)
Treated × Post × Rural
0.000
0.002
0.008
0.002
-0.013
(0.018)
(0.017)
(0.016)
(0.016)
(0.015)
0.056**
0.039*
0.040*
0.057***
Treated × Post × Greenfield 0.038*
× Rural
(0.023)
(0.022)
(0.021)
(0.021)
(0.021)
Observations classified as
rural
Solar installations
40%
61%
69%
76%
82%
Properties
16%
32%
39%
46%
53%
Observations
231,503 231,503 231,503 231,503
231,503
2
R
0.894
0.894
0.894
0.894
0.894

2000
0.005
(0.010)
0.005
(0.010)
-0.055***
(0.018)
-0.029**
(0.014)

87%
62%
231,503
0.894

Notes: Dependent variable is Sale price (ln) in all specifications. Treated = 1 if a house is within 1 mile of a solar
construction, Post =1 if a house sells post-construction, and Rural = 1 if the population density per square mile is ≤
column heading value. All models include month-year, county-year, and property fixed effects. Standard errors are
clustered at the tract level and shown in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%,
respectively.
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Table A5: Heterogeneity of treatment effects by solar installation size
Dependent variable: Sale price (ln)
Independent variables
(1)
(2)
(3)
Treated × Post
-0.012*
-0.024***
-0.019***
(0.007)
(0.009)
(0.007)
Treated × Post × LargeCapacity
-0.011
-0.005
0.004
(0.011)
(0.015)
(0.012)
Fixed Effects
Month-year
Y
Y
Y
Block
Y
Property
Y
Y
County-year
Y
Observations
419,258
231,503
231,503
R2
0.801
0.889
0.893
Notes: Treated = 1 if a house is within 1 mile of a solar construction and Post =1 if a house sells postconstruction and LargeCapacity = 1 if the capacity of the installation is greater than 2 MW. Column 1 includes
the following housing controls: lot size, house area, number of bedrooms, full bathrooms, half bathrooms, and
fireplaces, a set of dummy variables for the age of the house at purchase, indicator variables for condos, the
condition of the house, and for the presence of a pool and air conditioning. Standard errors are clustered at the
tract level and shown in parentheses. *, **, and *** indicate significance at 10%, 5%, and 1%, respectively.
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Table A6: Heterogeneity of treatment effects by years since construction of installation
Independent variables
Treated × Post (Less than 3 years)
Treated × Post (3 or more years)
Fixed Effects
Month-year
Block
Property
County-year
Observations
R2

Dependent variable: Sale price (ln)
(1)
(2)
(3)
-0.016**
-0.026***
-0.016**
(0.006)
(0.009)
(0.007)
-0.016**
-0.024***
-0.016**
(0.006)
(0.008)
(0.007)
Y
Y

419,258
0.491

Y

Y

Y

Y
Y
231,503
0.889

419,258
0.801

Notes: Post (Less than 3 years) = 1 if a house sells within 3 years post-construction, and Post (3 or more
years) = 1 if a house sells 3 or more years post-construction. Columns 1 includes the following controls:
lot size, house area, number of bedrooms, full bathrooms, half bathrooms, and fireplaces, a set of dummy
variables for the age of the house at purchase, indicator variables for condos, the condition of the house,
and for the presence of a pool and air conditioning, capacity of installation (in MW) and greenfield.
Standard errors, clustered at the tract level, are in parentheses. *, **, and *** indicate significance at
10%, 5%, and 1%, respectively.
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Calculating the Financial Cost of Climate Change to Ohio’s Local Governments

Executive Summary
From modernizing infrastructure and ensuring public safety, to improving school systems
and tackling the opioid crisis, Ohio’s local governments shoulder the costs of many critical
public policy issues. Underlying each of these diverse and complicated issues is one big
question: what will it cost?
Municipal officials already grappling with difficult budget decisions now have an additional
challenge to add to their strained financial resources: climate change. Communities across
Ohio have been coping with increasing temperatures, flooding, erosion, and climate-related
extreme weather events for years. These climate damages are projected to only intensify
in approaching decades, generating new costs associated with climate-driven disaster
recovery and adaptation, as well as creating a major strain on already overstretched
taxpayers and cash-strapped local governments. Unless we see drastic changes at every
level of government to address carbon emissions in the next few years, these impacts will
only continue to worsen — and the cost to address them will skyrocket.
The financial burden that climate change is placing on municipal governments is not
well understood. This study aims to address this knowledge gap by assessing a subset of
climate impacts that will create significant costs for local governments in Ohio. In total, our
analysis identified 50 unique climate impacts that Ohio municipalities will have to address
across the range of their mandates of infrastructure provision, public health services,
housing, public safety, and more.
We estimate that the state of Ohio will need to increase municipal spending between
$1.8 billion to $5.9 billion per year by midcentury in order to adapt to the challenges of a
worsening climate crisis (Table 1).
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This represents a 26 to 82 percent increase of current spending levels for environment and
housing programs for local governments in Ohio over a 2019 baseline, for just 10 of the
50 climate impacts identified in Ohio. Policymakers should know that these costs will not
instantly appear in mid-century, but in most cases will start to accumulate this decade and
steadily increase until they reach the projected midcentury estimates.
Table 1. Annual costs of climate change for major impacts on local governments
expected by midcentury
Impact

Low-End Estimate

High-End Estimate

A/C Installation

$1.4 million

$6.8 million

Electrical Costs

$5.4 million

$79 million

Cool Roofing

$0

$4.6 million

Cooling Centers

$52 million

$590 million

Road Repair

$170 million

$1 billion

Drinking Water Treatment

$580 million

$2.2 billion

Storm Recovery

$35 million

$78 million

Power Lines

$140,000

$18 million

Stormwater Management

$140 million

$150 million

Elevating Roads

$860 million

$1.7 billion

Total

$1.8 billion

$5.9 billion

Our analysis provides a conservative estimate of the additional costs that municipalities
can expect to incur due to climate change. Many of the costs of climate change are
expressed in 2021 dollars, which means that simple inflation may drive these costs up on
their own. The monetized amounts represent only 10 of the 50 different impacts addressed
in this report. Monetization of the other 40 impacts would significantly increase the overall
climate costs reflected here, but are hard to calculate on a statewide basis. In other words,
the total increase in annual spending by municipal governments due to climate change is
certainly higher, and likely much higher than this report reflects.
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So, what can local governments do to address this problem? First, they could raise local
taxes to cover some of these costs — never a popular option. Second, they could request
funding from the federal government, but the federal government has limited resources
when compared to the scope of climate impacts nationally. Both of these policy options
rely on taxpayers to pick up the entire tab for climate costs even though taxpayers are not
responsible for the climate crisis that Ohio municipalities are currently facing. Instead of
relying on taxpayers to bear these costs, policymakers could consider alternative funding
sources, such as holding accountable the corporations most responsible for causing
and exacerbating climate change, and ensuring they pay their fair share of the costs of
adaptation and resilience, just as many Ohio communities have held opioid manufacturers
accountable for the costs of the opioid crisis.
This report is divided into five sections. The first section highlights four different costs
associated with cooling public buildings in the face of more extreme heat days. Section
two addresses the cost to repair roads damaged by increased incidents of severe weather.
Section three estimates the cost to protect drinking water from greater prevalence
of harmful algae blooms. Section four projects recovery and adaptation costs related
to heavier precipitation. The fifth section estimates total statewide climate costs that
municipal governments in Ohio can expect to incur by midcentury. The report concludes
with policy options for local policymakers tasked with securing funding to cover these
costs. The Appendix lists and describes the nature and costs of an additional 40 climate
change impacts that will require new spending for local governments by midcentury.
Unless otherwise noted, all estimates in this analysis are based on the RCP 4.5 scenario.
The RCP 4.5 climate scenario predicts that temperature will rise between 2 to 3 degrees
Celsius before 2100 assuming a range of technologies and strategies for reducing
greenhouse gas emissions are employed.1

1

 homson, Allison M., et al. “RCP4.5: a pathway for stabilization of radiative forcing by 2100.” Climatic Change 109, no. 1
T
(2011): 77-94.
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1. Cooling
Climate change has caused an increase in the number of hot days per year, significantly
lengthening the summer season in the Northern Hemisphere.2 According to a 2019
report by the Union of Concerned Scientists, days over 90 degrees in Ohio counties will
likely triple from the historical average of 10-20 days per year to 30-70 days per year by
midcentury (2036-2050), even under conditions of rapid action to mitigate climate change.3

FrameAngel/Shutterstock.com

2

 ang et al, “Changing Lengths of the Four Seasons by Global Warming,” Advancing Earth and Space Science, February
W
2021, Available Online: http://hjp.lzu.edu.cn/hjpnew/upload/files/20210510/87096f0c5ef94a039fa105da60c33c5c.pdf

3

“ Killer Heat in the United States: The Future of Dangerously Hot Days,” Union of Concerned Scientists, Available Online:
https://ucsusa.maps.arcgis.com/apps/MapSeries/index.html?appid=e4e9082a1ec343c794d27f3e12dd006d
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Public health researchers have found that heat exposure has adverse impacts on human
health, productivity, and learning rates. According to a 2018 Harvard study, cumulative heat
exposure reduces cognitive performance and academic achievement in schools, and these
harms fall disproportionately on low-income students and students of color.4 Overheating
and its associated health impacts do not just present a risk to students, but to anyone living
and working in buildings without reliable air conditioning.5
Hotter days mean higher costs to keep schools and public buildings at a safe and
comfortable temperature for students and workers. Higher electrical costs, roofing
improvements, and new air conditioning installation are just some of the related costs that
Ohio municipalities must confront within the next decade. These costs are examined in
more detail below.

New AC Installation in Schools
The threshold at which schools typically install air conditioning is 32 school days above
80 degrees Fahrenheit, according to a 2021 analysis from the Center for Climate Integrity
and Resilient Analytics, which examined engineering protocols, peer-reviewed studies on
the relationship between heat and learning, and actual practice in school systems across
the country.6 The report found that by 2025, school districts across Ohio are expected to
experience between 11-15 additional days above 80 degrees while still in session compared
to a baseline of 25-31 days in 1970.7
Despite higher temperatures and longer summers, many school districts in Ohio are
still not equipped with air conditioning. Without the ability to maintain a safe and
productive environment for students, dozens of Ohio schools have had to shut down
on hot days.8 As of August 2021, more than a dozen schools in the Columbus City School
district still lacked air conditioning.9 This represents 11 percent of the schools in the
district.10
The Ohio Department of Education classifies the Columbus City School district as “urban”
and “very high student poverty.”11 If the ratio of schools lacking air conditioning is the same

4

 oodman et al, “Heat and Learning,” National Bureau of Economic Research, May 2018, Available Online: https://scholar.
G
harvard.edu/files/joshuagoodman/files/w24639.pdf

5

 omas, Kevin J. and Stephen M. Porritt, “Overheating in buildings: lessons from research,” Building Research &
L
Information, November 2016, Available Online: https://www.tandfonline.com/doi/pdf/10.1080/09613218.2017.1256136

6

 eRoy, Sverre et al, “Hotter Days, Higher Costs: The Cooling Crisis in America’s Classrooms,” The Center for Climate
L
Integrity, Resilient Analytics, September 2021, Available Online: https://coolingcrisis.org/uploads/media
/HotterDaysHigherCosts-CCI-September2021.pdf

7

“ Ohio,” Hotter Days, Higher Costs: The Cooling Crisis in America’s Classrooms, Center for Climate Integrity, Available
online: https://www.coolingcrisis.org/uploads/media/CCI-StateReport-Ohio.pdf

8

 osby, Chris, “Extreme Heat Closes Schools Across Northeast Ohio,” Patch, September 4, 2018, Available Online:
M
https://patch.com/ohio/clevelandheights/extreme-heat-closes-schools-across-northeast-ohio

9

 stroff, Jamie, “Air conditioning in Columbus City Schools,” NBC4, August 13, 2021, Available Online:
O
https://www.nbc4i.com/news/investigates/air-conditioning-in-columbus-city-schools

10

“Our District,” Columbus City Schools, 2021, Available Online: https://www.ccsoh.us/domain/154

11

“ Typology of Ohio School Districts,” Ohio Department of Education, June 20, 2019, Available Online: https://educatio
n.ohio.gov/Topics/Data/Report-Card-Resources/Report-Card-Data-Forms-and-Information/Typology-of-Ohio-Schoo
l-Districts
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across all urban districts with very high student poverty in Ohio, then about 40 school
buildings in urban districts across the state do not have air conditioning.12
Installing new air conditioning systems is expensive. Columbus City Schools Capital
Improvements Director Alex Trevino estimates that retrofitting their school buildings with
air conditioning units will cost about $1 million to $5 million per building.13

Methodology
Data on the availability of air conditioning in schools and municipal buildings is scarce.
School air conditioning data is a problem that has prompted state legislative leaders to
propose legislation in recent years to require the Department of Education to report the
cost of installing air conditioning in old schools.14
Due to lack of available data, we use air conditioning coverage at Columbus City Schools
as a proxy for other urban, very high poverty school districts in Ohio in order to estimate
how many schools lack air conditioning. The districts included in this analysis were limited
to urban, very high poverty districts in order to choose districts most similar to Columbus
City Schools in resources and thus most likely to have similar air conditioning coverage.
We multiply the total number of buildings in each designated urban, high poverty district
by 11 percent (12/112), the low-end estimate for the proportion of buildings in Columbus
City Schools without air conditioning, to estimate the number of buildings without
air conditioning in each district.15 Cost estimates for air conditioning installation were
reported by capital improvement officials at the City of Columbus. We then multiply the
total estimated number of buildings without air conditioning by these cost estimates — $1
million on the low end and $5 million on the high end — to estimate the cost of installation
of new air conditioning units in urban, very high student-poverty districts across Ohio
under the National Oceanic and Atmospheric Administration (NOAA) RCP 4.5 climate
scenario. We assume installation costs will be spread over 30 years using capital financing.
We do not include interest payments in this calculation, so this is a conservative estimate
of total capital financing costs.

Results
Air conditioning installation costs were estimated for urban, high poverty school districts
in Ohio, which include Akron, Cincinnati, Cleveland, Columbus, Dayton, and Toledo. Table 2
shows the estimated upfront cost to install new air conditioning in urban, very high poverty
districts, assuming those districts lack air conditioning at the same rates as Columbus City
Schools. Assuming these are paid over a 30-year window like many capital investments and
that installation will begin on or before 2050, the annual cost by midcentury would be
$1.4 to $6.8 million per year.

12

“ Ohio Public School Students,” Thomas B Fordham Institute, Available Online:
https://www.ohiobythenumbers.com

13

Ostroff, Jamie, “Air conditioning in Columbus City Schools.”

14

“ Lawmaker wants AC estimates as heat closes Ohio schools,” Associated Press, September 5, 2018, Available Online:
https://www.cincinnati.com/story/news/2018/09/05/ohio-schools-close-heat-lawmaker-wants-ac-estimates/1199807002/

15

Ostroff, Jamie, “Air conditioning in Columbus City Schools.”
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Under the RCP 4.5 climate scenario, all 88 Ohio counties are likely to experience 32 days
above 80 degrees Fahrenheit by 2025.16 Much of this cost will fall on already-struggling
school district budgets.
Table 2. Estimated total costs for new air conditioning system installation needed in
urban, very high poverty districts by midcentury
District

Low-End Estimate

High-End Estimate

Akron

$4.9 million

$25 million

Cincinnati

$7.1 million

$35 million

Cleveland

$7.3 million

$36 million

Columbus

$12 million

$60 million

Dayton

$3 million

$15 million

Toledo

$6.2 million

$31 million

All Urban Very High Poverty
Districts in Ohio

$41 million

$200 million

Additional Considerations
Statewide costs for air conditioning installation are likely much higher, because installation
in small town, rural, suburban, high poverty, and low poverty districts are excluded from
this analysis. Estimates may also change if better data become available. While installation
will require a single upfront investment from school districts, municipal governments
and school boards should also consider additional future costs incurred by energy use,
operation, and maintenance of these units.

Increased Electricity Costs
Once installed, air conditioning systems require recurring costs to operate and maintain.
Hotter days and longer summers mean that new and existing units will be used on a more
consistent basis. In addition to creating more cooling capacity, Ohio municipalities must
also consider higher electricity costs associated with increased air conditioning usage
for all publicly owned and operated buildings.

16

 eRoy, Sverre et al, “Hotter Days, Higher Costs: The Cooling Crisis in America’s Classrooms,” The Center for
L
Climate Integrity, Resilient Analytics, September 2021, Available Online: https://coolingcrisis.org/uploads/media/
HotterDaysHigherCosts-CCI-September2021.pdf
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For example, according to the Center for Climate Integrity and Resilient Analytics’s 2021
analysis, Ohio schools will have to spend an additional $56 million annually to operate and
maintain new air conditioning systems, once installed.17 In addition to schools, other public
buildings will also be running their air conditioning systems more regularly.

Methodology
We use a Monte Carlo simulation method to estimate electrical costs related to increased
demand for cooling that Ohio municipalities are expected to experience by midcentury.
We simulated 10,000 possible utility spending outcomes based on a range of inputs. These
inputs include the cost elasticity of temperature (in other words, how utility spending
changes in response to temperature change), the percentage of utility costs spent on
cooling, total utility spending by local governments in Ohio, and the projected increase in
temperature through midcentury under the RCP 4.5 climate scenario. The ranges of likely
values for each variable are listed in Appendix D.
We use publicly reported budgets to estimate total utility costs for Marion, Toledo, Lima,
Marietta, and Youngstown.18,19 While the budgets of Marion and Toledo include line items
for utility spending, the budgets of Lima, Marietta, and Youngstown and statewide local
government data do not. In order to estimate their utility costs, this analysis assumes that
utility spending in these three cities is comparable to Marion as a percentage of the total
budget. The annual budgets of Lima, Marietta, Youngstown, and statewide are 78 percent
larger,20 73 percent smaller,21 200 percent larger,22 and 110,000 percent larger23 than
Marion, respectively. We report “low-end increase” as the 5th percentile of all simulated
increases and “high-end increase” as the 95th percentile of all simulated increases.

Results
Future utility costs related to increased air conditioning usage in public buildings were
estimated for five municipalities in Ohio: Marion, Lima, Toledo, Marietta, and Youngstown.
Toledo will incur the highest increase in spending with additional cooling costs estimated
between $44,000 and $670,000 per year by midcentury. Cumulatively, these cities are
facing between $75,000 and $1.1 million per year in additional utility costs in order to cool
public buildings. Statewide, Ohio can expect increased cooling costs to run from a total
of $5.4 million to $78 million per year.

17

LeRoy, Sverre et al, “Hotter Days, Higher Costs.”

18

“ RESOLUTION APPROVING AND ADOPTING THE BUDGET OF THE CITY OF MARION, OHIO FOR THE YEAR 2019, AND
DECLARING AN EMERGENCY,” City of Marion, Available Online: https://www.marionohio.us/sites/default/files/files/
FINANCE%20TAX%20BUDGET.pdf

19

“ 2021 Approved Annual Operating Budget: Detail Schedules,” City of Toledo, Available Online: https://cdn.toledo.oh.gov/
uploads/documents/Finance/2021-Approved-Annual-Operating-Budget.pdf

20

“ 2021 Legal Levels per Charter,” City of Lima, Ohio, January 22, 2021, Available Online: https://www.cityhall.lima.oh.us/
ArchiveCenter/ViewFile/Item/164

21

 ewbanks, Michele, “Marietta City Council begins budget hearings,” The Marietta Times, November 11, 2021, Available
N
Online: https://www.mariettatimes.com/news/2021/11/marietta-city-council-begins-budget-hearings/

22

 kolnick, David, “Youngstown council approves budget,” The Vindicator, March 30, 2021, Available Online: https://www.
S
vindy.com/news/local-news/2021/03/youngstown-council-approves-budget/

23

“ 2019 Annual Survey of State & local Government Finances,” U.S. Census Bureau, October 8, 2021, Available Online:
https://www.census.gov/data/datasets/2019/econ/local/public-use-datasets.html
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Table 3. Estimated annual increase in utility spending by cities in Ohio by 2050, due
to additional air conditioning usage in public buildings
City

Current Estimated Annual
Utility Budget

Low-End Increase

High-End Increase

Marion

$940,000

$5,000

$71,000

Lima

$1.7 million

$8,000

$130,000

Toledo

$8.8 million

$44,000

$670,000

Marietta

$220,000

$1,000

$16,000

Youngstown

$2.8 million

$14,000

$210,000

Ohio

$1 billion

$5.4 million

$79 million

Constructing Cool Roofs
Cool roofs reduce the need for air conditioning, and in some cases serve as an alternative
to air conditioning systems. They are designed to reduce the temperature within a
building by installing material that reflects more sunlight, decreasing the need to install
or run expensive air conditioning systems.24 The City of Cincinnati has already started
to encourage the use of cool roofs with the 2018 Green Cincinnati Plan recommending
deployment of cool roofs on new construction in the city.25

24

“Cool Roofs,” Energy Saver, Available Online: https://www.energy.gov/energysaver/cool-roofs

25

“ Heat Island Community Actions Database,” United States Environmental Protection Agency, January 8, 2022, Available
Online: https://www.epa.gov/heatislands/heat-island-community-actions-database
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Methodology
Recent Census Bureau estimates show that average public sector construction spending
in the United States between October 2021 and February 2022 has hovered around $350
billion per month.26 If national construction spending stays constant over this period,
annual spending for 2022 should be roughly $4.3 trillion. If Ohio’s construction spending
is proportionate to that of the country as a whole, then it should be spending about $150
billion per year on public sector construction.27
2021 estimates put residential roofing costs between $4 and $6.50 per square foot and
total residential construction costs at about $100 per square foot, suggesting roofing costs
about 4 to 6 percent of total construction.28,29 Using Environmental Protection Agency
(EPA) data, we estimate cool roofing coating may cost up to $0.32 per square foot in 2022
dollars.30 We use this figure to conservatively estimate the annual cost of constructing cool
roofing for one percent of new construction statewide and in select Ohio cities.

Results
Ohio is unlikely to require all new construction to have cool roofing. But if new roofing
accounts for just one percent of new public sector construction by midcentury, the
additional cost to install cool roofing statewide would be roughly $4.6 million per year in
2021 dollars. Cool roof construction costs were also estimated for the following Ohio cities:
Lima, Marietta, Marion, Toledo, and Youngstown (Table 4).

26

“ Monthly Construction Spending, September 2021,” United States Census Bureau, November 1, 2021, Available Online:
https://www.census.gov/construction/c30/pdf/release.pdf

27

 he actual number may be lower than this since Ohio is growing slower than the country as a whole and may have less
T
construction than its current population would suggest.

28

“ Roof Replacement Cost 2021: New Roof Installation Prices per Sq.Ft.,” Roofing Calculator, October 14, 2021, Available
Online: https://www.roofingcalc.com/roof-replacement-cost/

29

“ How Much Does It Cost to Build a House in Ohio,” Clever Real Estate, October 21, 2021, Available Online:
https://listwithclever.com/real-estate-blog/how-much-does-it-cost-to-build-a-house-in-ohio/

30

“ Using Cool Roofs to Reduce Heat Islands,” United States Environmental Protection Agency, July 15, 2021, Available
Online: https://www.epa.gov/heatislands/using-cool-roofs-reduce-heat-islands
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Table 4. Estimated costs of cool roofing per year per city if 1 percent of new
construction includes cool roofing by 2050
City

Potential annual cost of cool roofing construction

Lima

$14,000

Marietta

$5,200

Marion

$14,000

Toledo

$110,000

Youngstown

$26,000

Ohio

$4.6 million

Cooling Centers
Cooling centers are air-conditioned public buildings designated as safe locations during
times of extreme heat.31 Cooling centers may be government buildings like libraries or
schools, public-oriented buildings like community centers, religious centers, or recreation
centers, or even private businesses like coffee shops, malls, and movie theaters. Cooling
centers are used as part of a larger heat health warning system, designed to reduce
deaths from heat exposure. They are considered a best practice for reducing heat-related
deaths.32,33
A literature review conducted by the Centers for Disease Control and Prevention (CDC)
found that even a few hours spent in a cool environment reduces the risk of vulnerable
populations to heat exposure-related illness.34 Socially vulnerable populations such as the
elderly or unemployed are more likely to utilize the services provided by cooling centers.
As temperatures in Ohio continue to rise as a result of climate change, Ohio cities will
incur additional costs to support and expand new and existing cooling center capacity
during times of extreme heat. Such costs could include staff capacity, supplies such as
bottled water, utilities, and implementation of systems for tracking high-risk individuals.35

31

 iderynski, Stasia et al, “The Use of Cooling Centers to Prevent Heat-Related Illness: Summary of Evidence and
W
Strategies for Implementation,” Climate and Health Technical Report Series, Climate and Health Program, Centers for
Disease Control and Prevention, Available Online: https://www.cdc.gov/climateandhealth/docs/UseOfCoolingCenters.pdf

32

“ Heat Alert and Response Systems to Protect Health: Best Practices Guidebook,” Government of Canada, Available
Online: https://www.canada.ca/en/health-canada/services/environmental-workplace-health/reports-publications/climatechange-health/heat-alert-response-systems-protect-health-best-practices-guidebook.html#a351

33

Widerynski, Stasia et al, “The Use of Cooling Centers to Prevent Heat-Related Illness.”

34

Widerynski, Stasia et al, “The Use of Cooling Centers to Prevent Heat-Related Illness.”

35

 erisha, Vjollca et al, “Assessing adaptation strategies for extreme heat: a public health evaluation of cooling centers in
B
Maricopa County, Arizona.” Weather, climate, and society 9, no. 1 (2017): 71-80.
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Methodology
To estimate the annual municipal cost of expanding cooling center capacity due to climaterelated temperature increase, we first estimate the total number of cooling centers that
Ohio cities currently operate. We used a 2015 study of cooling centers in Pittsburgh as a
starting point. In this study, researchers from Carnegie Mellon University found the city
was operating 19 cooling centers at the time of publication.36
We estimate the current number of cooling centers in each Ohio city by using historic
heat-related death rates as a proxy for heat risk and population, assuming that cities with
high historic heat-related deaths operate more cooling centers than those with less.37 This
was done by taking the ratio of historic heat deaths in each Ohio city from 1985 to 2006
to heat deaths in Pittsburgh over the same period and multiplying it by 19, the number of
cooling centers in Pittsburgh.
To adjust for differences in geographic size between Pittsburgh and Ohio cities, we multiply
the estimated number of current cooling centers adjusted for historic heat deaths by the
ratio of square miles of each Ohio city to the square miles of Pittsburgh, assuming cities
with a larger area footprint will require more cooling centers to provide the same amount
of cooling services.38
The Emergency Management Department of Los Angeles, estimates that a cooling center
costs roughly $2,000 a day to operate in their city.39 This comes very close to an estimate
by Sacramento County that a cooling center costs $1,900 to operate for 12 hours, covering
the hottest part of a day.40 We use this assessment as a starting place in order to estimate
the cost of operating cooling centers in select Ohio cities. Using the Bureau of Labor
Statistics inflation calculator, the Los Angeles City Emergency Management Department
estimate is adjusted to summer 2021 dollars.41 Next, we multiply the adjusted Los Angeles
City Emergency Management cost estimate by the ratio of local salaries for front desk
receptionists in Ohio to the same salary in Los Angeles to estimate the per-day cost for
running a local cooling center in a given Ohio municipality.42
Additional annual cost to expand days of service at existing cooling centers
To estimate the additional cost for running cooling centers in a given Ohio city due
to change in climate, we multiply the per-day cost for running a cooling center by the
additional number of days a city will have a heat index over 90 degrees Fahrenheit by

36

 radford, Kathryn et al, “A heat vulnerability index and adaptation solutions for Pittsburgh, Pennsylvania.” Environmental
B
science & technology 49, no. 19 (2015): 11303-11311.

37

 asparrini, Antonio et al, “Mortality risk attributable to high and low ambient temperature: a multicountry observational
G
study.” The lancet 386, no. 9991 (2015): 369-375.

38

“ QuickFacts,” United States Census Bureau, Available Online: https://www.census.gov/quickfacts/fact/table/
akroncityohio,cincinnaticityohio,clevelandcityohio,columbuscityohio,daytoncityohio,cantoncityohio/PST045221

39

 eyes, Emily Alpert, “L.A. suffered deadly heat, yet chairs sat empty at its cooling centers,” Los Angeles Times, September
R
19, 2020, Available Online: https://www.latimes.com/california/story/2020-09-19/la-deadly-heat-empty-cooling-centers

40

 ichols, Chris, “Despite The Heat, Few Take Advantage Of Sacramento Cooling Centers,” CapRadio, California State
N
University, June 18, 2021, Available Online: https://www.capradio.org/articles/2021/06/18/despite-the-heat-few-takeadvantage-of-sacramento-cooling-centers

41

“CPI Inflation Calculator,” Bureau of Labor Statistics, Available Online: https://www.bls.gov/data/inflation_calculator.htm

42

“ Front Desk Receptionist Salaries,” Glassdoor.com, 2022, Available Online: https://www.glassdoor.com/Salaries/ohiofront-desk-receptionist-salary-SRCH_IL.0,4_IS2235_KO5,28.htm
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midcentury under the RCP 4.5 climate scenario.43 This reflects how many additional days
of service will be needed in order to maintain current quality of services for residents,
which is also in line with a recent change in cooling center policy in Spokane, Washington
due to the rising numbers of high-heat days.44
Total cost to expand cooling centers to achieve maximum city coverage
The Carnegie Mellon study found that Pittsburgh would need 127 cooling centers to
provide maximum coverage to Pittsburgh residents, about a 600 percent increase in
cooling center coverage. We estimate the number of new cooling centers needed to hit
maximum coverage in a given Ohio city by multiplying the current estimated number
of cooling centers by the ratio of new cooling centers needed in Pittsburgh to current
cooling centers (127/19). We then multiply the number of centers needed by the projected
number of 90-degree days at midcentury and per-day operation costs to estimate the cost
of maximum coverage. We add the cost of new cooling centers to the cost of expanding
operation of current cooling centers to estimate a total cost of maximum coverage of
cooling centers in a given city.
We used historical data from the following cities to estimate the statewide increase in
annual cost for operating cooling centers with the rising number of 90-degree days: Akron,
Canton, Cincinnati, Cleveland, Columbus, Dayton, Hamilton, Toledo, and Youngstown.
Because these cities represent only a portion of the state, this estimate understates the
true statewide costs.

Results
Across Ohio, municipalities will need to expand the number of days that cooling centers
are open by an average of 30 days per year due to rising temperature and more
frequent days of extreme heat in order to keep services at current level. We estimate
this will cumulatively cost Ohio municipalities an additional $52 million per year in
additional operating expenses. Local governments will also need to expand the number of
existing cooling centers to provide maximum coverage to residents. We estimate that the
state of Ohio would need to operate an additional 5,900 cooling centers by midcentury
to provide this coverage, which would cost Ohio municipalities an additional $590
million per year to operate.

43

 ahl et al, “Killer Heat in the United States: Climate Choices and the Future of Dangerously Hot Days,” Union of
D
Concerned Scientists, July 2019, Available Online: https://www.ucsusa.org/resources/killer-heat-united-states-0#ucsreport-downloads

44

 hanks, Adam, “Spokane cooling centers open more regularly, carry costs,” The Spokesman-Review, August 16, 2021,
S
Available Online: https://www.spokesman.com/stories/2021/aug/16/spokane-cooling-centers-open-more-regularlycarry-/
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Table 5. Estimated annual costs of operating cooling centers expected by 2050
City

Additional days
of operation

Annual cost for
additional days
of cooling center
operation

New centers
needed for full
coverage

Full coverage
total annual cost

Akron

28

$390,000

48

$3.9 million

Canton

29

$120,000

14

$1.2 million

Dayton

37

$480,000

44

$5.5 million

Toledo

31

$480,000

54

$5.4 million

Youngstown

29

$180,000

21

$1.8 million

Ohio

33

$52 million

5,900

$590 million
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2. Road Repair
Roadways in the United States are vulnerable to a range of climate impacts. Road damage
is caused not only by the wear and tear of vehicle travel, but also by weather impacts.
Frequent extreme heat events, higher temperatures, more rapid freeze/thaw cycles,
and increased flooding from heavy rains can significantly affect the safety and longevity
of major roadways.
For example, a 2017 study estimated that as of 2010, pavement costs had increased by
$14 billion in the United States due to rising temperatures.45 The authors project these
numbers will rise to $19 billion in 2040 under the RCP 4.5 climate scenario. These costs
fall disproportionately on local governments, which are tasked by state governments with
maintenance of local roadways.

45

 nderwood, B. Shane et al, “Increased costs to US pavement infrastructure from future temperature rise.” Nature
U
Climate Change 7, no. 10 (2017): 704-707.
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Methodology
We base road repair estimates for Ohio on results from a 2019 United States EPA study,
which simulated reactive and proactive repair and rehabilitation costs needed to maintain
the level of service (road quality) on roads made vulnerable by climate change. Specifically,
the EPA study examined the vulnerability of current paved, unpaved, and gravel roads to
future changes in temperature, precipitation, and freeze/thaw cycles in the United States
as a whole.46 Results yield annual damages of $2.7-16 billion by 2050 under the RCP 4.5
scenario.47 We use low, expected, and high estimates from the report as a baseline, while
assuming the cost to Ohio and to the selected localities will be proportional to miles of
public roads in these areas, compared to miles of public roads in the United States as a
whole. We estimate future annual road repair costs due to climate change for a given Ohio
locality by dividing the total road mileage of a locality by the total road miles in the United
States, then multiplying that ratio by the total cost of climate change-related road repairs
expected nationwide by 2050.

Results
Table 6 shows estimates reflecting how future changes in temperature, precipitation and
freeze-thaw cycles will affect roads in Ohio and in the following Ohio localities: Dayton,
Lima, Marion, Washington County, and Youngstown. Low- and high-end repair and
rehabilitation costs were estimated for the RCP 4.5 future climate scenario. Statewide,
Ohio will be facing costs of $170 million to $1 billion per year with a likely value of $410
million per year for road repair related to climate change by midcentury.
Table 6. Estimated annual costs expected to incur by midcentury for road repair and
rehabilitation associated with future changes in temperature, precipitation, and
freeze–thaw cycles
Area

Low-Cost Estimate

Expected Cost

High-Cost Estimate

Dayton

$1.1 million

$2.6 million

$6.5 million

Lima

$97,000

$230,000

$570,000

Marion

$86,000

$210,000

$510,000

Washington County

$220,000

$530,000

$1.3 million

Youngstown

$710,000

$1.7 million

$4.2 million

Ohio

$170 million

$410 million

$1 billion

46

 artinich, Jeremy, and Allison Crimmins, “Climate damages and adaptation potential across diverse sectors of the United
M
States.” Nature climate change 9, no. 5 (2019): 397-404.

47

 artinich and Crimmins, “Climate damages and adaptation potential across diverse sectors of the United States.”
M
Supplementary Table 5: Projected

annual economic impacts of climate change across sectors at the national scale,
Available Online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6483104/#SD1
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Additional Considerations
In 2021, Ohio’s roads received a “D” rating from the American Society for Civil Engineers.48
The scorecard also notes that 17 percent of Ohio’s roads are in poor condition and the
average Ohio motorist pays an extra $500 per-year in costs due to driving on damaged
roads. According to the report, local governments projected needing more than $3.2 billion
annually by 2030 in order to catch up on deferred maintenance projects and begin to
address future maintenance needs.49 Because climate change is expected to exacerbate
these existing problems, this analysis likely underestimates the total cost to repair Ohio’s
roads to best-practice engineering standards.

48

“ Ohio 2021 Report,” Report Card for Ohio’s Infrastructure, American Society for Civil Engineers, Available Online: https://
infrastructurereportcard.org/state-item/ohio/

49

“ Gross Domestic Product: All Industry Total in Ohio,” FRED, Federal

Reserve Bank of St. Louis, Available Online: https://
fred.stlouisfed.org/series/OHNGSP
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3. Protecting Drinking Water
Harmful algal blooms, or blooms that produce toxic cyanobacteria, have increased
dramatically over the past decade, particularly in the eastern United States.50 These blooms
have disrupted drinking water supplies in Ohio and elsewhere and have cost municipalities
across the country millions to monitor, treat, and manage.51
According to the United States EPA, warmer water temperatures and increased runoff of
phosphate fertilizers from more frequent heavy rains due to climate change lead to the
conditions that can produce more harmful, widespread, and frequent algae blooms.52 With
climate change expected to make harmful algae blooms more likely in the future, the
nation’s drinking water supply is increasingly vulnerable to contamination.53 The EPA
recommends biological, physical, and chemical measures for prevention of harmful algae
blooms.54

50

 erman, Rob, “Toxic Algae Blooms Are on the Rise,” Scientific American, September 7, 2016, Available Online: https://
H
blogs.scientificamerican.com/guest-blog/toxic-algae-blooms-are-on-the-rise/

51

 chechinger, Anne, “The High Cost of Algae Blooms in U.S. Waters: More Than $1 Billion in 10 Years,” Environmental
S
Working Group, August 26, 2020, Available Online: https://www.ewg.org/research/high-cost-of-algae-blooms/

52

“ Climate Change and Harmful Algal Blooms,” United States Environmental Protection Agency, Available Online: https://
www.epa.gov/nutrientpollution/climate-change-and-harmful-algal-blooms

53

“Climate Change and Harmful Algal Blooms,” United States Environmental Protection Agency.

54

“ Preventative Measures for Cyanobacterial HABs in Surface Water,” United States Environmental Protection Agency,
Available Online: https://www.epa.gov/cyanohabs/preventative-measures-cyanobacterial-habs-surface-water
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Ohio has a history of dealing with algae blooms, especially communities along the coast
of Lake Erie. University of Toledo Economist Kevin Egan has found algae blooms cost the
state of Ohio millions of dollars a year in lost tourism activity since tourism in the state is
concentrated in its northern lakefront counties.55
In October 2010, the City of Celina, Ohio, estimated it had spent $13 million to install
treatment controls and set up toxic algae testing due to widespread algae blooms in Grand
Lake St. Marys, the largest inland lake in Ohio and drinking water supply for the City of
Celina and Village of St. Marys.56 A 2021 analysis by the Environmental Working Group
found that Ohio spent nearly $820 million on preventing and treating algae blooms in the
past 10 years, nearly 11 times more than the next-closest state.57 As blooms get worse with
climate change, this number could increase.

Methodology
The statewide annual cost of prevention and treatment of algae blooms in the
Environmental Working Group analysis was used as a baseline to estimate municipal costs
for algae blooms in Ohio for the RCP 4.5 climate scenario. Previous cost estimates for
municipalities were scaled up proportionally based on the relative population in each city
and the number of people receiving their drinking water from Lake Erie. These numbers
were then multiplied by the projected increase in days of algal outbreak divided by a
baseline of past algal activities projected by a team of researchers from the United States
EPA, the Massachusetts Institute of Technology, Oak Ridge National Laboratory, and other
prominent research institutions.58
Best and worst-case climate cost scenarios were estimated using climate models
projecting both low and high temperature changes under the RCP 4.5 scenario. The bestcase scenario model projects that algal growth will increase initially, but will taper and
wane in higher temperatures. The worst-case scenario model projects that algal growth
will steadily become more intense with higher temperatures. We use the results of the
algal growth models presented in this study to estimate the projected increase in the
number of days of algal outbreak in Ohio.59

55

 gan, Kevin, Invited Presentation, Ohio Association of Economists and Political Scientists Annual Conference, Tiffin, Ohio,
E
2017.

56

“ A compilation of cost data associated with the impacts and control of nutrient pollution.” United States Environmental
Protection Agency, Reports and Assessments 3 (2015): 1-25.

57

Schechinger, Anne, “The High Cost of Algae Blooms in U.S. Waters: More Than $1 Billion in 10 Years.”

58

 hapra, Steven C et al, “Climate change impacts on harmful algal blooms in US freshwaters: a screening-level
C
assessment.” Environmental Science & Technology 51, no. 16 (2017): 8933-8943.

59

 hapra, Steven C. et al, “Climate change impacts on harmful algal blooms in US freshwaters.” “What Climate
C
Change Means for Ohio,” United States Environmental Protection Agency, August 2016, Available Online:
https://19january2017snapshot.epa.gov/sites/production/files/2016-09/documents/climate-change-oh.pdf
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Results
The statewide additional cost to protect water supplies from toxic algae blooms in Lake
Erie is estimated to reach $580 million to $2.2 billion per year by midcentury. Municipal
costs are listed in Table 7. The estimated cumulative cost for water treatment in the four
largest Ohio cities that abut Lake Erie — Cleveland, Lorain, Sandusky, and Toledo — is
$37 million to $140 million per year.
Table 7. Estimated additional annual costs of protecting water supplies from
hazardous algae blooms by midcentury
Area

Baseline Cost

Best-Case
Additional
Climate Cost

Likely Additional
Climate Cost

Worst-Case
Additional
Climate Cost

Cleveland

$26 million

$19 million

$34 million

$71 million

Lorain

$4.4 million

$3.2 million

$5.7 million

$12 million

Sandusky

$1.7 million

$1.2 million

$2.2 million

$4.6 million

Toledo

$19 million

$13 million

$24 million

$51 million

Ohio

$820 million

$580 million

$1 billion

$2.2 billion

Additional Considerations
While temperature will likely impact algal blooms in Ohio, increased runoff from heavy
precipitation will likely also increase the presence of algal blooms. This is particularly true
in Ohio due to the significant amount of farmland in the state. This means that the cost
estimates in this analysis may underestimate the true cost to treat algae blooms associated
with climate change for Ohio municipalities if increased precipitation and runoff leads to
more common algae blooms.
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4. Recovery and Adaptation to Heavy
Precipitation
As climate change increases the frequency and severity of storms and heavy
precipitation events, Ohioans will be forced to confront increased costs for storm
recovery, clean-up, and stormwater management, as well as costs to adapt critical
infrastructure to high incidence flooding events.
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According to the United States EPA, average annual precipitation in the Midwest has
increased by 5 to 10 percent over the last 50 years.60
Particularly, the frequency and intensity of heavy precipitation events are increasing.
According to the Great Lakes Integrated Sciences and Assessments team (GLISA) at the
University of Michigan, total annual precipitation has grown by 14 percent in the Great
Lakes region since 1951 and the amount of rain falling in the heaviest one percent of
storms in the region has grown by 35 percent.61
The team also projects average annual precipitation will grow by two to six inches by
the end of the 21st century and that higher levels of water vapor in the air combined with
rising temperatures will create conditions for more intense storms in the future.
GLISA also analyzed the City of Dayton, finding that the number of extreme precipitation
events (heaviest one percent of storms) increased by 85 percent from 1981 to 2010 and
total volume of rainfall during these events increased by 71 percent. They project that
Dayton is likely to see 1.6 more days per year of heavy precipitation by midcentury and
could see as many as 3.6 more days of heavy precipitation under worst-case scenarios.

Storm Recovery and Clean-up
Methodology
The National Centers for Environmental Information (NCEI) at the National Oceanic and
Atmospheric Association (NOAA) track and evaluate climate events in the United States
that have great economic and societal impact. Recent examples include severe winds
across the North Central states, including parts of Ohio, in August 2021 that killed two
people and caused $1.3 billion in damages, and June 2021 hail storms in the Ohio Valley
that caused $1.8 billion in property damage.62 We use the cost of historical disaster events
between 1980 and 2021 as reported by NCEI and NOAA, as a baseline for estimating future
annual costs from flooding, drought, hurricane winds, and severe storms.63
Flooding
We used the First Street Foundation Flood Factor estimates to project the extent of
flooding expected by midcentury under the RCP 4.5 scenario. Flood Factor estimates the
number of properties in the state of Ohio at one percent risk of flooding will increase from
510,000 in 2022 to 540,000 by 2052.64 Assuming the value of properties entering this risk
category for flooding is proportional to the value of properties previously in the flood risk
category, we multiply the growth rate of properties at risk of flooding by the 1980-2021
historic annual spending on flooding to arrive at an estimate for the cost of flooding in a
given year. We then multiply this estimate for rate of growth for properties at risk by

60

“ What Climate Change Means for Ohio,” United States Environmental Protection Agency, August 2016, Available Online:
https://19january2017snapshot.epa.gov/sites/production/files/2016-09/documents/climate-change-oh.pdf

61

“ Climate Changes in the Great Lakes region and Dayton, Ohio,” Great Lakes Integrated Sciences and Assessments: A
NOAA RISA Team, University of Michigan, Available Online: https://glisa.umich.edu/wp-content/uploads/2021/03/DaytonClimate-Summary.pdf
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 OAA National Centers for Environmental Information (NCEI) U.S. Billion-Dollar Weather and Climate Disasters (2022).
N
Available Online: https://www.ncei.noaa.gov/access/billions/
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NOAA National Centers for Environmental Information (NCEI) U.S. Billion-Dollar Weather and Climate Disasters.
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“ Flood risk overview for Ohio,” Flood Factor, First Street Foundation, Available Online: https://floodfactor.com/state/
ohio/39_fsid#historic_flooding

OEC Comment Exhibit D

25

Calculating the Financial Cost of Climate Change to Ohio’s Local Governments

the low- and high-end historical cost estimates to arrive at our final estimates for cost of
flooding to Ohio.
Drought
A study by United States Department of Agriculture (USDA) researchers estimated that
drought severity would increase by 26 percent in Ohio by midcentury under the RCP
4.5.65 To estimate the midcentury cost of drought, we multiply 1980-2021 historic annual
spending on drought in Ohio by USDA’s projected increase in Midwest drought severity.
Hurricane winds
TransRe, a leading international reinsurer, projects that the frequency of major hurricanes
will increase by 20 percent in the United States by midcentury under the RCP 4.5 climate
scenario.66 To estimate the annual cost of hurricane-related wind damage that Ohio cities
can expect to incur by midcentury, we multiply 1980-2021 historic annual spending on
hurricane wind damage in Ohio by TransRe’s projected increase in major hurricanes.
Severe Storms
A study from Climate Central uses the RCP 4.5 climate scenario to project future storm
frequency in the United States.67 To estimate the annual cost of severe storm events
that Ohio cities will incur by midcentury, we multiply 1980-2021 historic annual spending
in Ohio on severe storm events by 0.75 percent, Climate Central’s estimated average
percentage increase in storm numbers for 10 Ohio cities.

Results
Statewide costs associated with recovery and clean up from increased frequency and
severity of extreme weather events are expected to reach $35 million to $78 million
per year by midcentury. Below are the midcentury estimates for annual costs associated
with increased frequency of four distinct extreme weather events. The range of estimates
is mainly driven by the range of historical estimates of costs associated with extreme
weather events.

65

 eters, Matthew P., and Louis R. Iverson. “Projected drought for the conterminous United States in the 21st century.”
P
(2019).
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“ U.S. Hurricane Risk Volatility Case Study: An Alternative to Current Climate Change Scenarios,” TransRe ESG, December
2021, Available Online: https://www.transre.com/wp-content/uploads/2021/12/TransRe_US-Hurricane-Risk-Case-StudyFINAL.pdf

67

“Climate Pile-Up: Global Warming’s Compounding Dangers,” Research Brief, Climate Central, February 20th, 2019.
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Table 8. Estimated statewide annual costs by 2050 associated with an increase in
severe weather events
Event

Low-End Estimate

High-End Estimate

Flooding

$1.3 million

$3 million

Drought

$21 million

$44 million

Hurricane Winds

$11 million

$28 million

Severe Storm

$1.5 million

$3.4 million

Total

$35 million

$78 million

Protecting Power Lines
With increased storm severity and frequency, Ohio communities will face increased
maintenance costs to protect power lines from damaged trees.

Methodology
FirstEnergy has recently been negotiating with public utilities commissions to increase rates
to pay for vegetation management around power lines.68 These rate increases come out
to about $4 monthly per customer in 2021 dollars, or $48 a year. We multiply this number
by the number of customers of public power statewide and in select public power districts
to estimate the annual cost of enhanced tree pruning programs in these jurisdictions.
We then multiply this number by the projected increase in midcentury extreme storms
in a study from Climate Central, assuming pruning costs will increase proportionally with
storm frequency.69

68

 helor, Jeremiah, “FirstEnergy seeking $38M increase for tree-trimming program,” The Exponent Telegram, September 1,
S
2015, Available Online: https://www.wvnews.com/theet/news/local/firstenergy-seeking-38m-increase-for-tree-trimmingprogram/article_b76c4794-9727-59b3-9c2e-a37619f127f0.html
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“Climate Pile-Up: Global Warming’s Compounding Dangers,” Research Brief, Climate Central.
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Results
Statewide municipal power costs for pruning of trees are estimated to increase by
about $140,000 per year by midcentury to adapt to increases in storms, and up to
$18 million per year if municipal utilities who have not chosen to adopt full enhanced
pruning programs begin the programs in response to the threat of climate change.
Table 9 shows estimated increased annual costs of pruning trees for select municipal
power companies by comparing their relative customer base to statewide customer base.
It also includes cost estimates for implementing an enhanced pruning cost program,
should local officials see that as an appropriate response to the increased risk of storms
resulting from climate change.
Table 9. Estimated annual costs incurred by midcentury for pruning for select
municipal power distributors
Distributor

Additional Cost

Full Enhanced Pruning Cost

Cleveland

$29,000

$3.9 million

Cuyahoga Falls

$8,700

$1.2 million

Oberlin

$1,100

$150,000

Piqua

$3,900

$520,000

Wadsworth

$4,700

$630,000

Ohio

$140,00

$18 million
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Stormwater Management
With climate change causing heavier and more frequent precipitation, Ohio municipalities
will need to make upgrades to their stormwater management systems to provide the
same quality of service as in the past. This could mean adding extra culverts or installing
detention or retention basins, rain gardens, infiltration trenches, and other stormwater
management techniques to address more frequent and severe rainfall.
The United States EPA lists retention basins and other strategies as effective strategies for
dealing with changes in rainwater frequency.70 However, increased frequency and intensity
of rain caused by climate change is impacting the design of retention basins all across
the world.71 In particular, a recent study found that the biggest threat for flooding comes
not from the total rain during a storm, but the total rain at the heaviest point during the
storm.72 This is because detention and retention basins can adequately drain during the
course of a storm but are most threatened for overflow and failure when storming is worst.
More heavy rains or more intense weather events could thus require not only installation
of new basins or spillways, but a combination of different stormwater management
technologies.
Three other strategies for managing stormwater runoff are rain gardens, infiltration
trenches, and sand filters. A rain garden is a depressed area that collects rainwater and
allows it to soak into the ground.73 An infiltration trench is a ditch full of permeable soil that
allows rainwater to quickly seep into the ground.74 A sand filter captures water and then
filters out larger particles and smaller impurities by running them through sand.75

Methodology
In order to estimate the cost of stormwater management, we use the Communityenabled Lifecycle Analysis of Stormwater Infrastructure Costs (CLASIC) tool designed by
the Colorado State University One Water Solution Institute. To estimate the annual costs
of stormwater projects for local governments in Ohio, we modeled stormwater projects in
Lima, Marietta, Marion, Toledo, and Youngstown, setting city boundaries as study areas.
We use an estimate of four percent increased precipitation per year by midcentury as
our forecasted climate scenario. This was calculated by taking the median estimate from
twenty different climate models, which project average annual precipitation increase for
the RCP 4.5 climate scenario.76
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We then model 10 technological options for each selected Ohio municipality and choose
the least-cost technology that results in either baseline or reduced runoff volume. The 10
technological options modeled using the CLASIC tool are detention basins, rain gardens,
sand filters, infiltration trenches, wet ponds, stormwater harvesting, storage vaults,
permeable pavements, disconnections, and green roofs. Six months of annual mowing
is assumed for projects that require them and construction costs are assumed to be
spread over 30 years using capital financing. We do not include interest payments in this
calculation, so this is a conservative estimate of total capital financing costs.
We conducted sensitivity analysis as well, testing scenarios with high-end estimates for
precipitation increase under the RCP 4.5 scenario, and these technologies were robust
enough to absorb runoff under the highest precipitation estimates among the 20 climate
models considered.
To estimate statewide costs, we determine costs per municipal square mileage of costeffective technologies in select municipalities using dollar estimates from the CLASIC
model and square mileage from the Census Bureau’s “QuickFacts” tool.77 We then multiply
these average per-square mile costs by the number of square miles in Ohio and then by the
percentage of urban square miles in Ohio as estimated by the United States Department
of Agriculture (USDA) to estimate the total cost of stormwater management to account
for increased precipitation for the state’s municipalities in the RCP 4.5 climate scenario.78

Results
Of the 10 technologies studied, three technologies — rain gardens, infiltration trenches,
and sand filters — were effective at reducing runoff at a similar low cost across
municipalities. The annual construction, maintenance, and rehabilitation costs expected by
midcentury for each strategy in the selected Ohio municipalities are below. The statewide
cost to implement a given stormwater management technology is estimated to reach
$140 million to $150 million per year by midcentury.
These estimates assume a single technology is used to manage stormwater. Mixing and
matching technologies may increase or decrease costs depending on the watershed
coverage of the technology within the municipality. These numbers also assumed that
construction costs capitalized over 30 years.

77

“ QuickFacts: Youngstown city, Ohio; Toledo city, Ohio; Marietta city, Ohio; Lima city, Ohio; Marion city,
Ohio,” United States Census Bureau, Available Online: https://www.census.gov/quickfacts/fact/table/
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Table 10. Estimated annual costs for stormwater management infrastructure for
select Ohio municipalities expected by midcentury
Municipality

Rain Gardens

Infiltration Trenches

Sand Filters

Lima

$1.5 million

$1.4 million

$1.5 million

Marietta

$590,000

$570,000

$620,000

Marion

$1.3 million

$1.7 million

$1.3 million

Toledo

$10 million

$10 million

$11 million

Youngstown

$3 million

$3 million

$3.2 million

Ohio

$140 million

$140 million

$150 million

Elevating Roads
Climate change is expected to cause more frequent concentrated, intense storms with
heavier rainfall, which will lead to increased flooding. Climate change-driven flooding can
lead to traffic disruptions, construction activity delay, and weakening and washing out of
soil and culverts that support roads, tunnels, and bridges.79 Volatility of flood levels may
prompt local governments to raise the height of roads and bridges to exceed the base
flood elevation in order to ensure public safety in the face of these new climate-driven
flooding challenges.
Many of the models that have been developed for climate adaptation lean on using base
flood elevation levels to determine what the height of roads and bridges should be under
different climate change scenarios. The Federal Emergency Management Agency (FEMA)
sets that base flood elevation as the elevation of surface water resulting from a flood that
has a one percent chance of equaling or exceeding that level in any given year.80 Elevating
roads and bridges is an expensive undertaking. The cost of materials, labor, and even
shutting down roads for maintenance and upgrades falls on local governments. If traffic
disruption is large enough, local economic activity could be impacted as well. Miami Beach,
Florida, is currently carrying out a project to raise its road by two feet, costing the city about
$2 million per block.81
“Base flood elevation” is the elevation of surface water resulting from a flood that has a
one percent chance of equaling or exceeding that level in any given year. This is a standard
used for assessment of risk for flooding of structures and infrastructure.
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“ Climate Impacts on Transportation,” Environmental Protection Agency, January 19, 2017, Available Online:
https://19january2017snapshot.epa.gov/climate-impacts/climate-impacts-transportation_.html
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Methodology
To estimate the cost to elevate Ohio’s roads and bridges above base flood elevation, we
start with the miles of roads estimated by Flood Factor to be at risk within each Ohio
city selected for analysis.82 We then multiply this by Flood Factor’s projected midcentury
percentage increase in the number of properties below base flood elevation under the
RCP 4.5 climate scenario. We use this ratio as a proxy estimate for the percentage increase
in miles of roads falling below base flood elevation.
The Pennsylvania Department of Transportation estimates interstate reconstruction costs
roughly $2.6 million per lane mile, or $5.2 million if the segment mile of Interstate has two
lanes.83 We estimate a low-end cost of raising a mile of road to be $5.2 million for a twolane road and a high-end cost of raising a mile of road to be $10.4 million. This should be
considered a conservative estimate since urban construction tends to be more expensive
than rural construction.84
To estimate the cost to raise Ohio’s roads above base flood elevation, we multiply the
projected number of miles that need to be raised above base flood elevation by $5.2
million per mile for a low-end estimate and $10.4 million per mile for a high-end estimate.
We then divide this number by 30, assuming construction costs will be capitalized over 30
years. We do not include interest payments in this calculation, so this should be considered
a low-end estimate of the cost of these road elevation projects.
To produce a statewide estimate, we take the average percentage of roads at risk of
flooding in the selected Ohio cities, which is 35 percent, and divide that by the total number
of miles of road in Ohio. We then follow the same methodology used above to produce
low and high-end statewide cost estimates.

Results
Ohio would need to spend between an estimated $860 million and $1.7 billion per year
over 30 years to raise the state’s roads above base flood elevation. Table 11 shows the
estimated miles of roads falling below base flood elevation as well as low- and high-end
annual cost estimates for raising these roads above base flood elevation in select Ohio
cities and statewide.

82
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Table 11. Estimated additional miles of roads below base flood elevation for select
Ohio cities and the annual cost to raise them above base flood elevation
Community

Estimated Miles of
Roads Falling Below
Base Flood Elevation

Annual Cost - Low

Annual Cost - High

Dayton

65

$11 million

$23 million

Lima

9

$1.5 million

$3 million

Marion

6

$1.1million

$2.1 million

Washington County

13

$2.2 million

$4.4 million

Youngstown

7

$1.3 million

$2.5 million

Ohio

5,000

$860 million

$1.7 billion
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5. Budget Analysis of the Costs of Climate
Change to Local Governments
To estimate the total impact of the cost of climate change on Ohio state budgets, we first
create a baseline for spending in Ohio starting with the 2019 survey of state and local
government finances by the United States Census Bureau.85 We find that local governments
in Ohio spent a total of $7.1 billion on environment and housing that year. We compare
this baseline spending to low- and high-end costs for each of the deep-dive spending areas
to see what the increase in environment and housing spending will be in 2050.86

Monster Ztudio/Shutterstock.com

85

“ 2019 State & Local Government Finance Tables,” United States Census Bureau, October 8, 2021, Available Online:
https://www.census.gov/data/datasets/2019/econ/local/public-use-datasets.html

86

All values expressed in 2022 dollars.

OEC Comment Exhibit D

34

Calculating the Financial Cost of Climate Change to Ohio’s Local Governments

Table 12. Total costs of climate change for major impacts on local governments
expected by midcentury
Impact

Low-End Estimate

High-End Estimate

A/C Installation

$1.4 million

$6.8 million

Electrical Costs

$5.4 million

$79 million

Cool Roofing

$0

$4.6 million

Cooling Centers

$52 million

$590 million

Road Repair

$170 million

$1 billion

Drinking Water Treatment

$580 million

$2.2 billion

Storm Recovery

$35 million

$78 million

Power Lines

$140,000

$18 million

Stormwater Management

$140 million

$150 million

Elevating Roads

$858 million

$1.7 billion

Total

$1.8 billion

$5.9 billion

We estimate that the state of Ohio will need to increase municipal spending by at
least $1.8 billion to $5.9 billion per year by midcentury in order to adapt to these ten
challenges of a worsening climate crisis (Table 12). This change in spending would
constitute an increase in spending of 26 to 82 percent over 2019 baseline spending on
environment and housing. Many of the costs of climate change are expressed in 2021
dollars, which means that simple inflation may drive these costs up on their own.
The monetized amounts also represent only 10 of the 50 different impacts addressed in
this report. Monetization of the other 40 impacts would add to the overall costs reflected
here. This also constitutes a static analysis of the costs associated with climate change
adaptation. Behavioral responses to adoption of one policy may influence the decision to
adopt other policies that could increase or lower the total cost of adaptation, but we do not
estimate the impact of those changes in this analysis.
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Conclusion
The impacts of climate change are underway and local governments will have to find a
way to finance the local impacts of this global problem. As we see increases in extreme
weather events and other consequences from the climate crisis unfold in real time,
municipal governments will face new costs managing local recovery and adaptation efforts.
As a part of this, local leaders must 1) understand the magnitude of costs that will be
necessary to reduce the threat of climate change, and 2) implement preventative policies
to avoid heavier retrofit costs down the line and to protect the lives and livelihoods of their
residents.
Our analysis conservatively estimates that local governments could spend up to an
additional $5.9 billion per year by midcentury to address just 10 likely impacts from
climate change. This represents an 82 percent increase over 2019 baseline local
spending on environment and housing in the state of Ohio. We also identified another
40 impacts which are not included in this estimate.
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The total increase in annual spending by municipal governments due to climate change
is likely much higher than this report reflects. Local governments will likely experience a
shortfall in revenue compared to necessary climate-related expenditures. These costs are
likely to occur even if international carbon emission reduction goals are reached in line
with the Paris Agreement.
So what can local governments do to address this problem? First, municipalities can raise
local taxes to create a climate fund. Denver has implemented a similar strategy,87 but
raising taxes can be a politically challenging solution. Petitioning the federal government
for climate funding is another option, but President Biden’s proposed budget for 2023
invests only $18 billion in climate resilience for the entire country88 — not enough to cover
even one year of the costs estimated in this analysis if other states have climate costs of
similar magnitude to Ohio’s. Both of these policy options rely on taxpayers to pick up the
entire tab for climate costs. Alternatively, policymakers can pursue other financing options,
such as considering who is responsible for climate change in the first place and holding
those entities accountable for the existing costs and ongoing damages.
A 2017 study by the Carbon Disclosure Project and the Climate Accountability Institute
found that just 100 oil and gas companies are responsible for more than 70 percent
of industrial greenhouse gas emissions since 1988.89 Many of these same companies
conducted early climate change research and found that burning fossil fuels would raise
global temperatures,90 which could cause “dramatic environmental effects.”91
To this day, the oil and gas lobby is actively working to obstruct much-needed action on
climate change.92
Taxpayers are not responsible for the climate crisis that Ohio municipalities are
currently facing. Instead of relying on taxpayers to bear these costs, local governments
have the option to ensure that the corporate actors most responsible for causing and
exacerbating climate change should be responsible for their fair share of the financial
costs of adaptation and resilience.
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“ 6 Innovative Ways to Fund Climate Action and Equity in US Cities,” World Resources Institute, May 6, 2021, Available
Online: https://www.wri.org/insights/funding-models-climate-equity-cities-us
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“ Quantifying Risks to the Federal Budget from Climate Change,” The White House, April 4 2022, Available Online: https://
www.whitehouse.gov/omb/briefing-room/2022/04/04/quantifying-risks-to-the-federal-budget-from-climate-change/

89

“ The Carbon Majors Database: CDP Carbon Majors Report 2017,” Carbon Disclosure Project and Climate Accountability
Institute, July 2017, Available Online: https://cdn.cdp.net/cdp-production/cms/reports/documents/000/002/327/original/
Carbon-Majors-Report-2017.pdf
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 emo from J.F. Black to F.G. Turpin re The Greenhouse Effect, Exxon Research and Engineering Company, June 6, 1978,
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Extreme
Precipitation and
Flood Protection

Infrastructure

Increasing
Temperatures

Structure and
Infrastructure
Projects

Public Health
Projects

Cost Category

Climate Impact

Floodproofing water treatment facilities located in flood hazard areas.

Floodproofing wastewater treatment facilities located in flood hazard areas.

Floodproofing inside of municipal buildings, for example by installing check valves, sump pumps, or backflow prevention devices.

Elevating structures above the base flood elevation (BFE), or relocating utilities, water heaters, etc. above BFE.

Elevating roads and bridges above the base flood elevation (BFE) to maintain dry access.

Resurfacing roads with more permeable pavement and concrete to better handle increase rainfall.

Inspecting bridges in order to identify and/or implement repairs or retrofits or cleaning under low bridges.

Inspecting and maintaining drainage systems and flood control structures (dams, levees, ice-jam preventers, etc.).

Installing detention or retention basins, relief drains, spillways, drain widening/dredging or rerouting, etc.

Adding extra culverts, increasing dimensions of existing culverts, or implementing routine cleaning and repairing.

Installing, rerouting, increasing capacity, or implementing routine cleaning plans for the storm drainage system.

Removing, relocating, acquiring, or demolishing structures from flood-prone areas to minimize future flood losses.

Protecting drinking water supplies from hazardous algae blooms, caused in part by increasing water temperatures.

Reducing the urban heat island by planting trees to provide shade in parking lots, school playgrounds, residential streets, and public right-of
ways.

Increase in asthma attacks requiring hospitalization (resulting from increased heat and ground level ozone, and the increase in airborne
allergens due to lengthened growing season).

Treating victims of vector borne illness.

Controlling the increase of vector borne illness – education and physical and chemical controls for ticks and mosquitos.

Increased demand for publicly financed air conditioning targeted to low-income families and public housing.

Building and managing more cooling centers, including staffing and tracking of high-risk individuals.

Increased damage to water and sewer pipes due to more frequent freeze/thaw cycle.

Increased road damage due to more frequent extreme heat events, and more rapid freeze/thaw cycle.

Increased cooling costs associated with roofing solutions, such as cool or green roofing

Increased electrical costs required for air conditioning in public buildings

Increased costs for A/C installation or upgrade costs for public schools.

Energy efficiency retrofits in public and private buildings and housing, including costs for the design and development of energy efficiency
standards.

Cost

Appendix A: Potential Costs of Climate Change for Local
Governments in Ohio
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Other Extreme
Weather

Erosion

Structure and
Infrastructure
Projects

Education and
Awareness Programs

Local Planning
and Regulations

Infrastructure
Projects

Education and
Awareness Programs

Developing a floodplain or coastal zone management plan.

Local Planning
and Regulations
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Burying overhead power lines or installing systems that allow small sections of power lines to fail rather than the complete system.

Protecting power lines through pruning trees.

Increased costs of storm recovery and clean-up, including increased costs of snow removal due to increases in lake-effect snow.

Increasing awareness by disclosing location of high-risk areas to current and future property owners; offer mitigation technique information.

Developing site and building design standards.

Developing and enforcing an erosion management plan.

Identifying, mapping, or tracking erosion hazard areas.

Prohibiting removal of vegetation from dunes and slopes.

Stabilizing susceptible slopes, stream banks, and shorelines using grading techniques, planting vegetation, terracing hillsides, installing boulders, riprap or geotextile fabric, or bioengineering bank stabilization techniques.

Implementing site and building design standards, such as constructing open foundation systems or deep foundations.

Locating new utilities and critical facilities outside of susceptible areas.

Relocating, demolishing or acquiring at-risk buildings (or other infrastructure).

Increasing public outreach to encourage flood insurance purchase; educate residents in flood safety, flood mitigation, technical assistance
availability, funding sources and best practices.

Preserving floodplains as open space using any of several land use planning tools: develop a plan that targets hazard areas for acquisition,
reuse, and preservation, a land banking program, use of transfer of development rights to keep floodplains vacant, easements to prevent
development, or acquiring properties in the floodplain and turning them into open space.

Implementing floodplain management beyond NFIP requirements, like the Association of State Floodplain Managers “No Adverse Impact”
policy or FEMA NFIP Community Rating System (CRS).

Joining or improving compliance with the National Flood Insurance Program (NFIP).

Obtaining easements to use privately-owned land for temporary water retention and drainage.

Adopting, applying and enforcing building codes to ensure buildings can withstand flooding.

Adopting a stormwater management or drainage plan, or completing a stormwater drainage study to address flooding/erosion related to
rainwater or snowmelt.

Protect and enhance natural floodplain mitigation features (such as wetlands, dunes, and vegetative buffers) to help prevent flooding in
other areas.

Natural Systems
Protection

Constructing floodwalls, small berms, revetments, bioengineered bank stabilization or other small structural mitigation measures.

Protecting critical and emergency facilities from floods using any other technique, for example, raising components above BFE, installing
pumping systems or back-up generators for pumping, building dikes or stabilizing banks.

Protecting critical and emergency facilities by requiring all critical facilities be built one foot above the 500-year flood elevation (to meet
requirements of Executive Order 11988).

Protecting emergency operations by upgrading or moving all emergency operations centers, police stations, and fire department facilities
outside of flood-prone areas.
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Appendix B: Discussion of
Additional Impacts
The analysis presented in this report conservatively estimates that local governments
could spend up to an additional $5.9 billion per year by midcentury to address just 10 likely
impacts from climate change. These additional impacts and climate adaptation strategies
will cost local communities more money to address and implement.

Increasing Temperatures
Infrastructure
Increased damage to water and sewer pipes due to more frequent freeze/thaw cycle.
More extreme weather events could lead to greater likelihood of electrical grid failure,
which can impact water and sewer pipes heated with electricity. A Canadian study on the
impacts of climate change in Ottawa, Canada was particularly worried about this prospect,
noting that widespread reliance on electricity for space heating means that grid failure
could lead to increased risk for frozen water pipes.93
Freeze/thaw cycles can impact the soil around pipe infrastructure. According to a study by
the Environmental Law & Policy Center, higher temperatures and longer dry periods can
reduce soil moisture and be harmful to buried pipe infrastructure due to subsidence.94
Drier soil can sink into the ground unevenly, which can impact where pipes are set
and potentially bend or break pipelines. In this case, local governments in charge of
maintenance of pipelines will need to spend extra to maintain pipelines at current levels of
effectiveness.
Pipeline failure can result in other costs associated with disruption of productivity. If work
is interrupted by unexpected lack of water or sewage service, this can exact costs on local
governments. Costs could be higher if these interruptions in work are associated with
health care or other high-cost services with importance to the public sector. Deferred costs
can create even higher costs for local governments down the road.
The American Society for Civil Engineering has assessed Ohio’s drinking and wastewater
systems, rating its drinking water system a D+ and its wastewater system a C-.95 The Society
highlights Ohio’s aging distribution network as a weak spot for drinking water, projecting
breaks to increase by 36 percent over the next 20 years and leading to a total of $13.4
billion in drinking water infrastructure needs over the next 20 years. The Society also cited
the 2016 Clean Watersheds Needs Survey, saying Ohio needs $17 billion in new wastewater
infrastructure investment in order to meet water quality and human health goals of the
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 artin, Gary, and Patricia Ballamingie. “Climate change and the residential development industry in Ottawa, Canada.”
M
(2017).
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“ An Assessment of the Impacts of Climate Change on the Great Lakes,” Environmental Law and Policy Center, Available
Online: https://elpc.org/wp-content/uploads/2020/04/2019-ELPCPublication-Great-Lakes-Climate-Change-Report.pdf
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“Ohio 2021 Report,” American Society for Civil Engineers.
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Clean Water Act. If infrastructure degrades quicker because of more frequent freeze/thaw
cycles, these numbers could be higher.
Energy efficiency retrofits in public and private buildings and housing, including
costs for the design and development of energy efficiency standards.
As temperatures increase, the demand for energy will increase for local governments. To
reduce the price of energy, retrofits will need to be applied to public and private buildings
and housing. A report by the Building America Retrofit Alliance to the Department of
Energy estimated the average retrofit project in New Jersey cost roughly $14,000.96 The
majority of the homes in this study were within a few thousand dollars of this cost, but
there were some outliers as well, with the most affordable project coming out to under
$4,000 and the most expensive project approaching $36,000.
While energy efficiency retrofits should save operating costs in the long run, they require
costs up front. Higher temperatures from climate change will lead to higher cooling costs,
which means larger returns to energy efficiency retrofits. A 2011 study commissioned by
the Department of Energy found that a $61,000 project to retrofit a 200,000-square foot
office building would pay off in two years in a hot and humid climate.97
Also notable is the potential cost for development of energy efficiency standards, which
would require a study to establish these standards. A study can have a wide range in
potential costs, mostly determined by the size of the municipality and the extent to which
the municipality is interested in complexity and detail in the study. The most likely range in
costs, though, is for the study to be somewhere in the tens of thousands of dollars.
While improving energy efficiency has benefits that may justify costs for local governments,
local governments may also be compelled to design and develop energy efficiency
standards and retrofit buildings by federal regulations promulgated in future years. Also
notable here is that these are costs that may fall on public and private sector interests. So if
municipalities are supporting infrastructure (such as public transit hubs, etc.) that is meant
to promote private economic development, they will likely be providing energy efficiency
retrofits for those buildings as well. There is a possibility these could also apply to local
government projects to support housing affordability depending on the specific regulations
and legislation put in place in the future.

Public Health Projects
Increased demand for publicly financed air conditioning targeted to low-income
families and public housing.
As local governments face rising costs to cool public buildings, their residents will face
similar challenges at home. This poses equity issues as residents with higher incomes
will find it easier to cool their homes than those experiencing poverty. The Centers for
Disease Control and Prevention write in their Health Housing Reference Manual about

96

 iaukus, Christine, “Home Performance With Energy Star, Which Measures Get You 30% Savings?” Building
L
America Retrofit Alliance. Available online: https://www.energy.gov/sites/prod/files/2014/03/f12/BA%20Webinar_
Liaukus_3-19-14_0.pdf
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 iu et al, “Advanced Energy Retrofit Guide: Practical Ways to Improve Energy Performance - Office Buildings,” Pacific
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Northwest Research Laboratory, Prepared for the U.S. Department of Energy, September 2011.
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the importance of air conditioning to reducing the risk of heat stroke.98 Many local
governments have committed themselves to providing livable housing and supporting
residents in need of housing. Ensuring housing is sufficiently cool will be a larger part of
their responsibility as the climate warms.
The Ohio Department of Development has a “Summer Crisis Program” that provides
subsidies to low-income households struggling to pay for cooling during summer
months.99 Programs such as these can ensure families have the resources they need
to keep their homes cool while also offering support to those individuals experiencing
poverty. The national average cost to install central air conditioning is $5,700 and is likely
much higher for a large project, meaning costs to cool public housing could add up for
local governments.100
Additionally, public housing units that do not provide sufficient cooling for residents could
pose a safety hazard for residents and fall short of the goal of providing livable housing.
Providing air conditioning to ensure that units are livable under conditions of increased
heat could pose more costs for local governments unless they decide to defer these to
state or federal entities, potentially putting their residents in danger. Doing so could leave
residents with no support at a time when heat conditions become more dangerous for
them.
Controlling the increase of vector-borne illness education and physical and chemical
controls for ticks and mosquitoes.
Warm weather can facilitate the spread of “vector-borne illness” that spreads through
insects such as ticks and mosquitoes, which thrive in warm environments. The Centers for
Disease Control and Prevention reports that climate change increases the number and
geographic range of disease-carrying insects and ticks. Last year, the Ohio Department of
Health reported three cases of West Nile Virus among humans along with over 400 cases
of Lyme Disease.101
In order to combat the spread of vector-borne illness, local governments will need to
resort to education programs. Funding these education programs could end up being
costly depending on the spread of these diseases and the extent to which climate change
facilitates new activity among people in the state that could increase exposure to ticks
and mosquitoes.
Local governments will also be tasked with curbing vector-borne illness by using physical
and chemical controls for ticks and mosquitoes. The Centers recommend local mosquito
control programs for control of vector-borne illness in an area.102
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“Healthy Housing Reference Manual,” Centers for Disease Control and Prevention, Healthy Housing Reference Manual
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“ Summer Cooling Program,” Individual | Energy Assistance Programs, Ohio Department of Development, Available
Online at https://development.ohio.gov/is/is_heapsummer.htm

100 “ How much does it cost to install central air?” Home Advisor, Available Online: https://www.homeadvisor.com/cost/
heating-and-cooling/install-an-ac-unit/
101 “ Ohio Vectorborne Disease Surveillance Update,” Zoonotic Disease Program, Ohio Department of Health, August 27,
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102 “ Why Is Mosquito Control Important?” Centers for Disease Control and Prevention, October 6, 2020, Available Online:
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These control programs could present a range of different costs. For example, Bartlesville,
Oklahoma, spends 34 cents per resident per month on mosquito control.103 A 1997 survey
found there were 345 mosquito control districts in the United States spending about $230
million to control mosquito nuisances.104 This number could climb higher if temperature
conditions continue to improve for mosquitoes.
Treating victims of vector-borne illness.
Local health departments play a large part in promoting public health in the state of Ohio.
Vector-borne illnesses are often the result of local environmental factors, putting local
governments in the most advantageous position to abate the threat of vector-borne illness.
The Centers for Disease Control and Prevention reports that climate change could increase
the number and geographic range of disease-carrying insects and ticks.105 This could lead to
more victims of vector-borne illness.
A 2005 CDC study of West Nile Virus found treatment of West Nile Virus during an outbreak
in Sacramento cost about $6,000 per inpatient and $33,000 per outpatient.106 This does
not include lost productivity costs, which would mainly accrue directly to employers, but
may be important to local governments if teachers or other public sector workers become
exposed to West Nile. How these are split between state insurers, private governments,
and local governments will depend on how financing is arranged for health care, which also
may be impacted by vector borne illness outbreaks.
A high-profile study conducted by Johns Hopkins University researchers found Lyme
disease contraction is associated with about $3,000 higher medical costs per patient.107
These costs may not necessarily accrue to the local governments where people live, but
widespread outbreaks of these diseases could certainly strain local health departments.
The Mayo Clinic recommends antibiotics for treating Lyme disease.108 Health insurance
carriers often only cover the first thirty days of treatment, which could mean victims
of Lyme disease would turn to other providers of health care like local governments
for assistance.
Increase in asthma attacks requiring hospitalization (resulting from increased heat
and ground level ozone and the increase in airborne allergens due to lengthened
growing season).
The Montreal Protocol has been effective at reducing ozone worldwide, but higher
temperatures could potentially lead to both a resurgence in ozone and an increase in

103 “ Q&A: Mosquito control program costs, revenues,” City of Bartlesville, July 30, 2019, Available Online: https://www.
cityofbartlesville.org/qa-mosquito-control-program-costs-revenues/
104 A
 MCA. 1999. Directory of Mosquito Control Agencies in the United States, American Mosquito Control Association.
105 “ Climate Change Increases the Number and Geographic Range of Disease-Carrying Insects and Ticks,” Centers for
Disease Control and Prevention, Available Online: https://www.cdc.gov/climateandhealth/pubs/vector-borne-diseasefinal_508.pdf
106 B
 arber LM, Schleier JJ, Peterson RK. Economic Cost Analysis of West Nile Virus Outbreak, Sacramento County, California,
USA, 2005. Emerging Infectious Diseases. 2010;16(3):480-486. doi:10.3201/eid1603.090667.
107 A
 drion, Emily R. et al, “Health care costs, utilization and patterns of care following Lyme disease.” PloS one 10, no. 2
(2015): e0116767.
108 “ Lyme Disease,” Mayo Clinic, October 24, 2020, Available Online: https://www.mayoclinic.org/diseases-conditions/lymedisease/diagnosis-treatment/drc-20374655
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allergens that can trigger asthma attacks. Asthma-related hospitalization could strain
hospitals, local health departments, and emergency services, which could lead to higher
costs for local governments in charge of them.
Severe asthma attacks can balloon into life-threatening emergencies. According to a guide
released by the Harvard T.H. Chan School of Public Health, climate change increases air
pollution, allergies, and wildfires, all of which exacerbate asthma attacks.109 American
Health and Drug Benefits reports that the average asthma attack costs $400 for an
emergency room visit and $5,000 for an inpatient care visit, costs that could stack up if local
governments have to pay them for one reason or another.110
Reducing the urban heat island by planting trees to provide shade in parking lots,
school playgrounds, residential streets, and public right-of-ways.
The way cities absorb heat means that temperature increases brought about by
climate change will likely be higher in cities than outside of them.111 According to the United
States EPA, trees and plants can cool the local environment, making vegetation an effective
tool for reducing urban heat islands.112 They cite a study that found that annual tree
expenditures in cities range from $15 to $65 per tree in cities surveyed, with pruning
being the largest expenditure.
A nationwide survey of 5,700 communities released earlier this year found that low-income
city blocks have less tree cover than high-income blocks.113 These researchers found that
low-income blocks have 15 percent less tree cover and are 1.5 degrees Celsius warmer on
average than high-income blocks. As temperatures increase from climate change, these
disparities will only widen over time. The study estimated a cost of nearly $18 billion to
close the gap between low- and high-income blocks. Reducing heat island effect in lowincome communities could be a key step in addressing a disparity of heat-related health
impacts made worse by climate change.

109 “ Climate Change and Asthma,” Harvard T.H. Chan School of Public Health, Available Online:
https://www.hsph.harvard.edu/c-change/subtopics/climate-change-and-asthma/
110 “ Inpatient Treatment of Asthma Is Costly: $5000 per Hospitalization Calls for Proper Office Management,” American
Health & Drug Benefits.
111 H
 arvey, Chelsea, “Urban Heat Islands Mean Warming Will Be Worse in Cities,” E&E News, Scientific American, November
21, 2019, Available Online:
https://www.scientificamerican.com/article/urban-heat-islands-mean-warming-will-be-worse-in-cities/
112 “ Using Trees and Vegetation to Reduce Heat Islands,” United States Environmental Protection Agency, Available Online:
https://www.epa.gov/heatislands/using-trees-and-vegetation-reduce-heat-islands
113 M
 cDonald, Robert I. et al, “The tree cover and temperature disparity in US urbanized areas: Quantifying the association
with income across 5,723 communities.” PloS one 16, no. 4 (2021): e0249715.
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Extreme Precipitation and Flood Protection
Structure and Infrastructure Projects
Removing, relocating, acquiring, or demolishing structures from flood-prone areas to
minimize future flood losses.
According to the United States EPA, climate change may cause river floods to become
larger and more frequent in some places.114 A 2020 study of flood risk by a consortium
of scientists and engineers from academic institutions including University of CaliforniaBerkeley, George Mason University, and Rutgers University concluded that eight percent of
Ohio properties are at risk for flooding and are concentrated in Ohio’s major urban areas
of Cincinnati, Cleveland, and Columbus.115
It is often up to local governments to take on the job of removing, relocating, acquiring, and
demolishing structures that are dilapidated or not economically viable, hence the rise of
land banks and the growth of affordable housing policy among local governments. Luckily,
the First Street study does not anticipate a larger proportion of Ohio’s properties becoming
subject to flood risk over the next thirty years, so these costs are not likely to increase
because of more properties being put at risk. That being said, interruption of global
supply chains for building materials due to extreme weather could make these projects
more costly.
FEMA lists structure demolition and relocation as an eligible mitigation measure for flood
risk.116 The average home demolition costs $18,000, so this can be a costly intervention for
reduction of flood risk.117
Installing, rerouting, increasing capacity, or implementing routine cleaning plans for
the storm drainage system.
Storm drainage systems are local governments’ primary tool for reducing the direct
impact of storms on public health, safety, and property within their bounds. According to
the United States EPA, climate change is likely to lead to more frequent and intense storms
and more extreme flooding events, which can put a pressure on local infrastructure by
increasing storm runoff.118
The Agency suggests green infrastructure strategies, use of climate and land use data,
and natural infrastructure as tactics for managing increased stormwater runoff. Installing,
rerouting, increasing capacity, and implementing routine cleaning plans of storm drainage

114 “ Climate Change Indicators: River Flooding,” United States Environmental Protection Agency, Available Online: https://
www.epa.gov/climate-indicators/climate-change-indicators-river-flooding
115 “ Flood Factor: Defining America’s Past, Present, and Future Flood Risk,” First Street Foundation, 2021, Available Online:
https://firststreet.org/flood-factor/
116 “ Eligible Mitigation Measures,” Federal Emergency Management Agency, Available Online: https://www.fema.gov/pdf/
plan/floodplain/fema301_section5.pdf
117 “ How Much Does It Cost To Demolish A House?,” Home Advisor, August 23, 2021, Available Online: https://www.
homeadvisor.com/cost/landscape/house-demolition/
118 C
 limate Adaptation and Stormwater Runoff, Climate Change Adaptation Resource Center (ARC-X), United States
Environmental Protection Agency, May 26, 2021, Available Online: https://www.epa.gov/arc-x/climate-adaptation-andstormwater-runoff
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systems will all cost local governments more money as time goes on if storms grow more
severe or frequent over time.
One estimate from a construction company puts the cost of a storm trench or channel
at $150 per linear foot and costs can run anywhere from a few thousand dollars to a few
million dollars depending on the project.119 According to Pennsylvania State University,
storm runoff rain garden construction can cost $7 to $11 per cubic foot.120 More
comprehensive systems could cost even more depending on the size and complexity
of the project.
Adding extra culverts, increasing dimensions of existing culverts, or implementing
routine cleaning and repairing.
A culvert is a structure that allows water to flow underneath a road, trail, sidewalk, railroad,
or other obstruction. These serve the purpose of allowing for infrastructure to function
alongside already-existing streams and waterways. The same way that sewer drainage
systems will be impacted by more frequent and intense storms, culverts may need to be
added in new places as these storms create new streams and waterways. They also may
increase the yield down current waterways, which could lead to unsafe conditions if the
size of a culvert is not large enough. Different patterns in storms may also lead to more
frequent cleaning and repair. Modifications and increase in routine maintenance are costs
that will fall on local governments if they wish their infrastructure to stay at current levels
of operation, preserve public safety, and meet regulations required by other governments.
A report by the University of Virginia states that culvert systems are built with an
assumption that rain patterns will stay the same over time but that climate change is
changing rainfall patterns.121 Culverts are a key part of Ohio’s storm water management
system, so much so that the Ohio Department of Transportation publishes a culvert
management manual to aid in inventory, management, and inspection of culverts.122 A
USDA document puts the costs of culverts at anywhere from $6 to $74 per foot.123
Inspecting and maintaining drainage systems and flood control structures (dams,
levees, ice-jam preventers, etc).
Dams, levees, and ice-jam preventers are other pieces of infrastructure likely to be
impacted by climate change. Heavy rainfall, changes in snow cover and snowmelt, and
shifting vegetation and soil moisture will impact the effectiveness and safety of dams as

119 “ Costs of a Storm Sewer System,” Park Enterprise Construction Co. Inc., 2018, Available Online: https://
parkenterpriseconstruction.com/2020/07/06/what-is-the-cost-of-a-storm-sewer-system/
120 “ What Will My Stormwater Project Cost?,” Penn State Extension, April 19, 2018, Available Online: https://extension.psu.
edu/what-will-my-stormwater-project-cost
121 M
 orsy, Mohamed M. et al, “Incorporating Potential Climate Change Impacts in Bridge and Culvert Design,” No. FHWA/
VTRC 20-R13. 2019.
122 “ Culvert Management Manual,” Ohio Department of Transportation, Available Online: https://www.dot.state.oh.us/
Divisions/Engineering/Structures/standard/Maintenance/Documents/CMM_12-2003.pdf
123 “ Drainage and Incidental Construction,” USDA, Available Online: https://www.fs.usda.gov/Internet/FSE_DOCUMENTS/
stelprdb5247320.pdf
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they exist today.124 Climate change could also impact the probability a flood will occur,
which will impact the safety of levees as they are built now.125 Changing patterns of glacial
melt will impact the effectiveness of ice-jam preventers.126 All these changes will require
investment in new infrastructure in order to ensure public safety. These investments will
likely fall on local governments.
Flooding is a natural phenomenon. The intensification of this phenomenon, however, is
being driven by climate change.127 The intensification of flooding cycles will require local
governments to rebuild and overhaul their flood control systems in order to account for
this change.128 If inspections show flood control structures are not prepared for intensified
flooding, costs could pile up for local governments. For instance, a recent world survey of
flood prevention costs published in the journal Water found that floodwalls in the United
States cost $5.5 million per kilometer in 2016 dollars, or $8.9 million per mile.129
Inspecting bridges in order to identify and/or implement repairs or retrofits or
cleaning under low bridges.
Bridges often act as very large culverts, with water running underneath them. A 2021
review of the potential impacts of climate change on the safety and performance of bridges
finds seven major categories of risks to bridges imposed by climate change: durability,
serviceability, geotechnical, increased demand, accidental loads, extreme natural events,
and operational risks.130 The strain that extreme precipitation and flood protection place on
low bridges qualifies as a cost brought on by extreme natural events.
The review referenced above says that increased intensity and frequency of storms is likely
due to climate change and that lifting and unseating of bridge decks is a common failure
mechanism observed during extreme weather events. It also notes that flooding is one of
the costliest impacts of climate change on bridges, costs that are likely to be borne by local
governments in charge of maintaining these bridges.
A recent study found most of the main load carrying girders they studied could reach their
capacity when subjected to service load and future climate changes.131 Among U.S. states,
Ohio has more bridges than any other state besides Texas, with 144 million square
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 luixá-Sanmartín, Javier et al, “Climate change impacts on dam safety.” Natural Hazards and Earth System Sciences 18,
no. 9 (2018): 2471-2488.
 ahedifard, Farshid et al, “Levee Fragility Behavior under Projected Future Flooding in a Warming Climate.” Journal of
125 V
Geotechnical and Geoenvironmental Engineering 146, no. 12 (2020): 04020139.
126 X
 inlei, Guo et al, “Progress and Trend in the Study of River Ice Hydraulics.” Chinese Journal of Theoretical and Applied
Mechanics, 53, no. 3 (2021): 655-671.
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 ohen, Steve, “Midwestern Floods, Climate Resiliency, and the Green New Deal,” State of the Planet, Columbia Climate
School, March 25, 2019, Available Online: https://news.climate.columbia.edu/2019/03/25/midwestern-floods-climateresiliency-green-new-deal/
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 ohen, Steve, “Floods, Infrastructure and Climate Change,” State of the Planet, Columbia Climate School, June 3, 2019,
Available Online: https://news.climate.columbia.edu/2019/06/03/floods-infrastructure-climate-change/
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Aerts, Jeroen CJH. “A review of cost estimates for flood adaptation.” Water 10, no. 11 (2018): 1646.
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Sustainable and Resilient Infrastructure 6, no. 3-4 (2021): 192-212.
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 alu, Susan, and Hussam Mahmoud. “Impact of climate change on the integrity of the superstructure of deteriorated US
bridges.” Plos one 14, no. 10 (2019): e0223307.
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feet of deck area across the state.132 While the state government handles a lot of bridge
maintenance throughout Ohio, bridges in local areas may take local involvement as well.
According to the American Road & Transportation Builders Association, Ohio has identified
needed repairs on nearly 3,300 bridges at an estimated cost of $2.4 billion.133
Resurfacing roads with more permeable pavement and concrete to better handle
increased rainfall.
More frequent and intense storms can increase stormwater runoff.134 A strategy for
dealing with increased rainfall is to resurface roads with pavement and concrete that drain
through the road rather than sloughing off to the sides and collecting. A study conducted
by researchers at Southern Illinois University and University of Nevada, Las Vegas found
this can be an effective strategy for managing changes in urban stormwater amounts due
to climate change.135 County Health Rankings & Roadmaps rates permeable pavement
projects at its highest level of scientific evidence, saying there is scientific support for claims
that permeable pavement reduces water runoff and water pollution and has potential
benefits to reduce urban heat island effects, crashes, soil erosion and flooding and to
increase wildlife habitat.136
Local governments working to upgrade their current roads to be permeable will have to
pay for materials and labor, a cost which will likely not be picked up by state or federal
partners. On top of this, they will have to pay for the permeable pavement, which can cost
anywhere from $0.50 to $40 per square foot and is usually more expensive than asphalt.137
Elevating structures above the base flood elevation (BFE), or relocating utilities,
water heaters, etc. above BFE.
If flood levels become more volatile, it will impact not only roads and bridges, but also
existing structures and public utilities as well. Two utility systems that could be especially
worrisome for local governments if threatened are sewage systems and stormwater
drainage. These are two systems that depend crucially on the flow of water. If flooding
backs up a sewage system, that can stop drainage systems from working. At best, flooding
will slow the drainage of toxic backup. At worst, it will send toxins back into businesses
and residences. If stormwater drainage systems are backed up, floodwater can also
flow backwards out of a drainage system onto the street rather than flowing out of the
stormwater drainage system like it is designed to do. Relocation of sewage and stormwater
runoff systems is an expensive proposition for local governments.

132 W
 eykamp, Peter et al, “Best Practices in Bridge Management Decision-Making.” Arora and Associates, PC, Lawrenceville,
NJ (2009).
133 “ National Bridge Inventory: Ohio,” American Road & Transportation Builders Association, March 11, 2021, Available
Online: https://artbabridgereport.org/state/profile/OH
134

“Climate Adaptation and Stormwater Runoff,” United States Environmental Protection Agency.
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 hakali, Ranjeet et al, “Management of an urban stormwater system using projected future scenarios of climate models:
a watershed-based modeling approach.” Open Water 5, no. 2 (2018): 1.
136 “ Permeable pavement projects,” What Works for Health, County Health Rankings & Roadmaps, December 7, 2017,
Available Online: https://www.countyhealthrankings.org/take-action-to-improve-health/what-works-for-health/
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137 “ How Much Does Permeable Pavement Cost?,” HomeAdvisor, Available Online: https://www.homeadvisor.com/cost/
garages/permeable-pavement/
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Water heating units located inside structures are also vulnerable to flooding. If a water
heater is within a building, it is often located at the basement level. Submerging a water
heater in floodwaters can lead to penetration of the heater’s electronic ignitor and its
components or entrance into the water heater chambers via gas flows. Water seeping into
a gas chamber and traveling through a gas line can even cause pilot lighting and explosion.
According to the United States EPA, floods have become larger in rivers and streams across
the Midwest.138 Elevating structures is such a staple of flood risk mitigation that the FEMA
has an entire guide on how to reduce risk for structures that cannot be elevated.139 A study
published in the journal Water offered a wide range of different costs to elevate a building,
from $19,000 to $190,000 per structure.140 Wherever it falls in this range, it is an expensive
proposition.
Floodproofing inside of municipal buildings, for example by installing check valves,
sump pumps, or backflow prevention devices.
Local governments may be forced to install new equipment to floodproof public buildings
and make them more hardy against the threat of new flooding brought on by climate
change. This could include offices for city staff, police and fire stations, and service centers
for city programs. The C40 Climate Leadership Group lists flooding as one of the top
three risks posed by climate change to municipal buildings, alongside extreme heat and
drought.141
Check valves, sump pumps, and backflow valves are all included as technologies suggested
for floodproofing in FEMA.142 A check valve is a one-way valve that allows water to flow
out of an area but not back in, thus reducing the threat of flood damage. A sump pump
is a pump submerged in a water-collecting “sump basin” located in a basement. It pumps
water out of the basin as flooding occurs and deposits it outside of the building. According
to a recent study in the journal Water, a check valve costs on average about $1,100 in
2009 dollars and a sump pump costs on average $1,700, meaning these are not the most
expensive interventions, but also not cheap, especially for small local governments.143
Floodproofing wastewater treatment facilities located in flood hazard areas.
Wastewater treatment is one of the core public health services of local governments,
playing a key role in the prevention of gastroenteritis, meningitis, fevers, and diarrhea

138 “ Climate Change Indicators: River Flooding,” United States Environmental Protection Agency, Available Online: https://
www.epa.gov/climate-indicators/climate-change-indicators-river-flooding
139 “ Reducing Flood Risk to Residential Buildings That Cannot Be Elevated,” Federal Emergency Management Agency,
September 2015, Available Online: https://www.fema.gov/sites/default/files/2020-07/fema_P1037_reducing_flood_risk_
residential_buildings_cannot_be_elevated_2015.pdf
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Aerts, “A review of cost estimates for flood adaptation.”

141 “ Reducing climate change impacts on municipal buildings,” Policy Briefs, C40 Knowledge, July 2019, Available Online:
https://www.c40knowledgehub.org/s/article/Reducing-climate-change-impacts-on-municipal-buildings?language=en_US
142 “ Floodproofing Non-Residential Buildings,” Federal Emergency Management Agency, July 2013, Available Online: https://
www.fema.gov/sites/default/files/2020-07/fema_p-936_floodproofing_non-residential_buiildings_110618pdf.pdf
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among residents.144 Researchers say that climate change will lead to more extreme
weather events and earlier snowmelt runoff, which will itself lead to more untreated sewer
overflows and increased flooding.145 Flooding of wastewater treatment facilities could leave
them inoperable and put them at serious risk. Iowa City went as far as to close a vulnerable
wastewater treatment facility to prevent a potential future hazard.146
Floodproofing of wastewater treatment facilities is likely to mirror floodproofing challenges
for other municipal structures. Check valves and sump pumps will be used in places, but
backup risk is much more sensitive in a wastewater treatment plan with toxic wastewater
leading to even larger threats to public health and safety than in a municipal office
structure.
The United States EPA notes that upgrades to wastewater treatment systems are often
expensive.147 Other related costs are incurred to housing and other structures within-home
septic systems, which are vulnerable to flooding themselves.
Floodproofing water treatment facilities located in flood hazard areas.
Water treatment facilities are also susceptible to flood risk. The United States EPA suggests
construction of new infrastructure, modeling climate risk, modifying land use, monitoring
operational capabilities, climate change planning, and repair and retrofitting of facilities
as options for local governments working to mitigate flood risk for water treatment
plants.148 Each of these options are likely to levy new costs on local governments, with new
infrastructure and retrofit being the most expensive.
Heavier rain storms can lead to more contaminants in drinking water, which may make
treatment difficult.149 The United States EPA identifies a range of interventions like pumps
and sandbags for reducing water encroachment into a facility.150 Lincoln, Nebraska spent
$300,000 on a flood mitigation project to protect the city’s water treatment facility.151

144 Ikehata, Keisuke. “Hazardous agents in wastewater: public health impacts and treatment options for safe disposal and
reuse.” In Wastewater Reuse and Management, pp. 165-191. Springer, Dordrecht, 2013.
145 Z
 ouboulis, Anastasios, and Athanasia Tolkou. “Effect of climate change in wastewater treatment plants: reviewing the
problems and solutions.” In Managing water resources under climate uncertainty, pp. 197-220. Springer, Cham, 2015.
146 “ Climate Impacts on Water Utilities,” United States Environmental Protection Agency, Available Online: https://www.epa.
gov/arc-x/climate-impacts-water-utilities
147 “ Wastewater Treatment Plants,” The Sources and Solutions: Wastewater, Nutrient Pollution, United States
Environmental Protection Agency, March 1, 2021, Available Online: https://www.epa.gov/nutrientpollution/sources-andsolutions-wastewater
148 “ Storms and Flooding,” Climate Impacts on Water Facilities, Climate Change Adaptation Resource Center, United States
Environmental Protection Agency, August 31, 2021, Available Online: https://www.epa.gov/arc-x/climate-impacts-waterutilities#storms
149 F
 echt, Sarah, “How Climate Change Impacts Our Water,” Columbia Climate School, September 23, 2019, Available
Online: https://news.climate.columbia.edu/2019/09/23/climate-change-impacts-water/
150 “ Flood Resilience: A Basic Guide for Water and Wastewater Facilities,” United States Environmental Protection Agency,
Available Online: https://www.epa.gov/sites/default/files/2015-08/documents/flood_resilience_guide.pdf
151 “ Mitigation of Essential Structures Helps to Keep Water Treatment Plant Open: Full Mitigation Best Practice Story,”
Federal Emergency Management Agency, Available Online: https://www.fema.gov/case-study/mitigation-essentialstructures-helps-keep-waste-water-treatment-plant-ope
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Protecting emergency operations by upgrading or moving all emergency operations
centers, police stations, and fire department facilities outside of flood-prone areas.
Public safety spending in the form of police and fire protection systems are a major portion
of local government spending. These services rely heavily on quick response times and the
ability to operate around the clock and throughout the week, so flooding of these facilities
could hamper public safety responses at times they are needed most.
One analysis of climate change risk to municipal infrastructure brings up another danger to
flooding of police stations in particular: potential loss of records, anything from cold case
records to unprocessed rape kits.152 Policing operations depend on documentation and
record-keeping and loss of these records can pose a serious threat to public safety and the
criminal justice system as a whole.
Upgrading or relocating emergency response services is not a cheap undertaking and
will likely fall on local governments to do so or risk danger to public health and safety.
Emergency operation centers, police stations, and fire stations will require many of the
same flood protection measures as other municipal buildings, but may be even more
critical since their failure has such dangerous implications.
Protecting critical and emergency facilities by requiring all critical facilities be built
one foot above the 500-year flood elevation (to meet requirements of Executive
Order 11988).
The United States Department of Health and Human Services emphasizes that climate
change and the variability of extreme weather events associated with it will make hazards
and risk to critical and emergency facilities harder to predict.153 Local governments are
subject to compliance with state and federal regulations. For example, Executive Order
11988, promulgated by the Carter Administration, governs how floodplains are managed
throughout the United States.154 In April 2013, the Federal Interagency Hurricane Sandy
Rebuilding Task Force announced a new federal flood risk reduction standard that required
elevation or floodproofing at one foot above the base flood elevation.155
If local governments are to meet these federal requirements, it may mean relocation of
government operations or expensive improvements to current structures to provide
extra floodproofing in the face of extreme weather, rain, and flooding brought about
by climate change.

152 R
 ahman, Md Mostafizur, and Ishrat Islam. “Exposure of urban infrastructure because of climate change-induced flood:
lesson from municipal level planning in Bangladesh.” Ecofeminism and Climate Change (2020).
153 G
 uenther, R., and J. Balbus. “Primary protection: enhancing health care resilience for a changing climate.” US
Department of Health and Human Services (2014).
154 “ Executive Order 11988--Floodplain management,” Executive Orders, Federal Register, National Archives, August 15,
2016, Available Online: https://www.archives.gov/federal-register/codification/executive-order/11988.html
155 “ Reevaluation of the 1 Percent Chance or 100-Year Flood Standard,” Updates to Floodplain Management and Protection
of Wetlands Regulations To Implement Executive Order 13690 and the Federal Flood Risk Management Standard,
Federal Register: The Daily Journal of the United States Government, National Archives, Available Online: https://
www.federalregister.gov/documents/2016/08/22/2016-19810/updates-to-floodplain-management-and-protection-ofwetlands-regulations-to-implement-executive-order
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Relocation is likely to be the largest cost since it will require use of entirely new facilities.
According to one estimate, the cost to raise a home above a flood zone is nearly $33,000.156
These costs would likely be higher for an emergency facility, which is usually much more
complex than a home. Retrofitting could also be very expensive, though, as installation of
flood control infrastructure is costly, not only for materials, but for the labor required to
conduct the installation itself.
Protecting critical and emergency facilities from floods using any other technique,
for example, raising components above BFE, installing pumping systems or back-up
generators for pumping, building dikes or stabilizing banks.
Access to critical and emergency facilities are vital to public health — especially during a
public safety emergency such as a natural disaster with widespread flooding. If critical and
emergency facilities cannot be reached or are rendered inactive by flooding, the public
not only has to deal with a natural disaster, but they must do so without the resources to
respond to that disaster.
Improving critical and emergency facilities so they are operational during times of extreme
rain and flooding can be expensive for local governments. One strategy is to raise key
components above the base flood elevation (BFE). One presentation by the Association of
Floodplain Managers estimated the cost of moving a 2,000 square foot structure two feet
above base flood elevation at $4,700.157
Other strategies for reducing flood risk for critical and emergency facilities have costs as
well. Current cost estimates for a well pump replacement is $1,600.158 Whichever approach
local governments take to mitigating flood risk for critical and emergency facilities, they
are likely to have costs, at least in the short-term. FEMA also lists dikes and floodproofing
as tools for flood damage reduction.159 A survey of flood management costs in the journal
Water found river dikes in Canada were around the same cost as deployable floodwalls in
the United States: $5.5 million per kilometer in 2016 dollars, or $8.9 million per mile.160
Constructing floodwalls, small berms, revetments, bioengineered bank stabilization
or other small structural mitigation measures.
The United States EPA reports that flooding increased in five regions of the state of Ohio
from 1965 to 2015 and did not decrease anywhere in the state.161 Increase in flooding was
significant in northwest Ohio in particular. Outside of the aforementioned examples

156 “ What Is The Cost To Raise A House Above The Flood Zone?,” Upgraded Home, 2021, Available Online: https://
upgradedhome.com/what-is-the-cost-to-raise-a-house-above-the-flood-zone/
157 “ The Costs & Benefits of Building Higher,” Association of Floodplain Managers, Available Online: https://sema.dps.
mo.gov/programs/floodplain/documents/costs-benefits-flier.pdf
158 “ How Much Does It Cost To Install Or Replace A Well Pump?,” HomeAdvisor, August 6, 2021, Available Online: https://
www.homeadvisor.com/cost/plumbing/replace-a-well-pump/
159 “ Flood Damage Reduction Strategies and Tools,” Federal Emergency Management Agency, Available Online: https://
training.fema.gov/hiedu/docs/fmc/chapter%207%20-%20flood%20damage%20reduction%20strategies%20and%20
tools.pdf
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Aerts, “A review of cost estimates for flood adaptation.”

161 “ Change in the Magnitude of River Flooding in the United States, 1965–2015,” Climate Change Indicators: River Flooding,
United States Environmental Protection Agency, Available Online: https://www.epa.gov/climate-indicators/climatechange-indicators-river-flooding
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of targeted flood management, local governments have obligations for other structural
mitigation measures for addressing flood abatement in their communities.
The U.S. Army Corps of Engineers highlights floodwalls as a best practice strategy for dam
and levee safety.162 Floodwalls can have a range of costs depending on the size of the
project, but one current estimate puts floodwalls at an average of $4.10 per square foot of
flood area.163 The cost of deployable floodwalls in the United States has been reported by a
survey in the journal Water at $5.5 million per kilometer in 2016 dollars, or $8.9 million per
mile.164
Possibly less intrusive than a formal floodwall is a small berm, or a rounded mound of soil
used to hold floodwaters at bay. A berm to divert water usually runs somewhere in the
thousands of dollars when installed at the residential level and could be more expensive at
the community level.165 A revetment is an installation of masonry or some other material
used to hold off flooding or reduce erosion on a bank. These can be very expensive, with
some estimates coming in at $90 a foot.166

Natural Systems Protection
Protect and enhance natural floodplain mitigation features (such as wetlands,
dunes, and vegetative buffers) to help prevent flooding in other areas.
Flooding has been an increasingly expensive problem in recent years, with notable river
flooding in 2019 along the Missouri and Mississippi rivers costing billions of dollars in
damage.167 Natural floodplain mitigation features like wetlands, dunes, and vegetative
buffers are well suited for controlling the risk of flooding, but protecting these features can
be costly.
Specifically, the United States EPA notes the importance of wetlands in flood protection,
saying they trap and then slowly release floodwater.168 According to a seminar delivered
to the EPA, the cost of restoring and preserving wetlands ranges from $150 to $6,100 per
acre.169

162 “ Floodwalls: Best Practices in Dam and Levee Safety Risk Analysis,” US Army Corps of Engineers, July 2019, Available
Online: https://www.usbr.gov/ssle/damsafety/risk/BestPractices/Presentations/E8-FloodwallsPP.pdf
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These estimates are mirrored by the USDA, which reports that the per-acre cost to restore
and preserve new wetlands ranges from the hundreds to thousands of dollars.170

Local Planning and Regulations
Developing a floodplain or coastal zone management plan.
Climate change projections indicate a likelihood for more frequent and heavy flooding,
with size, depth, and damages of floods likely to increase.171 Floodplain management
is a community-based effort designed to prevent or reduce the risk of flooding.172 A
floodplain management plan contains four phases: mitigation, preparedness, response,
and recovery.173 Development of such a plan is a key step in minimizing flood risk in
communities that are both used to flooding and communities where flooding will be a new
occurrence to contend with because of climate change.
Like any thorough planning process, development of a floodplain management plan has
costs. Local governments interested in developing a floodplain management plan that
incorporates localized flooding conditions will need to employ professional engineers,
planners, and possibly even environmental consultants in the process. Staff time can also
factor into the overall cost. FEMA provides some resources for communities interested in
engaging in floodplain management.174 Depending on the size of the community and the
quality of the study, a floodplain management plan could cost between tens of thousands
to hundreds of thousands of dollars.
Adopting a stormwater management or drainage plan, or completing a stormwater
drainage study to address flooding/erosion related to rainwater or snowmelt.
According to the United States EPA, water resources are impacted by climate stressors such
as increasing temperatures, changing precipitation patterns, and extreme weather,175 which
impact how stormwater is managed. The EPA encourages intentional planning by local
leaders to mitigate the issues with stormwater drainage caused by climate change.176
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 ansen, LeRoy, “Wetlands Benefits and Costs Vary With Location,” Amber Waves, Economic Research Service, U.S.
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A stormwater management plan attempts to reduce runoff of rainwater and melted snow
into streets, lawns, and other sites and to improve water quality.177 Many states require
stormwater management plans and climate change may prompt local governments
to update existing plans. Changing weather patterns from climate change might make
past stormwater management plans obsolete, requiring new plans to be developed.
Similarly, drainage plans will likely need to be updated to account for increased flooding
and precipitation. These sorts of plans may even require stormwater drainage studies
so planners can better understand the current and expected future dynamics around
stormwater drainage.
Much like floodplain management plans, stormwater management or drainage plans
and studies are costly to develop. Professional planners, engineers, current staff, and
policymakers will all likely be engaged in the planning process, requiring time and money
that could be spent on other projects. Planning can have a range of costs that run from the
tens of thousands to the hundreds of thousands of dollars, depending on the scale of the
project.
Adopting, applying and enforcing building codes to ensure buildings can withstand
flooding.
Building codes are among the most powerful tools municipalities have to impact the lives
of their residents. As climate change increases the chance of flood risk, building codes are
not keeping up with the changes in flood risk.178 FEMA lays out best practices for building in
the face of flood risks.179
Adoption of building codes that require anti-flooding fits to buildings is a rather low-cost
proposition, but enforcement of these building codes can be an expensive undertaking
for these local governments. Enforcing building codes requires hiring of compliance
staff, which requires salary and benefit payments as well as the staffing costs around
office and facilities needed for any hire made by a municipal government. FEMA argues
that costs to builders will be small, with the new costs for flood prevention increasing
costs of construction by 1.2-1.7 percent.180 These costs, however, will likely be passed on
to homeowners and renters, a consideration for policymakers concerned with housing
affordability.

177 “ What Is Stormwater Management and Why Is It Important?,” EEC Environmental, 2021, Available Online: https://
eecenvironmental.com/what-is-stormwater-management/
178 R
 amakrishna, Saritha, “Climate Impacts Are Here Now, So Why Aren’t Our Buildings Better Prepared?,” Conservation
Law Foundation, August 9, 2021, Available Online: https://www.clf.org/blog/climate-impacts-are-here-now-so-why-arentour-buildings-better-prepared/
179 “ Frequently Asked Questions About Building Science: Floods,” Building Science, Risk Management, Emergency
Managers, Federal Emergency Management Agency, September 17, 2020, Available Online: https://www.fema.gov/
emergency-managers/risk-management/building-science/faq-flood
180 “ Building Codes Save: A Nationwide Study,” Federal Emergency Management Agency, November 2020, Available Online:
https://www.fema.gov/sites/default/files/2020-11/fema_building-codes-save_study.pdf
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Obtaining easements to use privately-owned land for temporary water retention and
drainage.
Climate change impacts the frequency and severity of flooding, which will impact the need
for easements for temporary water retention and drainage.181 Often, private lands will be
the best available sites for water retention and drainage during times of heavy flooding. An
easement allows a government to use private property for a specific purpose such as water
retention and drainage.
Private landowners are unlikely to donate their land for these purposes, however. Even
using a heavy-handed tool like eminent domain will require fair compensatory payments
from local governments, meaning costs for this strategy are unavoidable.
The cost of obtaining easements will vary depending on local economic conditions.
Easements may be more difficult and costly to obtain in an expensive, densely-populated
community where land values are high. A fact sheet from the West Central Ohio Land
Conservancy reports nine major costs for setting up an easement: attorney fees, title
search, title insurance, survey fees, recording fees, accountant fees, document preparation
fees, fees to the land trust, and property appraisal fees.182 These costs range from
hundreds to thousands of dollars and may be split between the landowner and the local
government seeking an easement. This does not include the main cost, which is the cost
of purchasing the easement and paying the private property owner for the right to use her
property for temporary water retention and drainage. These will depend on local economic
conditions and individual negotiations.
The Ohio EPA provides a technical assistance manual for construction to handle
stormwater runoff that notes the importance of easements in the stormwater runoff
system.183 Costs of ongoing stewardship of easements can be substantial, with a recent
report by a Pennsylvania conservation group finding average annual stewardship costs to
be $790 per easement, with a range from $430 to $1,500.184
Joining or improving compliance with the National Flood Insurance Program (NFIP).
The National Flood Insurance Program (NFIP) is a national insurance program to help
reduce the economic impact of flooding throughout the United States.185 As storm patterns
intensify, new communities may be compelled to join the NFIP to mitigate risk around
flooding. In particular, local government buildings may need to be insured in order to
reduce risk of flooding and to receive compensation in the case of a flood.

181 O
 wley, Jessica. “Conservation easements at the climate change crossroads.” Law & Contemp. Probs. 74 (2011): 199.
182 “ Costs Associated with Setting Up an Easement and Filing for Federal Tax Incentives,” West Central Ohio Land
Conservancy, Available Online: https://www.wcolc.org/www/Pictures/Easement_04_2013.pdf
183 “ Post-Construction Stormwater Management Practices,” Technical Assistance, Ohio Environmental Protection Agency,
Available Online: https://epa.ohio.gov/Portals/35/storm/technical_assistance/Ch2_Adapted%20for%20CGP%20changes.
pdf
184 “ Costs of Conservation Easement Stewardship,” Guides, WeConservePA, Available Online: https://conservationtools.org/
guides/86-costs-of-conservation-easement-stewardship
185 “ Flood Insurance,” Federal Emergency Management Agency, May 26, 2021, Available Online: https://www.fema.gov/
flood-insurance
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A network of about 60 insurance companies manage the NFIP. Flood insurance risks,
like any kind of risk, vary by risk depending on a range of factors. Increased flooding can
increase that risk, causing certain properties that were not previously required to take
part in the NFIP to begin to take part in it, possibly leading to higher premiums for other
communities.
New properties may need to participate in the NFIP. While properties are required to take
part in the program if they are within a floodplain, increased risk of flooding may further
compel properties to take part in the program, leading to increased danger to communities
that do not take part. Increased compliance with the NFIP will make sure that flood risk is
mitigated and that local governments will have funds available to pay for new facilities in
the event that current facilities are damaged by floods. These funds could be crucial during
a recovery effort.
A study conducted for FEMA estimated that the number of NFIP policies may increase by
80 percent by 2100 due to riverine and receding coastal shorelines.186 The average cost for
a property owner to buy into the NFIP is $700.187 There is no fee for a community to join,
though there could be compliance costs that communities will bear instead.
Implementing floodplain management beyond NFIP requirements, like the
Association of State Floodplain Managers “No Adverse Impact” policy or FEMA NFIP
Community Rating System (CRS).
Local governments are likely to face new flooding challenges in the face of increased
rainfall and frequency of storms straining the local water system.188 Increased storm
frequency and intensity may push communities past the requirements for the National
Flood Insurance Program (NFIP) toward more rigorous flood mitigation standards. The
Association of State Floodplain Managers’ “No Adverse Impact” policy is a strategy for
floodplain management that runs the gamut from hazard identification and floodplain
mapping to education and outreach, planning, regulations and development standards,
mitigation, infrastructure, and emergency services, all of which have costs associated
with them.189
FEMA’s Community Rating System (CRS) is an incentive program that encourages
community floodplain management practices that exceed the minimum requirements of
the NFIP. It encourages management practices much like those of the No Adverse Impact
program and has similar costs associated with it. A serious mapping project can be quite
expensive, though. For instance, a mapping project to update FEMA floodplains in Charlotte
in 1999 cost $1.4 million.190
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“FEMA Climate Change Report,” AECOM, Available Online: https://aecom.com/fema-climate-change-report/
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 ankford, Kimberly, “How Much Does Flood Insurance Cost?,” Kiplinger, October 2, 2015, Available Online: https://www.
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 enchak, Melissa, “Flooding and Climate Change: Everything You Need to Know,” Natural Resources Defense Council,
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189 “ No Adverse Impact: A Toolkit for Common Sense Floodplain Management,” Association of State floodplain Managers,
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Preserving floodplains as open space using any of several land use planning tools:
develop a plan that targets hazard areas for acquisition, reuse, and preservation,
a land banking program, use of transfer of development rights to keep floodplains
vacant, easements to prevent development, or acquiring properties in the floodplain
and turning them into open space.
Floodplains can be attractive locations for development. They are often nearby visuallyappealing water features and can be adjacent to commercial, residential, or retail centers.
Unfortunately, these areas can pose risk for property and ultimately human life, especially
as climate change exacerbates current patterns of storm frequency and intensity.
According to the United States EPA, preserving floodplains can help manage localized and
riverine floods and provide a buffer to prevent loss of life and land.191 Strategies such
as park expansion planning, land banking, transfer of development rights, development
prevention easements, and property acquisition are all viable strategies for preservation of
floodplain space but also all strategies that will present costs to local governments.
Due to increased extreme weather and changes in sea levels, the nation’s floodplains are
expected to increase by 45 percent by 2100.192 The main cost for floodplain preservation is
the opportunity cost of development. For instance, a floodplain preservation program in
St. Louis was found to have an annual opportunity cost of $17 million in undeveloped land,
which itself would lead to losses in property tax revenue.193

Education and Awareness Programs
Increasing public outreach to encourage flood insurance purchase; educate residents
in flood safety, flood mitigation, technical assistance availability, funding sources
and best practices.
One tool for local governments to fight flooding is to educate residents on the impacts
of floods so they understand the risks of foregoing flood insurance and have a general
awareness of the types of coverage that are available to them as a homeowner or renter.
Education can also help residents know how to prevent and deal with floods as they
happen. Some communities have designed online courses for community members to
learn more about local flooding.194
All of these tools will have costs associated with them. Public education programs, even
the development of an online course, require resources for professional services and even
some operational overhead. Providing technical assistance and help with best practices
means paying staff to administer them. FENA provides resources for communities to
educate the public on flood insurance.195 But public outreach campaigns can take on a

191 “ Manage Flood Risk,” United States Environmental Protection Agency, Available Online: https://www.epa.gov/greeninfrastructure/manage-flood-risk
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range of different costs, from small website changes to multimillion-dollar programs like
those used to promote vaccination.

Erosion
Infrastructure Projects
Relocating, demolishing or acquiring at-risk buildings (or other infrastructure).
More heavy and frequent rains brought on by climate change can lead to more erosion,
which can put buildings and infrastructure at risk.196 Erosion poses a different sort of
risk to a state like Ohio than it does to a coastal state. Rather than worry about ocean
coastlines, Ohio will face erosion on lakeshores and riversides that could impact the safety
and stability of buildings as they exist now. Just as local governments work to rehabilitate
or prevent the demise of neighborhoods driven by economic trends, they will likely be
saddled with the responsibility of saving neighborhoods from erosion pressures as well.
FEMA recommends relocating, demolishing, or acquiring at-risk buildings as a strategy for
mitigation of erosion risk.197 Building relocation is an extremely expensive project, costing
tens of thousands to hundreds of thousands of dollars.198 According to one estimate,
relocating a building can cost anywhere from $15,000 to $300,000.199 Demolition and
acquisition require similarly high costs. At-risk roads and supporting infrastructure are
likely easier to address, but still present a challenge to local governments and will incur
costs in the short-term.
Locating new utilities and critical facilities outside of susceptible areas.
Erosion caused by climate change is likely to impact existing urban water utilities.200
In order to combat this problem, FEMA recommends locating new utilities and critical
facilities outside of susceptible areas. However, erosion reduces the availability of land,
which means that local governments are subject to the same pressures of supply and
demand that any other organization trying to acquire land is subject to. This can make the
relocation of facilities from susceptible areas especially difficult and expensive.201
Erosion may cause real estate in lakefront and riverfront areas to go down in value.202
As lakefront and riverfront properties become less desirable with the rise of erosion,
remaining properties within a jurisdiction will increase in value, meaning location of new
utilities and critical facilities will cost more than they would otherwise.

196 “ Climate Adaptation and Erosion & Sedimentation,” United States Environmental Protection Agency, Available Online:
https://www.epa.gov/arc-x/climate-adaptation-and-erosion-sedimentation
197 “ Mitigation Ideas: A Resource for Reducing Risk to Natural Hazards,” Federal Emergency Management Agency, January
2013, Available Online: https://www.fema.gov/sites/default/files/2020-06/fema-mitigation-ideas_02-13-2013.pdf
198 “ 6 Factors Impacting The Cost To Move or Relocate A Building,” DeVooght House Lifters, October 22, 2020, Available
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Even if local governments were not previously planning on relocating utilities and critical
facilities, increased risk of erosion due to climate change may cause them to reconsider
this strategy. Relocation could mean anything from acquiring and renovating low-cost
buildings to constructing completely new facilities, all of which would have costs associated
with them. Erosion is creating a double problem for local governments: making the cost of
property higher while it forces them to purchase new property. Especially expensive would
be new water treatment plants, whether they be waste water treatment or drinking water
treatment plants. One estimate says that water lines cost $50 to $250 per linear foot to
relocate.203
Implementing site and building design standards, such as constructing open
foundation systems or deep foundations.
Wetter winters and more sudden, heavy downpours will increase the importance of
designing sites and buildings to direct rainwater and meltwater away from structures
and infrastructure.204 While traditional foundations require water to flow around the
foundation, open foundation designs leave room underneath a building for water to flow
freely. An open foundation makes the building more integrated with the water system
around it. A deep foundation is one that penetrates deep into the earth, creating more
of an anchor for the building and thus allowing for a more stable foundation, while also
creating a way to stave off erosion.
Costs associated with implementing site and building design standards start with creating
the standards and adopting them, which cost staff time. Implementation of standards
also means education and enforcement, both of which require new training and staff.
The largest cost for local governments, however, may come from compliance with their
own standards after they have been put in place. Open and deep foundations require
specialized training and different or more materials than traditional foundations do.
This could drive up the costs of construction and therefore pose new costs for local
governments.
The USDA puts forth six general principles for effective erosion control: reducing erosive
forces and increasing resisting forces, applying good erosion control for good sediment
control, modifying topography or grade, limiting soil exposure, keeping runoff velocities
low, and inspecting and maintaining treatments.205

203 “ How Much Does Water Main Installation & Replacement Cost?,” HomeAdvisor, Available Online: https://www.
homeadvisor.com/cost/plumbing/install-a-water-main/
204 “ Climate change impact on buildings and constructions,” Climate Change Adaptation, Available Online: https://
en.klimatilpasning.dk/sectors/buildings/climate-change-impact-on-buildings/
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An estimate by the state of New York of erosion control practices put the price at $5,000,
but the cost could vary depending on the site and risks associated with it.206
Stabilizing susceptible slopes, stream banks, and shorelines using grading
techniques, planting vegetation, terracing hillsides, installing boulders, riprap or
geotextile fabric, or bioengineering bank stabilization techniques.
According to the United States EPA, more intense and frequent rains will impact both
stream ecosystem health and water quality.207 The United States Department of Energy
cites erosion control methods during construction, vegetation planting on slopes, terracing,
retaining walls, bioengineering, and dune preservation to stabilize shorelines.208
Local governments have some tools they can use to stabilize slopes, stream banks, and
shorelines. They also have tools to reduce the chances that erosion will occur in the first
place. Grading techniques are engineering techniques and vegetative practices that provide
surface drainage and control erosion and sedimentation while reshaping and stabilizing
the ground surface.209 Terracing hillsides prevents erosion by shortening a long slope into a
series of shorter, more level steps. This allows heavy rains to soak into the soil rather than
run off and cause erosion.210 Boulders can be used to install what is called “riprap,” that is
a line of boulders that hold soil back and prevent erosion. Riprap can cost from $35 to $60
per square yard.211
Geotextile fabrics are large rolls of fabric that can be laid out on soil to keep it in place and
hamper erosion. Bioengineering-backed stabilization techniques draw on horticultural
practices to build plant communities on shorelines to prevent erosion. All of these
strategies provide options for local governments looking to prevent erosion, and each of
them presents local governments with one type of cost or another.
Prohibiting removal of vegetation from dunes and slopes.
Vegetation on dunes and slopes can hold soil in place and prevent erosion. Removal
of vegetation could lead to more landslides, something that climate change can also
exacerbate.212 The state of Michigan has promulgated best management practices for sand
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dunes that mention the importance of minimizing vegetation removal around dunes.213
Permits for removal of trees cost from $250 to $600 and collection of the fees poses an
additional operational cost to the state.214
Prohibiting removal of vegetation comes with its own costs, though. Rules must be created
and passed, both taking staff time to accomplish. Local government staffers need to
educate the public on new rules, which can take staff time and resources to do. Also, local
governments that want residents and businesses to follow their rules will need to allocate
resources towards enforcement.

Local Planning and Regulations
Identifying, mapping, or tracking erosion hazard areas.
Local governments are likely the only stakeholders in their community with a direct
incentive to identify, map, and track erosion hazard areas. These undertakings will require
staffing, equipment, and administrative overhead in order to be carried out successfully.
Staff will be needed to visit susceptible areas to test for erosion and monitor those
locations over time. Local governments will also require maps so they can understand
geographic trends in erosion, but also so the public understands the trajectory of erosion
in the community and can make choices for their own safety that match the realities of
the threat. This could also have impacts on property values, which could impact municipal
revenues down the line. Addressing these issues might make this sort of program difficult
to implement, but important nonetheless.
The United States Federal Government is tracking erosion areas and how they will be
impacted by climate change.215 For years, states like Massachusetts have convened
commissions on erosion hazard areas.216 Costs for identification, mapping, and tracking
of erosion hazard areas can be hard to determine, but a similar study, an ecological
impact assessment, has been cited at 750 to 1200 British pounds, or $1,000-$1,600 per
site study.217
Developing and enforcing an erosion management plan.
Climate change is expected to increase the frequency and intensity of storms, leading to
higher erosion and more sediment flowing into rivers, lakes, and streams.218

213 “ Sand Dune Stabilization,” Water Resources Division, March 9, 2017, Available Online:
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The United States EPA provides an erosion and sediment control model ordinance for
communities interested in building erosion management plans into their city building
procedures.219
Erosion management plans can be effective tools for building community-wide strategies
for reducing erosion. While erosion management plans often happen at the property level
and can be handled by private property owners in those cases, local governments that may
be affected strongly by erosion may develop community-wide erosion management plans
that help the entire community plan how they will address erosion. In Apex, North Carolina,
application for approval of a soil erosion plan costs $500, which can be a starting point for
communities trying to estimate the cost of developing and enforcing their own erosion
management plans.220
An erosion management plan will have many of the same costs that come with developing
any other plan. Engineers and land surveyors will likely need to be hired to assess
erosion throughout the community and provide a baseline for the management plan.
Environmental consultants, planners, and economists may all have roles to play in the
development and implementation of these plans. Other costs associated with designing
and implementing an erosion management plan might include equipment, use of public
facilities, operations, and unexpected costs that come with use of land. A well-designed
erosion management plan will also need to be enforced, which may have additional
costs. There may also be costs associated with getting private sector interests and other
members of the community on board with the plan and building a community consensus
around its execution.
Developing site and building design standards.
Climate change is coming to impact the way buildings are built, with one commentator
in Architecture Magazine calling it “the fundamental design problem of our time.”221 With
half the carbon dioxide emissions in the United States coming from buildings, pressure is
mounting for better site and building design standards that take this problem into account.
The American Institute of Architects provides a range of resources for architects looking to
design buildings that can handle changes to the climate.222
The United States EPA has provided a model ordinance for local governments interested
in incorporating erosion control into the construction process.223 It requires anyone
who wants a site development permit for land-disturbing activity that would require the
uncovering of a large amount of land to gain the approval of an erosion and sediment
control plan by a local agency.

219 “ Erosion and Sediment Control Model Ordinance,” Environmental Protection Agency, Available Online:
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Like any standard that is put in place by a local government, site and building design
standards around erosion would require some costs for local governments that establish
them. New standards would need to be designed by staff. Construction companies would
need to be informed of the new rules and the rules would have to be listed publicly. Most
crucial of all, the new standards would need to be enforced. The cost to develop standards
can range considerably between communities, with one quote from 2013 estimating the
cost for developing a policy at $5,000.224
Many of these costs would incur in the form of staff time, informational materials, web
hosting, hosting of public events for input or for education on the new standards, and
enforcement. Additionally, if local governments are establishing and enforcing new
standards, they will be subject to those standards as well, which may create new costs for
local governments building new government buildings within their municipal boundaries.

Education and Awareness Programs
Increasing awareness by disclosing location of high-risk areas to current and future
property owners; offer mitigation technique information.
High-risk erosion can impact people’s safety, health, and finances. A research article
published last year in the Proceedings of the National Academy of Sciences of the United
States of America estimates climate change will speed global water erosion by 30 to 66
percent.225 Residents living in high-risk areas have the potential to be harmed or lose
their home if erosion grows more rapid with changing climate. Future residents may also
make different decisions about where they would like to live if they have full information
about the risks involved in living in a neighborhood that is at a high risk for erosion. Local
governments have reason to increase awareness about the risk of living in these areas and
provide mitigation technique information to people who decide to live in these areas. The
Federal Emergency Management Agency suggests notifying property owners in high-risk
areas as a best practice for increasing awareness of erosion hazards.226
Some researchers have found that residents of Gulf States are more aware of erosion risks
than other states, suggesting understanding of erosion risks might be more limited in Ohio
than in other states.227 Education costs include materials for education but most crucially,
staff salaries to support education efforts. Education and awareness programs can run a
range of costs, but one estimate for the cost of a typical social media campaign from a few
years ago was $4,000 to $7,000.228
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Local governments also may be interested in offering erosion mitigation technique
information to residents. While this could be as simple as pamphlets or online materials,
it could also come in the form of technical assistance, which would cost more with staff
salaries or wages as a consideration.

Other Extreme Weather
Structure and Infrastructure Projects
Burying overhead power lines or installing systems that allow small sections of
power lines to fail rather than the complete system.
Grid reliability is a key concern in a time when heavy snows are becoming more frequent
and intense. The 2020-2021 snowstorms in Texas show what happens to a grid that is
not prepared for snowstorms and how it can impact public safety and quality of life.
Snowstorms are a regular occurence in Ohio, but an increase in snowstorms could easily
lead to grid failure that municipalities and residents are unprepared for.
Trees are the leading cause of service interruption for most electric distribution utilities.229
FEMA recommends burying power lines as a strategy for reducing power disruptions.230
Burying power lines is an expensive proposition, however, costing $1 million per mile
according to one estimate. However, burying power lines could provide aesthetic benefits
that far outweigh the costs associated with burying the lines, even in an urban setting.231
Another way to prevent large-scale failures is to increase the sections of power line that
need to fail in order for the entire system to fail. By making it more difficult for a small
line drop to create a grid-wide failure, it will make the grid more resilient and more robust
against widespread increases in heavy snows. This practice along with burying provide
two possible options for communities to increase grid reliability, but will come at a cost to
ratepayers and local governments.

229 F
 inch, Kenneth E., “How Trees Cause Outages - Understanding Tree Caused Outages: The Research,” ECI Consulting,
Available Online:
https://www.eci-consulting.com/wp-content/uploads/2017/10/Understanding-Tree-Caused-Outages.pdf
230 “ From Overhead to Underground: It Pays to Bury Power Lines,” Federal Emergency Management Agency, Available
Online: https://www.hsdl.org/?view&did=14253
231 N
 avrud, Ståle et al, “Valuing the social benefits of avoiding landscape degradation from overhead power transmission
lines: Do underground cables pass the benefit–cost test?.” Landscape research 33, no. 3 (2008): 281-296.
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Appendix C: Ranges of Likely Values
for Each Variable Used in Simulation of
Midcentury Cooling Costs
Variable

Low

High

Percentage increase in costs
for percentage increase in
temperature231

1%

3%

Percentage of utility costs
attributable to cooling
costs232

22%

64%

Total national utility cost233

$10 billion

$12 billion

Increase in temperature due
to climate change234

1 degree Fahrenheit

6 degrees Fahrenheit

232 W
 ahl, Jen, “Does changing your thermostat a degree or 2 really affect your wallet?,” 12 News, September 18, 2018,
Available Online:
https://www.12news.com/article/news/local/valley/does-changing-your-thermostat-a-degree-or-2-really-affect-yourwallet/75-595785810
233 “ What percentage of your electric bill is heating and cooling?,” FindAnyAnswer, April 9, 2020, Available Online:
https://findanyanswer.com/what-percentage-of-your-electric-bill-is-heating-and-cooling
234 “ Local Governments: An Overview of Energy Use and Energy Efficiency Opportunities,” Energy Star, Available Online:
https://www.energystar.gov/sites/default/files/buildings/tools/SPP%20Sales%20Flyer%20for%20Local%20Government.
pdf
235 “ Climate Impact Map,” Climate Impact Lab, 2022, Available Online:
https://impactlab.org/map/#usmeas=absolute&usyear=1981-2010&gmeas=absolute&gyear=19862005&usrcp=rcp45&usprob=0.95
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Preface
The Interagency Working Group (IWG) on the Social Cost of Greenhouse Gases is committed to ensuring
that the estimates agencies use when monetizing the value of changes in greenhouse gas emissions
resulting from regulations and other relevant agency actions continue to reflect the best available
science and methodologies. This Technical Support Document (TSD) presents interim estimates of the
social cost of carbon, methane, and nitrous oxide developed under Executive Order 13990. These interim
values are the same as those developed by the IWG in 2013 and 2016. The current IWG will take
comment on recent developments in the science and economics for use in a more comprehensive update,
to be issued by January 2022, which will more fully address the recommendations of the National
Academies of Sciences, Engineering, and Medicine as reported in Valuing Climate Damages: Updating
Estimation of the Social Cost of Carbon Dioxide (2017) and other pertinent scientific literature. As a part
of that request for comment, the IWG will seek comment on the discussion of advances in science and
methodology included in this TSD and how those advances can best be incorporated into the revised final
estimates.
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Executive Summary
A robust and scientifically founded assessment of the positive and negative impacts that an action can be
expected to have on society provides important insights in the policy-making process. The estimates of
the social cost of carbon (SC-CO2), social cost of methane (SC-CH4), and social cost of nitrous oxide (SCN2O) presented here allow agencies to understand the social benefits of reducing emissions of each of
these greenhouse gases, or the social costs of increasing such emissions, in the policy making process.
Collectively, these values are referenced as the “social cost of greenhouse gases” (SC-GHG) in this
document. The SC-GHG is the monetary value of the net harm to society associated with adding a small
amount of that GHG to the atmosphere in a given year. In principle, it includes the value of all climate
change impacts, including (but not limited to) changes in net agricultural productivity, human health
effects, property damage from increased flood risk natural disasters, disruption of energy systems, risk of
conflict, environmental migration, and the value of ecosystem services. The SC-GHG, therefore, should
reflect the societal value of reducing emissions of the gas in question by one metric ton. The marginal
estimate of social costs will differ by the type of greenhouse gas (such as carbon dioxide, methane, and
nitrous oxide) and by the year in which the emissions change occurs. The SC-GHGs are the theoretically
appropriate values to use in conducting benefit-cost analyses of policies that affect GHG emissions.
Federal agencies began regularly incorporating social cost of carbon (SC-CO2) estimates in benefit-cost
analyses conducted under Executive Order (E.O.) 128661 in 2008, following a court ruling in which an
agency was ordered to consider the value of reducing CO2 emissions in a rulemaking process. The U.S.
Ninth Circuit Court of Appeals remanded a fuel economy rule to DOT for failing to monetize CO2 emission
reductions, stating that “while the record shows that there is a range of values, the value of carbon
emissions reduction is certainly not zero.”2 In 2009, an interagency working group (IWG) was established
to ensure that agencies were using the best available science and to promote consistency in the values
used across agencies. The IWG published SC-CO2 estimates in 2010 that were developed from an
ensemble of three widely cited integrated assessment models (IAMs) that estimate global climate
damages using highly aggregated representations of climate processes and the global economy combined
into a single modeling framework. The three IAMs were run using a common set of input assumptions in
each model for future population, economic, and GHG emissions growth, as well as equilibrium climate
sensitivity (ECS) – a measure of the globally averaged temperature response to increased atmospheric
CO2 concentrations. These estimates were updated in 2013 based on new versions of each IAM. In August
2016 the IWG published estimates of the social cost of methane (SC-CH4) and nitrous oxide (SC-N2O) using
methodologies that are consistent with the methodology underlying the SC-CO2 estimates. In January
2017, the National Academies of Sciences, Engineering, and Medicine issued recommendations for an
updating process to ensure the estimates continue to reflect the best available science. In March 2017,
Executive Order 13783 disbanded the IWG and instructed agencies when monetizing the value of changes

1

Under E.O. 12866, agencies are required, to the extent permitted by law and where applicable, “to assess both the
costs and the benefits of the intended regulation and, recognizing that some costs and benefits are difficult to
quantify, propose or adopt a regulation only upon a reasoned determination that the benefits of the intended
regulation justify its costs.” As indicated in the discussion above, many statutes also require agencies to conduct at
least some of the same analyses required under E.O. 12866, such as the Energy Policy and Conservation Act which
mandates the setting of fuel economy regulations.
2
Ctr. for Biological Diversity v. Nat'l Highway Traffic Safety Admin., 538 F.3d 1172, 1200 (9th Cir. 2008).
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in greenhouse gas emissions resulting from regulations to follow the Office of Management and Budget’s
(OMB) Circular A-4.
On January 20, 2021, President Biden issued E.O. 13990 which re-established the IWG and directed it to
ensure that SC-GHG estimates used by the U.S. Government (USG) reflect the best available science and
the recommendations of the National Academies (2017) and work towards approaches that take account
of climate risk, environmental justice, and intergenerational equity. The IWG was tasked with first
reviewing the SC-GHG estimates currently used by the USG and publishing interim estimates within 30
days of the E.O. that reflect the full impact of GHG emissions, including taking global damages into
account. In this initial review, the IWG finds that the SC-GHG estimates used since E.O. 13783 fail to reflect
the full impact of GHG emissions in multiple ways. First, the IWG found previously and is restating here
that a global perspective is essential for SC-GHG estimates because climate impacts occurring outside U.S.
borders can directly and indirectly affect the welfare of U.S. citizens and residents. Thus, U.S. interests are
affected by the climate impacts that occur outside U.S. borders. Examples of affected interests include:
direct effects on U.S. citizens and assets located abroad, international trade, tourism, and spillover
pathways such as economic and political destabilization and global migration. In addition, assessing the
benefits of U.S. GHG mitigation activities requires consideration of how those actions may affect
mitigation activities by other countries, as those international mitigation actions will provide a benefit to
U.S. citizens and residents by mitigating climate impacts that affect U.S. citizens and residents. Second,
the IWG found previously and is restating here that the use of the social rate of return on capital to
discount the future benefits of reducing GHG emissions inappropriately underestimates the impacts of
climate change for the purposes of estimating the SC-GHG (see Section 3.1). Consistent with the findings
of the National Academies (2017) and the economic literature, the IWG continues to conclude that the
consumption rate of interest is the theoretically appropriate discount rate in an intergenerational context
(IWG 2010, 2013, 2016). The IWG recommends that discount rate uncertainty and relevant aspects of
intergenerational ethical considerations be accounted for in selecting future discount rates.
While the IWG works to assess how best to incorporate the latest, peer reviewed science to develop an
updated set of SC-GHG estimates, it is setting interim estimates to be the most recent estimates
developed by the IWG prior to the group being disbanded in 2017. The IWG concludes that these interim
estimates represent the most appropriate estimate of the SC-GHG until the revised estimates have been
developed. This update reflects the immediate need to have an operational SC-GHG for use in regulatory
benefit-cost analyses and other applications that was developed using a transparent process, peerreviewed methodologies, and the science available at the time of that process. Those estimates were
subject to public comment in the context of dozens of proposed rulemakings as well as in a dedicated
public comment period in 2013.
At the same time, consistent with its continuing commitment to a transparent process and a desire to
move quickly to update SC-GHG estimates to better reflect the recent science, the IWG will be taking
comment on how to incorporate the recommendations of the National Academies (2017) and other
recent science , including the advances discussed in this Technical Support Document (TSD), both during
the development of the fully updated SC-GHG estimates to be released by January of 2022 and in
subsequent updates. The IWG will soon issue a Federal Register notice with a detailed set of requests for
public comments on the new information presented in this TSD, as well as other topics and issues the IWG
will address as we develop the next set of updates.
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This TSD presents the IWG’s interim findings and provides interim estimates of the SC-CO2, SC-CH4, and
SC-N2O that should be used by agencies until a comprehensive review and update is developed in line
with the requirements in E.O. 13990. The TSD maintains the same methodological approach as has been
used for global USG SC-GHG estimation to date. The estimates rely on the same models and harmonized
inputs and are calculated using a range of discount rates. At this time, the IWG has determined that it is
appropriate for agencies to revert to the same set of four values drawn from the SC-GHG distributions
based on three discount rates (2.5 percent, 3 percent, and 5 percent) as were used in regulatory analyses
between 2010 and 2016 and subject to public comment. However, as described below, based on the
IWG’s initial review, new data and evidence strongly suggests that the discount rate regarded as
appropriate for intergenerational analysis is lower.
Tables ES-1, ES-2, and ES-3 summarize the interim SC-CO2, SC-CH4, and SC-N2O estimates, respectively, for
the years 2020 through 2050. These estimates are reported in 2020 dollars but are otherwise identical to
those presented in the previous version of the TSD and its Addendum, released in August 2016. For
purposes of capturing uncertainty around the SC-GHG estimates in analyses, the IWG emphasized
previously and reemphasizes here the importance of considering all four of the SC-GHG values. In
particular, this TSD discusses how the understanding of discounting approaches suggests discount rates
appropriate for intergenerational analysis in the context of climate change that are lower than 3 percent.
Consistent with the guidance in E.O. 13990 for the IWG to ensure that the SC-GHG reflect the interests of
future generations, the latest scientific and economic understanding of discount rates discussed in this
TSD, and the recommendation from OMB’s Circular A-4 to include sensitivity analysis with lower discount
rates when a rule has important intergenerational benefits or costs, agencies may consider conducting
additional sensitivity analysis using discount rates below 2.5 percent. Furthermore, the IAMs used to
produce these interim estimates do not include all of the important physical, ecological, and economic
impacts of climate change recognized in the climate change literature. For these same impacts, the science
underlying their “damage functions” – i.e., the core parts of the IAMs that map global mean temperature
changes and other physical impacts of climate change into economic (both market and nonmarket)
damages – lags behind the most recent research. Likewise, the assumptions regarding equilibrium climate
sensitivity and socioeconomic and emissions scenarios used as inputs to the model runs in this TSD will
need to be updated. It is the IWG’s judgment that, taken together, these limitations suggest that the range
of four interim SC-GHG estimates presented in this TSD likely underestimate societal damages from GHG
emissions.
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Table ES-1: Social Cost of CO2, 2020 – 2050 (in 2020 dollars per metric ton of CO2)3
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
14
17
19
22
25
28
32

3%
Average
51
56
62
67
73
79
85

2.5%
Average
76
83
89
96
103
110
116

3%
95 Percentile
th

152
169
187
206
225
242
260

Table ES-2: Social Cost of CH4, 2020 – 2050 (in 2020 dollars per metric ton of CH4)
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
670
800
940
1100
1300
1500
1700

3%
Average
1500
1700
2000
2200
2500
2800
3100

2.5%
Average
2000
2200
2500
2800
3100
3500
3800

3%
95th Percentile
3900
4500
5200
6000
6700
7500
8200

3

The values reported in this TSD are identical to those reported in the 2016 TSD adjusted for inflation to 2020 dollars
using the annual GDP Implicit Price Deflator values in the U.S. Bureau of Economic Analysis’ (BEA) NIPA Table 1.1.9:
113.626 (2020)/ 92.486 (2007) = 1.228575 (U.S. BEA 2021). Values are the average across models and socioeconomic
emissions scenarios for each of three discount rates (2.5%, 3%, and 5%), plus a fourth value, selected as the 95 th
percentile of estimates based on a 3 percent discount rate. Values of SC-CO2 are rounded to the nearest dollar; SCCH4 and SC-N2O are rounded to two significant figures. The annual unrounded estimates are available on OMB’s
website for use in regulatory and other analyses: https://www.whitehouse.gov/omb/information-regulatoryaffairs/regulatory-matters/#scghgs
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Table ES-3: Social Cost of N2O, 2020 – 2050 (in 2020 dollars per metric ton of N2O)
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
5800
6800
7800
9000
10000
12000
13000

3%
Average
18000
21000
23000
25000
28000
30000
33000

2.5%
Average
27000
30000
33000
36000
39000
42000
45000

3%
95 Percentile
th

48000
54000
60000
67000
74000
81000
88000

While point estimates are important for providing analysts with a tractable approach for regulatory
analysis, they do not fully quantify uncertainty associated with the SC-GHG estimates. Figures ES-1
through ES-3 present the quantified sources of uncertainty in the form of frequency distributions for the
SC-GHG estimates for emissions in 2020. The distributions of SC-GHG estimates reflect uncertainty in key
model parameters chosen by the IWG such as the equilibrium climate sensitivity, as well as uncertainty in
other parameters set by the original model developers. To highlight the difference between the impact of
the discount rate and other quantified sources of uncertainty, the bars below the frequency distributions
provide a symmetric representation of quantified variability in the SC-GHG estimates for each discount
rate. There are other sources of uncertainty that have not yet been quantified and are thus not reflected
in these estimates. When an agency determines that it is appropriate to conduct additional quantitative
uncertainty analysis, it should follow best practices for probabilistic analysis.4 The full set of information
that underlies the frequency distributions in Figures ES-1 through ES-3 is available on OMB’s website5.

4

See e.g. OMB’s Circular A-4, section on Treatment of Uncertainty.
https://www.whitehouse.gov/sites/whitehouse.gov/files/omb/circulars/A4/a-4.pdf.

Available

at:

5

Available at https://www.whitehouse.gov/omb/information-regulatory-affairs/regulatorymatters/#scghgs
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Figure ES-1: Frequency Distribution of SC-CO2 Estimates for 20206
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6

Although the distributions and numbers in Figures ES-1, ES-2, and ES-3 are based on the full set of model results
(150,000 estimates for each discount rate and gas), for display purposes the horizontal axis is truncated with 0.02 to
0.68 percent of the estimates falling below the lowest bin displayed and 0.12 to 3.11 percent of the estimates falling
above the highest bin displayed, depending on the discount rate and GHG.
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Figure ES-2: Frequency Distribution of SC-CH4 Estimates for 2020
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Figure ES-3: Frequency Distribution of SC-N2O Estimates for 2020
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1 Background
The estimates of the social cost of carbon (SC-CO2), social cost of methane (SC-CH4), and social cost of
nitrous oxide (SC-N2O) presented here allow agencies to incorporate the social benefits of reducing
emissions of each of these greenhouse gases, or the social costs of increasing such emissions, in decision
making. Collectively, these values are referenced as the “social cost of greenhouse gases” (SC-GHG) in this
document. The SC-GHG is the monetary value of the net harm to society associated with adding a small
amount of that GHG to the atmosphere in a given year. In principle, it includes the value of all climate
change impacts, including (but not limited to) changes in net agricultural productivity, human health
effects, property damage from increased flood risk natural disasters, disruption of energy systems, risk of
conflict, environmental migration, and the value of ecosystem services. The SC-GHG, therefore, should
reflect the societal value of reducing emissions of the gas in question by one ton. The marginal estimate
of social costs will differ by the type of greenhouse gas (such as carbon dioxide, methane, and nitrous
oxide) and by the year in which the emissions change occurs. The SC-GHGs are calculated along a baseline
path and provide a measure of the marginal benefit of GHG abatement. Thus, they are the theoretically
appropriate values to use when conducting benefit-cost analyses of policies that affect GHG emissions.7

1.1 Overview of U.S. Government SC-GHG Estimates to Date
Estimates of the social cost of carbon and other greenhouse gases have been published in the academic
literature for many years. Meta-reviews of SC-CO2 estimates were available as early as 2002 (Clarkson and
Deyes 2002). Federal agencies began regularly incorporating SC-CO2 estimates in regulatory impact
analyses in 2008, following a court ruling in which an agency was ordered to consider the SC-CO2 in the
rulemaking process. The U.S. Ninth Circuit Court of Appeals remanded a fuel economy rule to the
Department of Transportation (DOT) for failing to consider the value of reducing CO2 emissions, stating
that “while the record shows that there is a range of values, the value of carbon emissions reduction is
certainly not zero.”8

7

These estimates of social damages should not be confused with estimates of the costs of attaining a specific
emissions or warming limit. Specifically, there is another strand of research that investigates the costs of setting a
specific climate target (e.g., capping emissions or temperature increases to a certain level). If total emissions are
capped, IAM models can estimate the costs of limiting emissions or temperature increase to that cap. Similarly, other
models simulate market trading in a cap and trade system. The price of a permit to emit one ton of carbon provides
a measure of the marginal cost of GHG abatement, which can be useful in evaluating policy cost-effectiveness but is
not an alternative way to value damages from GHG emissions in benefit-cost analysis. Moreover, a policy that
specifies an environmental target implicitly requires a valuation of damages when setting the constraint even though
it is not explicitly modeled or estimated. For example, a target set to keep temperature increases below a certain
threshold implicitly places value on damages incurred beyond that threshold. For more on how these concepts (e.g.,
a predetermined target-based approach and a damage (SC-GHG) based approach) can be used when designing
climate policy see, for example, Hansel et al. (2020) and Stern and Stiglitz (2021).
8

Ctr. for Biological Diversity v. Nat'l Highway Traffic Safety Admin., 538 F.3d 1172, 1200 (9th Cir. 2008).
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In 2009, an interagency process was launched, under the leadership of the Office of Management and
Budget (OMB) and the Council of Economic Advisers (CEA), that sought to harmonize a range of
different SC-CO2 values being used across multiple Federal agencies. The purpose of this process was to
ensure that agencies were using the best available information and to promote consistency in the way
agencies quantify the benefits of reducing CO2 emissions in regulatory impact analyses. This included the
establishment of an IWG which represented perspectives and technical expertise from many federal
agencies and a commitment to following the peer-reviewed literature. In 2010, the IWG finalized a set of
four SC-CO2 values for use in regulatory analyses and presented them in a TSD that also provided
guidance for agencies on using the estimates (IWG 2010). Three of these values were based on the
average SC-CO2 from three widely cited integrated assessment models (IAMs) in the peer-reviewed
literature – DICE, PAGE, and FUND9 – at discount rates of 2.5, 3, and 5 percent. The fourth value was
included to represent higher-than-expected economic impacts from climate change further out in the
tails of the SC-CO2 distribution. For this purpose, it used the SC-CO2 value for the 95th percentile at a 3
percent discount rate.
In May of 2013, the IWG provided an update of the SC-CO2 estimates to incorporate new versions of the
IAMs used in the peer-reviewed literature (IWG 2013). The 2013 update did not revisit other IWG
modeling decisions (i.e., the discount rates or harmonized inputs for socioeconomic and emission
scenarios and equilibrium climate sensitivity). Improvements in the way damages are modeled were
confined to those that had been incorporated into the latest versions of the models by the developers
themselves in the peer-reviewed literature.10 In August of 2016, the IWG published estimates of the social
cost of methane (SC-CH4) and nitrous oxide (SC-N2O) that are consistent with the methodology underlying
the SC-CO2 estimates (IWG 2016a, 2016b).
Over the course of developing and updating the USG SC-GHG, through both the IWG and individual
agencies, there were extensive opportunities for public input on the estimates and underlying
methodologies. There was a public comment process associated with each proposed rulemaking that used
the estimates, and OMB initiated a separate comment process on the IWG TSD in 2013. Commenters
offered a wide range of perspectives on all aspects of process, methodology, and final estimates and
diverse suggestions for improvements. The U.S. Government Accountability Office (GAO) also reviewed
the development of the USG SC-CO2 estimates and concluded that the IWG processes and methods
reflected three principles: consensus-based decision making, reliance on existing academic literature and
models, and disclosure of limitations and incorporation of new information (U.S. GAO 2014).

9

The DICE (Dynamic Integrated Climate and Economy) model by William Nordhaus evolved from a series of energy
models and was first presented in 1990 (Nordhaus and Boyer 2000, Nordhaus 2008). The PAGE (Policy Analysis of
the Greenhouse Effect) model was developed by Chris Hope in 1991 for use by European decision-makers in
assessing the marginal impact of carbon emissions (Hope 2006, Hope 2008). The FUND (Climate Framework for
Uncertainty, Negotiation, and Distribution) model, developed by Richard Tol in the early 1990s, originally to study
international capital transfers in climate policy was widely used to study climate impacts (e.g., Tol 2002a, Tol 2002b,
Anthoff et al. 2009, Tol 2009).
10
The IWG subsequently provided additional minor technical revisions in November of 2013 and July of 2015, as
explained in Appendix B of the 2016 TSD (IWG 2016a).
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In 2015, as part of the IWG response to the public comments received in the 2013 solicitation, the IWG
announced a National Academies of Sciences, Engineering, and Medicine review of the IWG estimates
(IWG 2015). Specifically, the IWG asked the National Academies to conduct a multi-discipline, two-phase
assessment of the IWG estimates and to offer advice on how to approach future updates to ensure that
the estimates continue to reflect the best available science and methodologies. The National Academies’
interim (Phase 1) report (National Academies 2016a) recommended against a near term update of the SCCO2 estimates within the existing modeling framework. For future revisions, the National Academies
recommended the IWG move efforts towards a broader update of the climate system module consistent
with the most recent, best available science and offered recommendations for how to enhance the
discussion and presentation of uncertainty in the SC-CO2 estimates. In addition to publishing estimates of
SC-CH4 and SC-N2O, the IWG’s 2016 TSD revision responded to the National Academies’ Phase 1 report
recommendations regarding presentation of uncertainty. The revisions included: an expanded
presentation of the SC-GHG estimates that highlights a symmetric range of uncertainty around estimates
for each discount rate; new sections that provide a unified discussion of the methodology used to
incorporate sources of uncertainty; detailed explanation of the uncertain parameters in both the FUND
and PAGE models; and making the full set of SC-CO2 estimates easily accessible to the public on OMB’s
website.
In January 2017, the National Academies released their final report, Valuing Climate Damages: Updating
Estimation of the Social Cost of Carbon Dioxide, and recommended specific criteria for future updates to
the SC-CO2 estimates, a modeling framework to satisfy the specified criteria, and both near-term updates
and longer-term research needs pertaining to various components of the estimation process (National
Academies 2017). A description of the National Academies’ recommendations for near-term updates are
described in Section 1.2 of this document. Shortly thereafter, in March 2017, President Trump issued
Executive Order (E.O.) 13783 which called for the rescission and review of several climate-related
Presidential and regulatory actions as well as for a review of the SC-GHG estimates used for regulatory
impact analysis. E.O. 13783 disbanded the IWG, withdrew the previous TSDs, and directed agencies to
ensure SC-GHG estimates used in regulatory analyses are consistent with the guidance contained in OMB’s
Circular A-4, “including with respect to the consideration of domestic versus international impacts and
the consideration of appropriate discount rates” (E.O. 13783, Section 5(c)). Benefit-cost analyses following
E.O. 13783 used SC-GHG estimates that attempted to focus on the domestic impacts of climate change as
estimated by the models to occur within U.S. borders and were calculated using two discount rates
recommended by OMB’s Circular A-4, 3 percent and 7 percent.11 All other methodological decisions and
model versions used in SC-GHG calculations remained the same as those used by the IWG in 2010 and
2013, respectively.
On January 20, 2021, President Biden issued E.O. 13990, which re-established the IWG and directed it to
ensure that USG SC-GHG estimates reflect the best available science and the recommendations of the
National Academies (2017). The IWG was tasked with first reviewing the SC-GHG estimates currently used
by the USG and publishing interim estimates within 30 days of the E.O. that reflect the full impact of GHG
emissions, including by taking global damages into account. The E.O. instructs the IWG to develop final
SC-GHG estimates by January 2022. Section 1.3 describes requirements established by E.O. 13990 in
greater detail. In addition, the E.O. instructs the IWG to provide recommendations to the President by
11

OMB Circular A-4 (2003) indicates that sensitivity analysis using lower discount rates than 3 percent and 7 percent
may be appropriate where intergenerational effects are important. See Section 3 for further discussion.
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September 2021, regarding areas of decision-making, budgeting, and procurement by the Federal
Government where the SC-GHG should be applied. The SC-GHG has been used previously in nonregulatory Federal analysis, such as in federal procurement,12 grant programs,13 and National
Environmental Policy Act (NEPA) analysis,14 as well as in state level applications; the latter is discussed
further in Section 5.

1.2 Recommendations from the National Academies of Sciences, Engineering, and
Medicine
In 2015, the IWG requested that the National Academies of Sciences, Engineering, and Medicine review
and recommend potential approaches for improving its SC-CO2 estimation methodology. In response, the
National Academies convened a multidisciplinary committee, the Committee on Assessing Approaches to
Updating the Social Cost of Carbon. In addition to evaluating the IWG’s overall approach to SC-CO2
estimation, the committee reviewed its choices of IAMs and damage functions, climate science
assumptions, future baseline socioeconomic and emission projections, presentation of uncertainty, and
discount rates.
In its final report (National Academies 2017), the National Academies committee recommended that the
IWG pursue an integrated modular approach to the key components of SC-CO2 estimation to allow for
independent updating and review and to draw more readily on expertise from the wide range of scientific
disciplines relevant to SC-CO2 estimation. Under this approach, each step in SC-CO2 estimation is
developed as a module—socioeconomic projections, climate science, economic damages, and
discounting—that reflects the state of scientific knowledge in the current, peer-reviewed literature. In the
longer-term, it recommended that the IWG also fund research on ways to better capture interactions and
feedbacks between these components. In addition, the committee noted that, while the IWG harmonized
assumptions across the IAMs for socioeconomic and emission projections, climate sensitivity, and
discount rates when estimating the SC-CO2, using a single climate module in the nearer-term (2-3 years)
and eventually transitioning to a single IAM framework will enhance transparency, improve consistency
with the underlying science, and allow for more explicit representation of uncertainty. It recommended
these three criteria also be used to judge the value of other updates to the methodology. In addition, it
recommended that the IWG update SC-CO2 estimates at regular intervals, suggesting a five-year cycle.
Regarding the key components of the SC-CO2, the committee recommended the following improvements
in the nearer-term:


Socioeconomic and emissions projections: Use accepted statistical methods and elicit expert
judgment to project probability distributions of future annual growth rates of per-capita GDP and

12

For example, SC-CO2 estimates have been used in Domestic Delivery Services contracts for USG parcel shipping
(https://westcoastclimateforum.com/sites/westcoastclimateforum/files/related_documents/FedGSA_DDS3_green
_features_fact_sheet.pdf ).
13
For example, in 2016 DOT’s Transportation Investment Generating Economic Recovery (TIGER) discretionary
grant program required a demonstration that benefits justify costs for proposed projects, and the guidance DOT
provides to applicants for how to conduct such an analysis specified that they should use the USG SC-CO2
estimates (https://www.transportation.gov/sites/dot.gov/files/docs/BCARG2016March.pdf ).
14

See Howard and Schwartz (2019) for examples of the use of SC-CO2 estimates in NEPA analyses.
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population, bearing in mind potential correlation between economic and population projections.
Then using expert elicitation, guided by information on historical trends and emissions consistent
with different climate outcomes, project emissions for each forcing agent of interest conditional
on population and income scenarios. Additional recommendations were offered for improving
the socioeconomic module centered on four broad criteria: time horizon, future policies,
disaggregation, and feedbacks.
Climate science: Adopt or develop a simple Earth system model (such as the Finite Amplitude
Impulse Response (FaIR) model) to capture relationships between CO2 emissions, atmospheric
CO2 concentrations, and global mean surface temperature change over time while accounting for
non-CO2 forcing and allowing for the evaluation of uncertainty. It also recommended the IWG
adopt or develop a sea level rise component in the climate module that: (1) accounts for
uncertainty in the translation of global mean temperature to global mean sea level rise and (2) is
consistent with sea level rise projections available in the literature for similar forcing and
temperature pathways. It also noted the importance of generating spatially and temporally
disaggregated climate information as inputs into damage estimation. It recommended the use of
linear pattern scaling (which estimates linear relationships between global mean temperature and
local climate variables) to achieve this goal in the near-term.
Economic damages: Improve and update existing formulations of individual sectoral damage
functions when feasible; characterize damage function calibrations quantitatively and
transparently; present spatially disaggregated damage projections and discuss how they scale
with temperature, income, and population; and recognize any correlations between formulations
when multiple damage functions are used.
Discounting: Account for the relationship between economic growth and discounting; explicitly
recognize uncertainty surrounding discount rates over long time horizons using a Ramsey-like
approach; select parameters to implement this approach that are consistent with theory and
evidence to produce certainty-equivalent discount rates consistent with near-term consumption
rates of interest; use three sets of Ramsey parameters to generate a low, central, and high
certainty-equivalent near-term discount rate, and three means and ranges of SC-CO2 estimates;
discuss how the SC-CO2 estimates should be combined with other cost and benefit estimates that
may use different discount rates in regulatory analysis.

Additional details on each of these recommendations as well as longer term research needs are provided
in the National Academies’ final report (National Academies 2017).

1.3 Executive Order 13990
On January 20, 2021, President Biden issued E.O. 13990, “Protecting Public Health and the Environment
and Restoring Science to Tackle the Climate Crisis.” Echoing one of the general principles of E.O. 12866
that an Agency “shall base its decisions on the best reasonably obtainable scientific, technical, economic,
and other information”, E.O. 13990 states that it is essential for Agencies to account for the benefits of
reducing GHG emissions as accurately as possible. It emphasizes that a full global accounting of the costs
of GHG emissions “facilitates sound decision-making, recognizes the breadth of climate impacts, and
supports the international leadership of the United States on climate issues” (E.O. 13990 2021).
Specifically, E.O. 13990 reinstates the IWG as the Interagency Working Group on the Social Cost of
Greenhouse Gases, names the Chair of the CEA, Director of OMB, and Director of the Office of Science
13
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and Technology Policy (OSTP) as co-chairs of the IWG, and specifies the membership of the IWG to include
the following officials, or their designees: the Secretary of the Treasury; the Secretary of the Interior; the
Secretary of Agriculture; the Secretary of Commerce; the Secretary of Health and Human Services; the
Secretary of Transportation; the Secretary of Energy; the Chair of the Council on Environmental Quality;
the Administrator of the Environmental Protection Agency; the Assistant to the President and National
Climate Advisor; and the Assistant to the President for Economic Policy and Director of the National
Economic Council.
E.O. 13990 tasks the reinstated IWG with the following:
(1) publish an interim update to the SC-GHG (SC-CO2, SC-CH4, and SC-N2O) estimates by February 19,
2021, for agencies to use when monetizing the value of changes in greenhouse gas emissions
resulting from regulations and other relevant agency actions until final values are published;
(2) publish a final update to the SC-GHG estimates by no later than January 2022;
(3) provide recommendations, by no later than September 1, 2021, regarding areas of decisionmaking, budgeting, and procurement by the Federal Government where the SC-GHG estimates
should be applied;
(4) provide recommendations, by no later than June 1, 2022, regarding a process for reviewing and,
as appropriate, updating the SC-GHG estimates to ensure that these estimates are based on the
best available economics and science; and
(5) provide recommendations, to be published with the interim SC-GHG estimates if feasible and by
no later than June 1, 2022, to revise methodologies for SC-GHG calculations to the extent that
current methodologies do not adequately take account of climate risk, environmental justice, and
intergenerational equity.
Finally, the E.O. specifies that in carrying out its activities, the IWG shall consider the recommendations
of the National Academies (2017) and other pertinent scientific literature; solicit public comment; engage
with the public and stakeholders; seek the advice of ethics experts; and ensure that the SC-GHG estimates
reflect the interests of future generations in avoiding threats posed by climate change.
This TSD presents the interim SC-GHG estimates called for in the first of these tasks. It also provides
preliminary discussion of how at least one component of SC-GHG estimation, discounting, warrants
reconsideration in the more comprehensive update by January 2022 to reflect the advice of the National
Academies (2017) and other recent scientific literature.

2 The Importance of Accounting for Global Damages
Benefit-cost analyses of U.S. Federal regulations have traditionally focused on the benefits and costs that
accrue to individuals that reside within the country’s national boundaries. This is a natural result of the
fact that most regulations have a limited impact on individuals residing outside of the United States and
do not reflect any other scientific, legal, or other rationale. According to OMB’s Circular A-4 (2003), an
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“analysis should focus on benefits and costs that accrue to citizens and residents of the United States.”15
While Circular A-4 does not elaborate, this guidance towards a focus on U.S. populations in domestic
policy analysis is broadly consistent with the fact that the authority to regulate only extends to a nation’s
own residents who have consented to adhere to the same set of rules and values for collective decisionmaking (EPA 2010; Kopp et al. 1997; Whittington and MacRae 1986). However, guidance towards a focus
on impacts to U.S. citizens and residents is different than recommending that analysis be limited to the
impacts that occur within the borders of the U.S. Furthermore, OMB Circular A-4 states that when a
regulation is likely to have international effects that “these effects should be reported” though the
guidance recommends this be done separately. There are many reasons, as summarized in this TSD, why
it is appropriate for agencies to use the global value of damages in making decisions that affect, or may
be affected by, GHG emissions. Courts have upheld the use of global damages in estimating the social cost
of GHGs, in part in recognition of the diverse ways in which U.S. interests, businesses, and residents may
be impacted by climate change beyond U.S. borders.16
Unlike many environmental problems where the causes and impacts are distributed more locally, climate
change is a true global challenge making GHG emissions a global externality. GHG emissions contribute to
damages around the world regardless of where they are emitted. The global nature of GHGs means that
U.S. interests, and therefore the benefits to the U.S. population of GHG mitigation, cannot be defined
solely by the climate impacts that occur within U.S. borders. Impacts that occur outside U.S. borders as a
result of U.S. actions can directly and indirectly affect the welfare of U.S. citizens and residents through a
multitude of pathways. Over 9 million U.S. citizens lived abroad as of 201617 and U.S. direct investment
positions abroad totaled nearly $6 trillion in 2019.18 Climate impacts occurring outside of U.S. borders
will have a direct impact on these U.S. citizens and the investment returns on those assets owned by U.S.
citizens and residents. The U.S. economy is also inextricably linked to the rest of the world. The U.S.
exports over $2 trillion worth of goods and services a year and imports around $3 trillion.19 Climate
impacts that occur outside U.S. borders can thus impact the welfare of individuals and firms that reside in
the United States through their effect on international markets, trade, tourism, and other activities.
Furthermore, additional spillovers can occur through pathways such as economic and political
destabilization and global migration that can lead to adverse impacts on U.S. national security, public
health, and humanitarian concerns (DoD 2014, CCS 2018). As described by the National Academies (2017),
to correctly assess the total damages to U.S. citizens and residents, one must account for these spillover
effects on the United States.
As an empirical matter, the development of a domestic SC-GHG is greatly complicated by the relatively
few region- or country-specific estimates of the SC-CO2 in the literature. At present, the only quantitative
15

OMB’s Circular A-4 provides guidance to Federal agencies on the development of regulatory analysis conducted
pursuant to Executive Order 12866.
16
Zero Zone, Inc. v. Dep’t of Energy, 832 F.3d 654, 678-79 (7th Cir. 2016) (rejecting a petitioner’s challenge to DOE’s
use of a global (rather than domestic) social cost of carbon in setting an efficiency standard under the Energy Policy
and Conservation Act, holding that DOE had reasonably identified carbon pollution as “a global externality” and
concluding that, because “national energy conservation has global effects, . . . those global effects are an appropriate
consideration when looking at a national policy.”).
17
U.S. Department of State’s Bureau of Consular Affairs.
18
BEA Direct Investment by Country and Industry 2019, https://www.bea.gov/data/intl-trade-investment/directinvestment-country-and-industry
19
BEA National Income and Product Accounts Table 1.1.5.
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characterization of domestic damages from GHG emissions, as represented by the domestic SC-GHG, is
based on the share of damages arising from climate impacts occurring within U.S. borders as represented
in current IAMs. This is both incomplete and an underestimate of the share of total damages that accrue
to the citizens and residents of the U.S. because these models do not capture the regional interactions
and spillovers discussed above. A 2020 U.S. GAO study observed that “[a]ccording to the National
Academies, the integrated assessment models were not premised or calibrated to provide estimates of
the social cost of carbon based on domestic damages, and more research would be required to update
the models to do so. The National Academies stated it is important to consider what constitutes a
domestic impact in the case of a global pollutant that could have international implications that affect the
United States” (U.S. GAO 2020).
The global nature of GHGs means that damages caused by a ton of emissions in the U.S. are felt globally
and that a ton emitted in any other country harms those in the U.S. Therefore, assessing the benefits of
U.S. GHG mitigation activities will require consideration of how those actions may affect mitigation
activities by other countries since those international actions will provide a benefit to U.S. citizens and
residents. A wide range of scientific and economic experts have emphasized the issue of reciprocity as
support for considering global damages of GHG emissions (e.g., Kopp and Mignone 2013, Pizer et al. 2014,
Howard and Schwartz 2019, Pindyck 2017, Revesz et al. 2017, Carleton and Greenstone 2021). Carleton
and Greenstone (2021) discuss examples of how historic use of a global SC-CO2 may have plausibly
contributed to additional international action. Houser and Larson (2021) estimate that under the Paris
Agreement, other countries pledged to reduce 6.1 to 6.8 tons for every ton pledged by the U.S. Kotchen
(2018) offers a theoretical perspective showing that non-Nash game theoretic behavior can lead countries
to optimally chose a social cost of carbon higher than their domestic value to encourage additional
reductions from other countries. Using a global estimate of damages in U.S. analyses of regulatory and
other actions allows the U.S. to continue to actively encourage other nations, including emerging major
economies, to take significant steps to reduce emissions.
The IWG found previously and is restating here that because of the distinctive global nature of climate
change that analysis of Federal regulatory and other actions should center on a global measure of SCGHG. This approach is the same as that taken in regulatory analyses over 2009 through 2016. In the 2015
response to comments, the IWG noted that the only way to achieve an efficient allocation of resources
for emissions reduction on a global basis is for all countries to base their policies on global estimates of
damages (IWG 2015). Therefore, the IWG continues to recommend the use of global SC-GHG estimates in
analysis of Federal regulatory and other actions. The IWG also continues to review developments in the
literature, including more robust methodologies for estimating SC-GHG values based on purely domestic
damages, and explore ways to better inform the public of the full range of carbon impacts, both global
and domestic.

3 Discounting in Intergenerational Analyses
GHG emissions are stock pollutants, where damages are associated with what has accumulated in the
atmosphere over time, and they are long lived such that subsequent damages resulting from emissions
today occur over many decades or centuries depending on the specific greenhouse gas under
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consideration.20 In calculating the SC-GHG, the stream of future damages to agriculture, human health,
and other market and non-market sectors from an additional unit of emissions are estimated in terms of
reduced consumption (or consumption equivalents). Then that stream of future damages is discounted
to its present value in the year when the additional unit of emissions was released. Given the long time
horizon over which the damages are expected to occur, the discount rate has a large influence on the
present value of future damages. However, the choice of a discount rate also raises highly contested and
exceedingly difficult questions of science, economics, ethics, and law.
In 2010, in light of disagreements in the literature on the appropriate discount rate to use in this context,
and uncertainty about how rates may change over time, the IWG elected to use three discount rates to
span a plausible range of certainty-equivalent constant consumption discount rates: 2.5, 3, and 5 percent
per year. The IWG at that time determined that these three rates reflected reasonable judgments under
both descriptive and prescriptive approaches to selecting the discount rate.
The 3 percent value was included as consistent with estimates provided in OMB’s Circular A-4 (OMB 2003)
guidance for the consumption rate of interest. The IWG found that the consumption rate of interest is the
correct discounting concept to use when future damages from elevated temperatures are estimated in
consumption-equivalent units as is done in the IAMs used to estimate the SC-GHG (National Academies
2017). The upper value of 5 percent was included to represent the possibility that climate-related
damages are positively correlated with market returns, which would imply a certainty equivalent value
higher than the consumption rate of interest. The low value, 2.5 percent, was included to incorporate the
concern that interest rates are highly uncertain over time. It represents the average certainty-equivalent
rate using the mean-reverting and random walk approaches from Newell and Pizer (2003) starting at a
discount rate of 3 percent. Using this approach, the certainty equivalent is about 2.2 percent using the
random walk model and 2.8 percent using the mean reverting approach. Without giving preference to a
particular model, the average of the two rates is 2.5 percent. Additionally, a rate below the consumption
rate of interest would also be justified if the return to investments in climate mitigation are negatively
correlated with the overall market rate of return. Use of this lower value was also deemed responsive to
certain judgments based on the prescriptive or normative approach for selecting a discount rate and to
related ethical objections that have been raised about rates of 3 percent or higher. Further details about
the process for selecting these rates is presented in the 2010 TSD (IWG 2010). Finally, it is important to
note that, while the consumption discount rate is the conceptually correct rate for discounting the SCGHG, and the three rates originally selected were based on this concept, the latest data as well as recent
discussion in the economics literature indicates that the 3 percent discount rate used by the IWG to
develop its range of discount rates is likely an overestimate of the appropriate discount rate and warrants
reconsideration in future updates of the SC-GHG.
This section discusses three issues related to the selected discount rates: (1) why the social rate of return
to capital, estimated to be 7 percent in OMB’s Circular A-4, is not appropriate for use in calculating the
SC-GHG, (2) new evidence on the consumption rate of interest, which may inform the future updates to
the SC-GHG, and (3) analytic consistency across discounting within an analysis.
20

“GHGs, for example, CO2, methane, and nitrous oxide, are chemically stable and persist in the atmosphere over
time scales of a decade to centuries or longer, so that their emission has a long-term influence on climate. Because
these gases are long lived, they become well mixed throughout the atmosphere” (IPCC 2007).
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3.1 Social Rate of Return on Capital and Intergenerational Analyses
When analyzing policies and programs that result in GHG emission reductions, it is important to account
for the difference between the social and private rate of return on any capital investment affected by the
action. Society is not indifferent between a regulation that displaces consumption versus investment in
equal amounts. Market distortions, in large part taxes on capital income, cause private returns on capital
investments to be different from the social returns. In well-functioning capital markets, arbitrage
opportunities will be dissipated, and the cost of investments will equal the present value of future private
returns on those investments. Therefore, an individual forgoing consumption or investment of equal
amounts as the result of a regulation will face an equal private burden. However, because the social rate
of return on the investment is greater than the private rate of return, the overall social burden will be
greater in the case where investment is displaced.
OMB’s Circular A-4 points out that “the analytically preferred method of handling temporal differences
between benefits and costs is to adjust all the benefits and costs to reflect their value in equivalent units
of consumption and to discount them at the rate consumers and savers would normally use in discounting
future consumption benefits” (OMB 2003). The damage estimates developed for use in the SC-GHG are
estimated in consumption-equivalent terms. An application of OMB Circular A-4’s guidance for regulatory
analysis would then use the consumption discount rate to calculate the SC-GHG, while also developing a
more complete estimate of social cost to account for the difference in private and social rates of return
on capital for any investment displaced as a result of the regulation. This more complete estimate of social
costs can be developed using either the shadow price of capital approach or by estimating costs in a
general equilibrium framework, for example by using a computable general equilibrium model. In both
cases, displaced investment would be converted into a flow of consumption equivalents.
In cases where the costs are not adjusted to be in consumption-equivalent terms, OMB’s Circular A-4
recommends that analysts provide a range of estimates for net benefits based on two approaches. The
first approach is based on using the consumption rate of interest to discount all costs and benefits. This
approach is consistent with the case where costs are primarily borne as reduced consumption. The second
approach, the social opportunity cost of capital (SOC) approach, focuses on the case where the main effect
of a regulation is to displace or alter the use of capital in the private sector (OMB 2003). When interpreting
the SOC approach from the point of view of whether to invest in a single government project, it is asking
whether the benefits from the project would at least match the returns from investing the same resources
in the private sector. Interpreting the approach from the standpoint of a benefit-cost analysis of
regulation, the approach focuses on adjusting estimates of benefits downward by discounting at a higher
rate to offset additional social costs not reflected in the private value of displaced investment.
Harberger (1972) derived a more general version of the social opportunity cost of capital approach,
recognizing that policies will most likely displace a mix of consumption and investment and therefore a
blended discount rate would be needed to adjust the benefits to account for the omitted costs. In his
partial equilibrium approach, the blended discount rate is a weighted average of the consumption interest
rate and social rate of return on capital, where the weights are the share of a policy’s costs borne by
consumption versus investment. This general result has been extended to the general equilibrium context
by Sandmo and Drèze (1971) and Drèze (1974) and can be extended to account for changes in foreign
direct investment (CEA 2017). This highlights that using the social rate of return for benefits and costs is
at best creating a lower bound on the estimate of net benefits that would only be met in an extreme case
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where regulatory costs fully displace investment. If the beneficial impacts of the regulation induce private
investment whose social returns have not been quantified and fully converted to consumption
equivalents, then the net benefits calculated using the social rate of return on capital is not even a lower
bound.21 Li and Pizer (2021) further generalize the SOC framework and demonstrate that temporal pattern
of benefits is important and that when benefits occur far in the future discounting using the social rate of
return on capital again is not even a lower bound on net benefits.
For regulations whose benefits and costs occur over a relatively short time frame, the range of net benefits
computed using the two discounting approaches will be relatively narrow. Therefore, there is less risk in
maintaining an uninformed prior over the share of regulatory costs that will displace investment and using
the potential bounding cases for net benefits. However, for cases where the costs are borne early in the
time horizon and benefits occur for decades or even centuries, such as with GHG mitigation, the two
estimates of net benefits will differ significantly. In this case, the risk to society of maintaining an
uninformed prior over the share of regulatory costs borne by investment is significantly higher. In turn,
the preferred approach is to discount benefits using the consumption rate of interest and strive to provide
a more complete measure of costs, accounting for displacement of investment whose social rate of return
exceeds the private rate of return, either by using a shadow price of capital approach or a general
equilibrium framework, like a computable general equilibrium model.
It is important to note that even if an appropriately specified blended SOC rate could be calculated based
on the share of regulatory costs that are expected to displace investment that would not obviate the need
to carefully consider issues of uncertainty and ethics when discounting in an intergenerational context,
pointing to a lower rate.
For these reasons, the IWG is returning to the approach of calculating the SC-GHG based on the
consumption rate of interest, consistent with the findings of the National Academies (2017) 22.

3.2 New Evidence on the Consumption Discount Rate
The three discount rates selected by the IWG in 2010 are centered around the 3 percent estimate of the
consumption interest rate published in OMB’s Circular A-4 in 2003. That guidance was based on the real
rate of return on 10-year Treasury Securities from the prior 30 years (1973 through 2002), which averaged
3.1 percent. Over the past four decades there has been a substantial and persistent decline in real interest
rates (see Figure 1). Recent research has found that this decline has been driven by decreases in the
equilibrium real interest rate (Bauer and Rudebusch 2020).
Re-estimating the consumption rate of interest following the same approach applied in Circular A-4,
including using data from the most recent 30 years, yields a substantially lower result. The average rate
21

The SOC approach as outlined in OMB’s Circular A-4 is most applicable to cases where the benefits are represented
as consumption equivalents and costs may not be. If the benefits of the policy include the inducement of new private
investment, discounting both benefits and costs at the social rate of return for capital is no longer appropriate. The
results of Bradford (1975) show that in a case where regulatory costs are primarily borne through reduced
consumption and the beneficial impacts of the policy may induce private investment the appropriate rate under the
SOC approach could be below the consumption interest rate.
22
NAS (2017) stated “The estimates that result from the SC-IAMs are measured in consumption- equivalent units:
thus, a discount rate that reflects how individuals trade off current and future consumption is defensible in this
setting” (p. 236-7).
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of return on inflation adjusted 10-year Treasury Securities over the last 30 years (1991-2020) is 2.0
percent. These rates are not without historic precedent, such that over the last 60 years the inflation
adjusted 10-year Treasury Securities is 2.3 percent. Current real rates of returns below 2 percent are
expected to persist. The U.S. Congressional Budget Office (CBO) in its September 2020 Long Term Budget
Outlook forecasts real rates of return on 10-Year Treasury Securities to average 1.2 percent over the next
30 years (U.S. CBO 2020). This new information suggests that the consumption rate of interest is notably
lower than 3 percent. CEA (2017) examined additional forecasts of 10-Year Treasury Securities and data
on futures contracts, reaching the conclusion that the appropriate consumption discount rate should be
at most 2 percent.
Figure 1: Monthly 10-Year Treasury Security Rates, Inflation-Adjusted23
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Several surveys have been conducted in recent years to elicit experts’ views on the appropriate discount
rates to use in an intergenerational context (e.g., Drupp et al. 2018; Howard and Sylvan 2020). For
example, Drupp et al. (2018) offers confirming evidence that the economics profession generally agrees
that the appropriate social discount rate is below 3 percent as reflected in the recent trends in data. They
surveyed over 200 experts and found a “surprising degree of consensus among experts, with more than
three-quarters finding the median risk-free social discount rate of 2 percent acceptable” (Drupp et al.
2018).24

23

Monthly 10-Year Treasury Security returns, adjusted for inflation. Real interest rates prior to 2003 (green line) are
calculated by subtracting the annual rate of inflation as measured by the CPI-U from the nominal rate of return on
10-Year constant maturity Treasury Securities. Interest rates from 2003 onwards (brown line) are based on the 10Year Treasury Inflation-Protected Securities.
24
For a detailed explanation of discounting concepts and terminology see EPA’s Guidelines for Preparing Economic
Analysis (2010). https://www.epa.gov/environmental-economics/guidelines-preparing-economic-analyses
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It is important to note that the new information pointing to a lower consumption rate of interest, lower
than 3 percent, does not obviate the need to carefully consider issues of uncertainty and ethics when
discounting in an intergenerational context.25 If 2 percent was used as the consumption interest rate and
adjusted for uncertainty using the results of Newell and Pizer (2003) as was done in the 2010 TSD, the
process would yield a discount rate lower than 2 percent. Therefore, a consideration of discount rates
below 3 percent, including 2 percent and lower, are warranted when discounting intergenerational
impacts.
This is consistent with the 2003 recommendation in OMB’s Circular A-4 that noted “[a]lthough most
people demonstrate time preference in their own consumption behavior, it may not be appropriate for
society to demonstrate a similar preference when deciding between the well-being of current and future
generations” and found that certainty equivalent discount rates as low as 1 percent could be appropriate
for intergenerational problems (OMB 2003). Similarly, if implementing a declining discount rate schedule
to account for uncertainty (see next section), an updated consumption rate of interest, based on
additional data presented above, may be a starting point for an update.
In light of the evidence and discussion on discount rates presented in this TSD and elsewhere, the
recommendation from OMB’s Circular A-4 to include further sensitivity analysis with lower discount rates
when a rule has important intergenerational benefits or costs, and the direction to the IWG in E.O. 13990
to ensure that the SC-GHG reflect the interest of future generations, the IWG finds it appropriate as an
interim recommendation that agencies may consider conducting additional sensitivity analysis using
discount rates below 2.5%.

3.3 Analytic Consistency and Declining Discount Rates
While the consumption rate of interest is an important driver of the benefits estimate, it is uncertain over
time, as may be observed in Figure 1. Weitzman (1998, 2001) showed theoretically and Newell and Pizer
(2003) and Groom et al. (2005) confirmed empirically that discount rate uncertainty can have a large effect
on net present values. A main result from these studies is that if there is a persistent element to the
uncertainty in the discount rate (e.g., the rate follows a random walk), then it will result in an effective (or
certainty-equivalent) discount rate that declines over time. This is because lower discount rates tend to
dominate over the very long term (see Weitzman 1998, 1999, 2001; Newell and Pizer 2003; Groom et al.
2005; Gollier 2009; Summers and Zeckhauser 2008; Gollier and Weitzman 2010; Arrow et al. 2013;
Cropper et al. 2014; and Arrow et al. 2014).
The proper way to specify a declining discount rate schedule remains an active area of research. One
approach is to develop a stochastic model of interest rates that is empirically estimated and used to
calculate the certainty equivalent declining discount rate schedule (e.g., Newell and Pizer 2003; Groom et
al. 2007). An alternative approach is to use the Ramsey equation based on a forecast of consumption
growth rates that accounts for uncertainty (e.g., Cropper et al. 2014; Arrow et al. 2013). If the shocks to
consumption growth are positively correlated over time then the result of the Ramsey equation will be a
certainty-equivalent discount rate schedule that declines over time (Goiller 2014). Others have argued for
a less structural approach to specify a declining discount rate schedule (e.g., Weitzman 2001, the United
25

For a more detailed explanation of ethical and uncertainty considerations around discounting see National
Academies (2017) and the 2010 TSD (IWG 2010).
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Kingdom’s “Green Book” for regulatory analysis (HM Treasury 2020), the declining discount schedule in
France (Lebègue 2005) and varying the discount rate based on the time period in Germany (Schwermer
2012, U.S. GAO 2020)). This approach uses a higher discount rate initially, like the current estimate of the
consumption interest rate, but applies a graduated scale of lower discount rates further out in time.26
Instead of explicitly specifying a declining discount rate schedule, the IWG in 2010 elected to use a
constant but lower discount rate to capture the directional effect of the literature on discounting under
uncertainty. Specifically, the IWG considered two declining discount rate schedules based on the meanreverting and random walk models from Newell and Pizer (2003) starting at a discount rate of 3 percent.
The 2.5 percent discount rate selected by the IWG in 2010 reflected the midpoint between the average
certainty equivalent discount rates of both models. The approach of using a lower, but constant, discount
rate to capture the effect of uncertainty has led to inconsistency in regulatory analyses, where impacts
occurring in a given year are discounted at different rates depending on whether they are related to
climate change (Arrow et al. 2014). The National Academies (2017) and EPA’s Science Advisory Board
(2021) have recommended that the U.S. Government establish an explicit declining discount rate schedule
that is applied to all regulatory impacts in an analysis to capture the effect of uncertainty on long-term
discount rates, while also maintaining consistency across impact categories in the analysis. The IWG will
consider the literature on declining discount rates and the recommendations of the National Academies
(2017) and EPA’s Science Advisory Board (2021) as it develops future updates to the SC-GHG. In the
interim, the IWG is returning to the use of the 2.5, 3, and 5 percent discount rates in calculating the SCGHG but recommends that agencies describe potential limitations in their analyses to ensure
transparency. As noted above, agencies may also consider discount rates below 2.5 percent as part of a
sensitivity analysis.

4 Interim Estimates of SC-CO2, SC-CH4, SC-N2O
The interim SC-GHG estimates presented in this TSD rely on the same models and harmonized inputs for
the socioeconomic emissions scenarios and equilibrium climate sensitivity distribution used for USG SCGHG estimates since 2013. Specifically, the SC-GHG estimates rely on an ensemble of three IAMs: Dynamic
Integrated Climate and Economy (DICE) 2010 (Nordhaus 2010); Climate Framework for Uncertainty,
Negotiation, and Distribution (FUND) 3.8 (Anthoff and Tol 2013a, 2013b); and Policy Analysis of the
Greenhouse Gas Effect (PAGE) 2009 (Hope 2013). IAMs are useful because they combine climate
processes, economic growth, and feedback between the climate and the global economy into a single
modeling framework. They gain this advantage at the expense of a more detailed representation of
underlying climatic and economic systems. DICE, PAGE, and FUND all take stylized, reduced-form
approaches and have been widely used in the economic and scientific literature since the 1990s. They are
periodically updated by the model developers, but as discussed further in Section 5, the versions of the
three models used in the 2013 and 2016 TSDs do not reflect the tremendous increase in the scientific and
economic understanding of climate-related damages that has occurred in the past decade. The three IAMs
26

For instance, the United Kingdom applies a discount rate of 3.5 percent to the first 30 years; 3 percent for years
31 - 75; 2.5 percent for years 76 - 125; 2 percent for years 126 - 200; 1.5 percent for years 201 - 300; and 1 percent
after 300 years. As a sensitivity, it recommends a discount rate of 3 percent for the first 30 years, also decreasing
over time.
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were run using a common set of assumptions in each model for future population, economic, and GHG
emissions growth, as well as equilibrium climate sensitivity (ECS) – a measure of the globally averaged
temperature response to increased atmospheric CO2 concentrations. The socioeconomic and emission
projections included five reference scenarios based on the Stanford Energy Modeling Forum EMF-22
modeling exercise (Clarke, et al. 2009; Fawcett, et al. 2009). The models were run using a probability
distribution for ECS, calibrated to the Intergovernmental Panel on Climate Change’s (IPCC) Fourth
Assessment Report findings using the Roe and Baker (2007) distribution. Details on these versions of the
IAMs and the harmonized inputs are presented in the 2016 TSD and Addendum and 2010 TSD. (IWG 2010,
2016a, 2016b). The 2016 Addendum also describes the methodology used to calculate the SC-CH4 and SCN2O estimates in greater detail.27 Finally, for the reasons set forth in Section 3 above, the interim estimates
were based on three constant discount rates of 2.5, 3, and 5 percent.
The combination of three models and five scenarios produced 15 separate frequency distributions of SCGHG estimates for each discount rate in a given year, with each distribution consisting of 10,000 estimates
based on draws from the standardized ECS distribution (as well as distributions of parameters treated as
uncertain in two of the models (FUND and PAGE)). For each discount rate, the IWG combined the
distributions across models and socioeconomic emissions scenarios (applying equal weight to each) and
then selected a set of four values for use in benefit-cost analyses: an average value resulting from the
model runs for each of three discount rates (2.5%, 3%, and 5%), plus a fourth value, selected as the 95th
percentile of estimates based on a 3 percent discount rate. The fourth value was included to provide
information on potentially higher-than-expected economic impacts from climate change, conditional on
the 3% estimate of the discount rate. For this purpose, the SC-GHG value for the 95th percentile at a 3
percent discount rate was presented.28 For the purposes of capturing the uncertainties involved in
analyses, the IWG emphasized previously and emphasizes in this TSD the importance and value of
including all four SC-GHG values. In particular, values based on lower discount rates are consistent with
the latest scientific and economic understanding of discounting approaches relevant for intergenerational
analysis (described in Section 3).
Tables 1-3 show the four selected values for SC-CO2, SC-CH4, and SC-N2O, respectively, in five-year
increments from 2020 to 2050. These estimates are reported in 2020 dollars but are otherwise identical
to those presented in the previous version of the TSD and its Addendum, released in August 2016.29 The
27

The IWG calculated the SC-CH4 and SC-N2O estimates following the approach used in Marten et al. (2015). In order
to develop SC-CH4 and SC-N2O estimates consistent with the methodology underlying the SC-CO2 estimates, Marten
et al. (2015) needed to augment the IWG modeling framework in two respects: (1) augment the climate model of
two of the IAMs to explicitly consider the path of additional radiative forcing from a CH4 or N2O perturbation, and
(2) add more specificity to the assumptions regarding post-2100 baseline CH4 and N2O emissions. See IWG (2016b)
for more discussion of these two modeling modifications and the peer review and public comment processes
accompanying their development.
28
A detailed set of percentiles by model and scenario combination and additional summary statistics for the 2020
values is available in the 2016 TSD and Addendum (IWG 2016a, 2016b).
29
The values in Tables 1-3 are the same as those reported in the 2016 TSD and Addendum adjusted for inflation to
2020 dollars using the annual GDP Implicit Price Deflator values in U.S. Bureau of Economic Analysis (BEA) NIPA Table
1.1.9: 113.626 (2020)/ 92.486 (2007) = 1.228575 (U.S. BEA 2021). Values of SC-CO2 presented in this TSD are rounded
to the nearest dollar; SC-CH4 and SC-N2O are rounded to two significant figures. The annual unrounded estimates
are
available
on
OMB’s
website
for
use
in
regulatory
and
other
analyses:
https://www.whitehouse.gov/omb/information-regulatory-affairs/regulatory-matters/#scghgs.
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full set of annual SC-GHG values between 2020 and 2050, calculated using linear interpolation between
the numbers shown in Tables 1-3, is reported in the Appendix and the full set of model results are available
on the OMB website.30 The SC-GHG estimates increase over time within the models – i.e., the societal
harm from one metric ton emitted in 2030 is higher than the harm caused by one metric ton emitted in
2025 – because future emissions produce larger incremental damages as physical and economic systems
become more stressed in response to greater climatic change, and because GDP is growing over time and
many damage categories are modeled as proportional to GDP.
Table 1: Social Cost of CO2, 2020 – 2050 (in 2020 dollars per metric ton of CO2)31
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
14
17
19
22
25
28
32

3%
Average
51
56
62
67
73
79
85

2.5%
Average
76
83
89
96
103
110
116

3%
95th Percentile
152
169
187
206
225
242
260

Table 2: Social Cost of CH4, 2020 – 2050 (in 2020 dollars per metric ton of CH4)
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
670
800
940
1100
1300
1500
1700

3%
Average
1500
1700
2000
2200
2500
2800
3100

2.5%
Average
2000
2200
2500
2800
3100
3500
3800

3%
95 Percentile
th

3900
4500
5200
6000
6700
7500
8200

30

https://www.whitehouse.gov/omb/information-regulatory-affairs/regulatory-matters/#scghgs
The values reported in this TSD are identical to those reported in the 2016 TSD adjusted for inflation to 2020
dollars using the annual GDP Implicit Price Deflator values in the U.S. Bureau of Economic Analysis’ (BEA) NIPA Table
1.1.9: 113.626 (2020)/ 92.486 (2007) = 1.228575 (U.S. BEA 2021). The IWG combined the distributions across models
and socioeconomic emissions scenarios for each of three discount rates (2.5%, 3%, and 5%), plus a fourth value,
selected as the 95th percentile of estimates based on a 3 percent discount rate. Values of SC-CO2 are rounded to the
nearest dollar; SC-CH4 and SC-N2O are rounded to two significant figures. The annual unrounded estimates are
available
on
OMB’s
website
for
use
in
regulatory
and
other
analyses:
https://www.whitehouse.gov/omb/information-regulatory-affairs/regulatory-matters/#scghgs.
31
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Table 3: Social Cost of N2O, 2020 – 2050 (in 2020 dollars per metric ton of N2O)
Discount Rate and Statistic
Emissions
Year
2020
2025
2030
2035
2040
2045
2050

5%
Average
5800
6800
7800
9000
10000
12000
13000

3%
Average
18000
21000
23000
25000
28000
30000
33000

2.5%
Average
27000
30000
33000
36000
39000
42000
45000

3%
95 Percentile
th

48000
54000
60000
67000
74000
81000
88000

Multiplying the SC-GHG in year t by the change in emissions in year t yields the monetized value of future
emission changes from a year t perspective. This value must then be discounted to the present before
being included in an analysis. For this purpose, the monetized value of future emission changes should be
discounted at the same rate used to calculate the initial SC-GHG to ensure internal consistency—i.e.,
future damages from climate change using the SC-GHG at 2.5 percent should be discounted to the base
year of the analysis using the same 2.5 percent rate.
As noted above, to correctly assess the total climate damages to U.S. citizens and residents, an analysis
must account for both the impacts that occur within U.S. borders and spillover effects from climate action
elsewhere. For the reasons discussed in Section 2 above, estimates focusing on the climate impacts
occurring within U.S. borders are an underestimate of the benefits of GHG mitigation accruing to U.S.
citizens and residents and, therefore, are not equivalent to a domestic estimate of the SC-GHG. (Section
2 also discusses why analyses should center their attention on a global measure of the SC-GHG).
Additionally, models differ in their treatment of regional damages32 with one of the model developers
recently noting that regional damages are “both incomplete and poorly understood” (Nordhaus 2017).
The IWG further notes that the domestic focused SC-GHG estimates used under E.O. 1378333 did not
32

Both the PAGE and FUND model contain a U.S. region and so the damages for this region are reported directly for
those models. The DICE 2010 model does not explicitly include a separate U.S. region in the model. For the domestic
focused SC-GHG estimates used under E.O. 13783, the DICE model damages occurring within U.S. borders were
approximated as 10 percent of the global estimate from the DICE model runs, based on the results from a
regionalized version of the model (RICE 2010) reported in Table 2 of Nordhaus (2017). Although the regional shares
reported in Nordhaus (2017) are specific to SC-CO2, they were also used in approximating the share of marginal
damages from CH4 and N2O emissions occurring within U.S. borders. Direct transfer of the U.S. share from the SCCO2 likely understate the U.S. share of the IWG global SC-CH4 estimates based on DICE due to the combination of
three factors: a) regional damage estimates are known to be highly correlated with output shares (Nordhaus 2017,
2014), b) the U.S. share of global output decreases over time in all five EMF-22 based socioeconomic scenarios used
for the model runs, and c) the bulk of the temperature anomaly (and hence, resulting damages) from a perturbation
in emissions in a given year will be experienced earlier for CH4 than CO2 due to the shorter lifetime of CH4 relative to
CO2.
33

For emissions occurring in 2020, the average estimates of marginal damages occurring within the U.S. borders for
CO2, CH4, and N2O emissions across all model runs that were used in 2017-2020 regulatory analyses were $7/mtCO2,
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benefit from a consensus-based IWG process, were not documented in a dedicated TSD, subjected to a
SC-GHG specific notice and comment period, or considered by National Academies in their 2017 review.
The IWG will request public comments on the new information presented in this TSD, as well as other
topics and issues the IWG will address as we develop the next set of updates (see Section 6).

4.1 Treatment of Uncertainty
Uncertainty about the value of the SC-GHGs is in part inherent, as with any analysis that looks into the
future, but it is also driven by current data gaps associated with the complex physical, economic, and
behavioral processes that link GHG emissions to human health and well-being. Some sources of
uncertainty pertain to aspects of the natural world, such as quantifying the physical effects of greenhouse
gas emissions on Earth systems. Other sources of uncertainty are associated with current and future
human behavior and well-being, such as population and economic growth, GHG emissions, the translation
of Earth system changes to economic damages, and the potential extent and costs of adaptation. It is
important to note that even in the presence of uncertainty, scientific and economic analysis can provide
valuable information to the public and decision makers. Such uncertainty should, however, be
acknowledged, communicated as clearly as possible, and taken into account in the analysis whenever
possible.
The 2016 TSD and the 2017 National Academies report provide detailed discussions of the ways in which
the modeling underlying the development of the SC-GHG estimates addressed quantified sources of
uncertainty.
In developing the SC-CO2 estimates, the IWG considered various sources of uncertainty through a
combination of a multi-model ensemble, probabilistic analysis, and scenario analysis. For example, the
three IAMs used collectively span a wide range of Earth system and economic outcomes to help reflect
the uncertainty in the literature and in the underlying dynamics being modeled. The use of an ensemble
of three different models is also intended to, at least partially, address the fact that no single model
includes all of the quantified economic damages. It also helps to reflect structural uncertainty across the
models, which is uncertainty in the underlying relationships between GHG emissions, Earth systems, and
economic damages that are included in the models. Bearing in mind the different limitations of each
model (discussed in the 2010 TSD) and lacking an objective basis upon which to differentially weight the
models, the three IAMs were given equal weight in the analysis.
The IWG used Monte Carlo techniques to run the IAMs a large number of times. In each simulation the
uncertain parameters are represented by random draws from their defined probability distributions. In
all three models the equilibrium climate sensitivity is treated probabilistically based on the probability
distribution described in the 2010 TSD. The equilibrium climate sensitivity is a key parameter in this
$190/mtCH4, and $2,300/mtN2O (in 2020 dollars), respectively, using a 3 percent discount rate, and $1/mtCO2,
$59/mtCH4, and $380/mtN2O (in 2020 dollars) using a 7 percent discount rate. These values increased over time; for
2050 emissions, the average estimates of marginal damages occurring within the U.S. borders are $11/mtCO2,
$380/mtCH4, and $4,000/mtN2O (in 2020 dollars) using a 3% discount rate and $3/mtCO2, $160/mtCH4, and
$1,000/mtN2O (in 2020 dollars) using a 7% discount rate. Using the same approach with a 2.5 percent discount rate,
the average estimates of marginal damages occurring within the U.S. borders of CO2, CH4, and N2O for emissions in
2020 are $10/mtCO2, $240/mtCH4, and $3,300/mtN2O (in 2020 dollars), respectively; for 2050 emissions, these
values increase to $15/mtCO2, $450/mtCH4, and $5,300/mtN2O (in 2020 dollars).
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analysis because it helps define the strength of the climate response to increasing GHG concentrations in
the atmosphere. In addition, the FUND and PAGE models define many of their parameters with probability
distributions instead of point estimates. For these two models, the model developers’ default probability
distributions are maintained for all parameters other than those superseded by the IWG’s harmonized
inputs (i.e., equilibrium climate sensitivity, socioeconomic and emissions scenarios, and discount rates).
More information on the uncertain parameters in PAGE and FUND is presented in Appendix C of the 2016
TSD (IWG 2016a).
Finally, based on the review of the literature, the IWG chose discount rates that reflect reasonable
judgements under both prescriptive and descriptive approaches to intergenerational discounting. As
discussed in the 2010 TSD, in light of disagreement in the literature on the appropriate discount rate to
use in this context and uncertainty about how rates may change over time, the IWG selected three
certainty-equivalent constant discount rates to span a plausible range: 2.5, 3, and 5 percent per year.
However, unlike the approach taken for consolidating results across models and socioeconomic and
emissions scenarios, the SC-GHG estimates are not pooled across different discount rates because the
range of discount rates reflects both uncertainty and, at least in part, different policy or value judgements.
The outcome of accounting for various sources of uncertainty using the approaches described above is a
frequency distribution of the SC-CO2 estimates for emissions occurring in a given year for each of the three
discount rates. These frequency distributions reflect the uncertainty around the input parameters for
which probability distributions were defined, as well as from the multi-model ensemble and
socioeconomic and emissions scenarios where probabilities were implied by the equal weighting
assumption. It is important to note that the probability distribution for the SC-GHG calculated using the
modeling approach outlined above does not fully characterize uncertainty about the SC-GHG due to
impact categories omitted from the models and sources of uncertainty that have not been fully
characterized due to data limitations. To name just one example of many known GHG-induced damages
omitted in the three IAMs, none of the models include damages associated with ocean acidification, and,
therefore, naturally the models do not reflect uncertainty as to the potential severity of those damages.
Figures Figure 2 through Figure 4 present the frequency distribution of the interim SC-CO2, SC-CH4, and
SC-N2O estimates, respectively, for emissions in 2020 and for each discount rate. Each distribution
represents 150,000 estimates based on 10,000 simulations for each combination of the three models and
five socioeconomic and emissions scenarios. In general, the distributions are skewed to the right and have
long right tails, which tend to be longer for lower discount rates. To highlight the difference between the
impact of the discount rate on the SC-GHG and other quantified sources of uncertainty, the bars below
the frequency distributions provide a symmetric representation of quantified variability in the SC-GHG
estimates conditioned on each discount rate. The full set of SC-GHG results through 2050 is available on
OMB’s website.
As illustrated by the frequency distributions in Figures Figure 2 through Figure 4 , the assumed discount
rate plays a critical role in the ultimate estimate of the SC-GHG. As explained in Section 3, this is because
GHG emissions today continue to impact society far out into the future, so with a higher discount rate,
costs that accrue to future generations are weighted less, resulting in a lower estimate. As discussed in
Section 3.1, new data and evidence strongly suggest that the consumption interest rate is likely to be less
than 3, near 2 percent or lower.
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Figure 2: Frequency Distribution of SC-CO2 Estimates for 202034
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Although the distributions and numbers in Figure 2 are based on the full set of model results (150,000 estimates
for each discount rate), for display purposes the horizontal axis is truncated with 0.81 percent of the estimates falling
below the lowest bin displayed and 3.56 percent of the estimates falling above the highest bin displayed.
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Figure 3: Frequency Distribution of SC-CH4 Estimates for 202035
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Although the distributions and numbers in Figure 3 are based on the full set of model results (150,000 estimates
for each discount rate), for display purposes the horizontal axis is truncated with 0.12 percent of the estimates falling
below the lowest bin displayed and 2.84 percent of the estimates falling above the highest bin displayed.

29

OEC Comment Exhibit E

Figure 4: Frequency Distribution of SC-N2O Estimates for 202036
LO
~

-

0

5% Average = $5800

Discount Rate

0

~
0

-

LO
.....

-

D 5.0%
D 3.0%
□ 2.5%

C

0

~
:i
E

-

o

3% Average= $18000

i:n
0

C

0

urn

o

0

2.5% Average= $27000

r

I
I
I
I

u::

LO

0

o

-

l

Ir
0

q

II

0

3%

~

c.,:::
,_=_ =_ =_ =_ =_ =_ =_ =_ =_ ~- '=
_=
_ =_ =_ =_ =_ =r
....=_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ =_ '_ -_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-,_,

th
} 5

- 95 th Percentile
of Simulations

11 1 11 1 11 1 1 1 11 1 11111 1 111 1 1 1 1 1 1 1 1 1 1 11 1 11 1 11 1 1111 1 11 1 11 1 111 1 1 1 1 1 1 1 1 1 1 1 1 1 11 1 11 1 1111 1 11111 1 111 1 1 11 1 1

0

8000

16000

24000

32000

40000

48000

56000

64000

72000

80000

88000

Social Cost of Nitrous Oxide in 2020 (2020$ / metric ton N 2 0]

While the figures above reflect the uncertainties that are explicitly considered in a quantitative manner,
there are other areas of uncertainty that are not quantitatively reflected in the interim SC-GHG estimates.
The scientific and economics literature has further explored known sources of uncertainty related to
estimates of the SC-GHG. For example, published studies explore the sensitivity of IAMs and the resulting
SC-GHG estimates to different assumptions embedded in the models (see, e.g., Hope 2013, Anthoff and
Tol 2013a, and Nordhaus 2014). However, there remain additional sources of uncertainty that have not
been fully characterized and explored due to data limitations and lack of consensus in the scientific or
economic literature about how to represent them. Additional research is needed to expand the
quantification of various sources of uncertainty in estimates of the SC-GHG (e.g., developing explicit
probability distributions for more inputs pertaining to climate impacts and their valuation).

4.2 Other Modeling Limitations
The interim SC-GHG estimates presented in this TSD have a number of limitations, as would be expected
for any modeling exercise that covers such a broad scope of scientific and economic issues across the
complex global landscape. These include the incomplete treatment of catastrophic and non-catastrophic
impacts in the IAMs, their incomplete treatment of adaptation and technological change, the incomplete
way in which inter-regional and intersectoral linkages are modeled, uncertainty in the extrapolation of
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Although the distributions and numbers in Figure 4 are based on the full set of model results (150,000 estimates
for each discount rate), for display purposes the horizontal axis is truncated with 0.1 percent of the estimates falling
below the lowest bin displayed and 2.85 percent of the estimates falling above the highest bin displayed.
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damages to high temperatures, and inadequate representation of the relationship between the discount
rate and uncertainty in economic growth over long time horizons.
There are newer versions available of each of the IAMs used to calculate the interim SC-GHG estimates in
this TSD that offer improvements in some of these areas beyond the version of the models used for the
interim estimates. For example, the latest version of the PAGE model, PAGE-ICE (Yumashev et al. 2019,
Yumashev 2020), extends PAGE09 (Hope 2013) with representation of two nonlinear Arctic feedbacks
(permafrost carbon feedback and surface albedo feedback) on the global climate system and economy,
among other changes. The newest version of the DICE model, DICE2016-R3 (Nordhaus 2017), includes
numerous updates, including changes to the carbon cycle (to better simulate the long-run behavior of
larger models with full ocean chemistry) and updated methods for estimating economic activity.37 At
comparable discount rates, DICE2016-R3 would result in SC-CO2 estimates roughly twice that of the
interim estimates presented in this TSD. For example, using a 3% constant discount rate and other IWG
modeling assumptions, DICE2016-R3 yields an average SC-CO2 of $104 (2018 international dollars) for
2020 emissions (Nordhaus 2019a). However, even DICE2016 and PAGE-ICE do not include all of the
important physical, ecological, and economic impacts of climate change recognized in the climate change
literature and the science underlying their damage functions lags behind the most recent research.
Likewise, the socioeconomic and emissions scenarios used as inputs to the models in this TSD do not
reflect new information from the last decade of scenario generation or the full range of projections.
The modeling limitations discussed above do not all work in the same direction in terms of their influence
on the SC-GHG estimates. However, it is the IWG’s judgment that, taken together, the limitations suggest
that the interim SC-GHG estimates presented in this TSD likely underestimate the damages from GHG
emissions. In particular, the IPCC’s Fourth Assessment Report (IPCC 2007), which was the most current
IPCC assessment available at the time when the IWG decision over the ECS input was made, concluded
that SC-CO2 estimates “very likely…underestimate the damage costs” due to omitted impacts. Since then,
the peer-reviewed literature has continued to support this conclusion, as noted in the IPCC’s Fifth
Assessment report (IPCC 2014) and other recent scientific assessments (e.g., IPCC 2018, 2019a, 2019b;
U.S. Global Change Research Program (USGCRP) 2016, 2018; and National Academies 2016b, 2019). These
assessments confirm and strengthen the science, updating projections of future climate change and
documenting and attributing ongoing changes. For example, sea level rise projections from the IPCC’s
Fourth Assessment report ranged from 18 to 59 centimeters by the 2090s relative to 1980-1999, while
excluding any dynamic changes in ice sheets due to the limited understanding of those processes at the
time (IPCC 2007). A decade later, the Fourth National Climate Assessment projected a substantially larger
sea level rise of 30 to 130 centimeters by the end of the century relative to 2000, while not ruling out even
more extreme outcomes (USGCRP 2018). Section 5 briefly previews some of the recent advances in the
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Relative to the previous version of DICE, DICE2013, the DICE2016 updates to the carbon cycle and the methods
for estimating economic activity had the greatest impact on the SC-CO2. Based on Archer et al. (2009), DICE2016’s
three-box carbon cycle model aims to better simulate the long-run behavior of larger models with full ocean
chemistry. In measuring economic activity, one of the important changes in DICE2016 was to move from market
exchange rates to measures adjusted for purchasing power parity when comparing monetary values across
countries. See Nordhaus (2017, 2019a) for more discussion of these and other updates included in DICE2016-R3.
Nordhaus has also recently explored side extensions of DICE2016. For example, DICE-GIS extends DICE2016 to
include representation of sea level rise from melting of the Greenland Ice Sheet (Nordhaus 2019b, Pizer 2019).
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scientific and economic literature that the IWG is actively following and that could provide guidance on,
or methodologies for, addressing some of the limitations with the interim SC-GHG estimates.

5 Scientific and Economic Advances
The research community has made considerable progress in developing new data and methods that will
provide a path forward for bringing the USG SC-GHG estimates closer to the current frontier of climate
science and economics and could address many of the National Academies’ (2017) recommendations.
This research since 2010/2013 has advanced knowledge regarding each key component in the process of
estimating the SC-GHG. This TSD does not intend to provide a detailed review of all these advancements,
but this section does highlight some of the key research and new information that the IWG will be
reviewing as it works to improve the SC-GHG estimates. As part of the process for updating the SC-GHG
estimates by January 2022, the IWG will survey the scientific literature, including the economic literature,
to identify advances to address the National Academies (2017) recommendations.
Climate system representation. There have been advancements in climate science since the publication
of the IPCC’s Fourth Assessment Synthesis report (IPCC 2007), which was the basis for the IWG decision
on what equilibrium climate sensitivity (ECS) input to use in the IAM model runs. The conclusions of recent
scientific assessments, e.g., from the IPCC (2014, 2018, 2019a, 2019b), the USGCRP (2016, 2018), and the
National Academies (2016b, 2019), confirm and strengthen the science, updating projections of future
climate change and documenting and attributing ongoing changes. In addition, there are reduced
complexity climate models that could offer meaningful improvement over current representation of
climate dynamics in existing IAMs (Nicholls et al. 2020). For example, the National Academies (2017)
stated that the FAIR model (Smith et al., 2018) satisfies all of the criteria set by National Academies (2017)
recommendations related to the representation of climate system dynamics, generates projections of
future warming consistent with more complex, state of the art models, can be used to accurately
characterize current best understanding of uncertainty, and can be easily implemented and transparently
documented. Reduced complexity sea level rise models are also being developed that can provide
projections for damage functions that require sea level estimates, including the contributions of thermal
expansion and glacial and ice sheet melting based on recent scientific research (e.g., Wong et al. 2017).
Damage functions. At the core of IAMs are “damage functions” that map global mean temperature
changes and other physical impacts of climate change into economic (both market38 and nonmarket39)
damages. Relative to how much progress has been made in modeling and improving our understanding
of climate system dynamics and the physical impacts resulting from temperature change, efforts involved
in, and the public resources targeted at, understanding how these physical changes translate into
economic impacts have been significantly smaller (Auffhammer 2018). Even so, as illustrated in Figure 5,
in the time since the versions of the IAMs used in this TSD were published, there has been an explosion
of research on climate impacts and damages.

38

Examples of market damages include changes in net agricultural productivity, energy use, and property damage
from increased flood risk.
39
Examples of nonmarket damages include services that natural ecosystems provide to society.
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Figure 5. New Research on Climate Impacts40
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Several efforts are underway to draw on recent literature for improving damage functions and to generate
new damage estimates. In particular, the Climate Impact Lab is undertaking an effort to quantify and
monetize damages at a fine spatial scale, relying on rigorous empirical methods to develop plausibly
causal estimates for several sectors, including health (Carleton et al. 2020), energy (Rode et al. 2021),
labor productivity (Rode et al. 2020), agriculture, conflict, and sea level rise.41 Other research efforts have
sought to update the damage function for one sector in an existing IAM based on an updated review of
the empirical literature on climate impacts pertaining to that sector (e.g., Moore et al. (2017) for
agriculture damages in the FUND model). Damage functions specific to impacts within the U.S. have also
been developed and improved for a number of sectors, such as impacts on coastal property, mortality
due to extreme temperatures, transportation infrastructure, electricity supply and demand, water quality,
recreation, and allergies (Neumann et al. 2020) and impacts of climate change on air quality and human
health (Fann et al. 2021). There is also an emerging literature focused on incorporating interactions among
40

In many cases, the three IAMs used different studies for calibration. This is particularly true of FUND, which used
studies relating to different subsectors of the model, whereas DICE and PAGE did not have as detailed a sectoral
breakdown. That means that summing across these different models is likely valid in all but a few isolated cases. The
blue bars include studies uncovered from a comprehensive literature review in the economics literature (and a few
others in public health or relevant disciplines) by the Climate Impact Lab (CIL) through early 2016. Each of the studies
counted in blue was determined by CIL to have employed a research design that allowed for the causal interpretation
of results (Greenstone 2016).
41
The Climate Impact Lab is a multidisciplinary collaboration of climate scientists, economists, computational
experts, researchers, analysts, and students working to build empirically derived, local-level estimates of climate
change damages and an empirically based SC-CO2. More information on the Climate Impact Lab can be
found at: http://www.impactlab.org/.
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regions and impacts. For example, biodiversity loss (e.g., animal pollinators) as a result of climate-driven
ecosystem stress could amplify impacts of climate change on agriculture. See National Academies (2017)
for more discussion of recent research addressing these and other types of interactions.
Related to the development of damage functions, damages from climate change are uncertain and hence
pose additional risks. Reductions in GHG emissions reduce not only expected damages, but also reduce
the uncertainty and risks of catastrophic events. Evaluating the damages using the mean outcome does
not account for the benefits of reducing uncertainty. Some researchers have raised the need to include
this consideration in the SC-GHG (e.g., Carleton and Greenstone 2021) consistent with the observation
that individuals are regularly willing to pay for insurance against bad outcomes.
Furthermore, E.O. 13990 instructs the IWG to consider how best to reflect environmental justice and
intergenerational equity concerns in assessing climate damages. In the context of climate policy, equity
considerations are discussed by economists, ethicists, and others in several ways: distributional effects
within a specific country, effects across countries, and intergenerational equity impacts. Economists,
ethicists, and others have proposed potential ways to incorporate equity into the SC-GHG. For example,
IAM developers have introduced the use of equity weights potentially incorporate these concerns (e.g.,
Hope 2008; Anthoff and Emmerling 2019).
Socioeconomic and Emissions Projections. The socioeconomic and emissions projections underlying
current USG SC-GHG estimates were developed around 2007. Since that time, there have been efforts to
develop updated baseline scenarios. Several researchers have started using deterministic scenarios
available as part of the IPCC’s Fifth Assessment Report Working Group 3 database and the Shared
Socioeconomic Pathways (SSPs) linked with the Representative Concentration Pathway (RCP) emissions
scenarios (Riahi et al. 2017 and Moss et al. 2010) as benchmark scenarios. Resources for the Future (RFF)
has engaged in a research effort to implement each of the National Academies’ (2017) recommendations,
in collaboration with research partners.42 One part of this effort is focused on developing probability
distributions for future paths of population, GDP, and emissions via using econometrics and expert
elicitation techniques. For example, economic growth projections are being built off the results of a formal
expert elicitation of leading growth economists together with recent research by Muller, Stock and
Watson (2020), who have refined a foundational statistical methodology for generating long-run
projections of economic growth at the country level. RFF plans to make these probabilistic scenarios easily
usable on Mimi.jl, an open-source modular computing platform used for creating, running, and
performing analyses on IAMs.43
Discounting. Another area of active research relates to discounting, including the best available evidence
on the consumption rate of interest and the application of discount rates to regulations in which some
costs and benefits accrue intra-generationally while others accrue inter-generationally. As described in
Section 3.2, new empirical evidence suggests that consumption interest rates are now below the previous
estimate of 3 percent presented in OMB’s Circular A-4. This empirical evidence is also consistent with
long-term forecasts by the Congressional Budget Office, suggesting these lower rates will persist (U.S. CBO
42

For more information on RFF’s Social Cost of Carbon Initiative, see: https://www.rff.org/topics/scc/.
Mimi.jl was developed by a team of researchers at UC Berkeley led by David Anthoff in response to a core
recommendation from the National Academies (2017) to create an integrated modular approach to draw more
readily on expertise from the wide range of scientific disciplines relevant to SC-CO2 estimation. Mimi.jl provides an
interface for defining components and building models in a modularized, transparent way (mimiframework.org).
43
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2020). Future updates to the SC-GHGs estimates will need to reflect the best available evidence from the
time series of risk-free rate data and expectations of these rates into the future.
As described in Section 3.3 uncertainty in the discount rate over time yields a declining certaintyequivalent discount rate schedule and can have a dramatic effect on the size of the SC-GHG. While this is
not a new theoretical result, new literature has proposed methods for how to incorporate discount rate
uncertainty (e.g., Arrow et al., 2013; Cropper et al., 2014) and other nations have implemented declining
discount rate schedules for policy analysis (e.g., United Kingdom, France, and Germany). Recent
recommendations by the National Academies (2017) and EPA’s Science Advisory Board (2021) have
encouraged the development and use of a declining certainty-equivalent discount rate schedule as
theoretically appropriate and as a method of introducing consistency into analyses that have both nearterm and long-term impacts.
In light of new science and evidence, including many of those highlighted in the paragraphs above, other
jurisdictions are already considering or have implemented some of the scientific and economic advances
discussed above. For example, some states that use SC-GHG estimates in policy analysis have recently
updated their approach to discounting based on the increasing evidence that a 3% discount rate is too
high for intergenerational analysis. In December 2020, New York issued guidance recommending state
agencies use SC-GHG estimates based the same IWG modeling and input decisions as presented in this
TSD but with lower discount rates: 2 percent in central scenarios ($125/mtCO2 for 2020 emissions (2020
dollars), along with sensitivity analysis at 1 percent and 3 percent (New York Department of Environmental
Conservation 2020). Similarly, in Washington state an April 2019 law required utilities to use estimates
based on the IWG methodology with a 2.5% discount rate when developing “lowest-cost analyses” for its
integrated resource planning and clean energy plans.44
Canada is also in the process of updating the SC-GHG estimates used in their regulatory analyses. While
the update is underway, they are continuing to use the estimates they adopted in 2016 (which are an
adaptation of the IWG global SC-GHG estimates presented in this TSD) as well as a side analysis based on
more recent estimates from the academic literature. Based on their review of the literature and latest
climatological and economic evidence, they present their current estimates as a “likely underestimate [of]
climate-related damages to society” and the side analysis as a way “to illustrate a range of plausible values
if the Department were to update its [social cost of carbon] estimate based on new versions of the models
currently used.”45 Specifically, the side analysis includes SC-CO2 estimates based on DICE2016 and PAGEICE ($135 and $440/mtCO2 for 2020 emissions (2019 Canadian dollars)).46
The IWG will consider the new science and evidence as it works towards a more comprehensive update,
including the new research and information described in this section.

44

Wash. Sen. Bill. 5116 (signed by Gov. Inslee on May 7, 2019). More information on Washington and other states’
use of SC-GHG estimates is compiled by the Institute for Policy Integrity at NYU School of Law (see
http://www.costofcarbon.org/states) and discussed in U.S. GAO (2020).
45
Proposed Clean Fuel Regulations (published for public comment on 12/20/20)
http://www.gazette.gc.ca/rp-pr/p1/2020/2020-12-19/pdf/g1-15451.pdf.
46
Proposed Clean Fuel Regulations (published for public comment on 12/20/20)
http://www.gazette.gc.ca/rp-pr/p1/2020/2020-12-19/pdf/g1-15451.pdf.

35

OEC Comment Exhibit E

6 Path Forward
E.O. 13990 reaffirms that “[a]n accurate social cost is essential for agencies to accurately determine the
social benefits of reducing greenhouse gas emissions when conducting cost-benefit analyses of regulatory
and other actions” (E.O. 13990 2021). The E.O. instructs the IWG to publish interim SC-CO2, SC-CH4, and
SC-N2O estimates (collectively, SC-GHG estimates) within 30 days and to publish a set of final estimates
by no later than January 2022.47 In doing so, the E.O. instructs the IWG to consider the recommendations
of the National Academies of Science, Engineering, and Medicine as reported in Valuing Climate Damages:
Updating Estimation of the Social Cost of Carbon Dioxide (2017) and other pertinent scientific literature;
solicit public comment; engage with the public and stakeholders; seek the advice of ethics experts; and
ensure that the SC-GHG estimates reflect the interests of future generations in avoiding threats posed by
climate change.
In developing the SC-GHG estimates in 2010, 2013, and 2016 the IWG used consensus-based decision
making, relied on peer-reviewed literature and models, and took steps to disclose limitations and
incorporate new information by considering public comments and revising the estimates as updated
research became available (U.S. GAO 2014). Going forward the IWG commits to maintaining a consensus
driven process for making evidence-based decisions that are guided by the best available science and
input from the public, stakeholders, and peer reviewers.
While the IWG assesses the current state of the science in each component of the SC-GHG modeling
exercise, the IWG is beginning by asking for public comment on how best to incorporate the latest, peer
reviewed science to develop an updated set of SC-GHG estimates. The IWG will soon issue a Federal
Register notice with a detailed set of requests for public comments on the new information presented in
this TSD, as well as other topics and issues the IWG will address as we develop the next set of updates.
Among other things, the IWG will ask for public comment on how to incorporate the best available science
in the updated SC-GHG estimates, due to be published by January 2022, and how to incorporate the
recommendations of the National Academies (2017).
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Appendix – Annual SC-CO2, SC-CH4, and SC-N2O Values, 2020-2050
The values in Tables A-1 through A-3 are the same as those reported in the 2016 TSD and Addendum
adjusted for inflation to 2020 dollars using the annual GDP Implicit Price Deflator values in U.S. Bureau
of Economic Analysis (BEA) NIPA Table 1.1.9: 113.626 (2020)/ 92.486 (2007) = 1.228575 (U.S. BEA 2021).
Values of SC-CO2 presented in this TSD are rounded to the nearest dollar; SC-CH4 and SC-N2O are
rounded to two significant figures. The annual unrounded estimates are available on OMB’s website for
use in regulatory and other analyses: https://www.whitehouse.gov/omb/information-regulatoryaffairs/regulatory-matters/#scghgs.
Table A-1: Annual SC-CO2, 2020 – 2050 (in 2020 dollars per metric ton of CO2)
Discount Rate and Statistic
Emissions
Year
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

5%
Average
14
15
15
16
16
17
17
18
18
19
19
20
21
21
22
22
23
23
24
25
25
26
26
27
28
28
29
30
30
31
32

3%
Average
51
52
53
54
55
56
57
59
60
61
62
63
64
65
66
67
69
70
71
72
73
74
75
77
78
79
80
81
82
84
85

2.5%
Average
76
78
79
80
82
83
84
86
87
88
89
91
92
94
95
96
98
99
100
102
103
104
106
107
108
110
111
112
114
115
116

3%
95 Percentile
th

152
155
159
162
166
169
173
176
180
183
187
191
194
198
202
206
210
213
217
221
225
228
232
235
239
242
246
249
253
256
260

0
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Table A-2: Annual SC-CH4, 2020 – 2050 (in 2020 dollars per metric ton of CH4)
Discount Rate and Statistic
Emissions
Year
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

5%
Average
670
690
720
750
770
800
830
860
880
910
940
970
1000
1000
1100
1100
1100
1200
1200
1200
1300
1300
1400
1400
1400
1500
1500
1500
1600
1600
1700

3%
Average
1500
1500
1600
1600
1700
1700
1800
1800
1900
1900
2000
2000
2100
2100
2200
2200
2300
2300
2400
2500
2500
2600
2600
2700
2700
2800
2800
2900
3000
3000
3100

2.5%
Average
2000
2000
2100
2100
2200
2200
2300
2300
2400
2500
2500
2600
2600
2700
2800
2800
2900
3000
3000
3100
3100
3200
3300
3300
3400
3500
3500
3600
3700
3700
3800

3%
95th Percentile
3900
4000
4200
4300
4400
4500
4700
4800
4900
5100
5200
5300
5500
5700
5800
6000
6100
6300
6400
6600
6700
6900
7000
7200
7300
7500
7600
7700
7900
8000
8200
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Table A-3: Annual SC-N2O, 2020 – 2050 (in 2020 dollars per metric ton of N2O)
Discount Rate and Statistic
Emissions
Year
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

5%
Average
5800
6000
6200
6400
6600
6800
7000
7200
7400
7600
7800
8000
8300
8500
8800
9000
9300
9500
9800
10000
10000
11000
11000
11000
11000
12000
12000
12000
13000
13000
13000

3%
Average
18000
19000
19000
20000
20000
21000
21000
21000
22000
22000
23000
23000
24000
24000
25000
25000
26000
26000
27000
27000
28000
28000
29000
29000
30000
30000
31000
31000
32000
32000
33000

2.5%
Average
27000
28000
28000
29000
29000
30000
30000
31000
32000
32000
33000
33000
34000
35000
35000
36000
36000
37000
38000
38000
39000
39000
40000
41000
41000
42000
43000
43000
44000
45000
45000

3%
95 Percentile
th

48000
49000
51000
52000
53000
54000
56000
57000
58000
59000
60000
62000
63000
64000
66000
67000
68000
70000
71000
73000
74000
75000
77000
78000
80000
81000
82000
84000
85000
87000
88000
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PSC REF#:408370
Rebecca Cameron Valcq, Chairperson
Ellen Nowak, Commissioner
Tyler Huebner, Commissioner

4822 Madison Yards Way
P.O. Box 7854
Madison, WI 53707-7854

April 2, 2021
Re:

Roadmap to Zero Carbon Investigation

Comments Due:
Friday, May 14, 2021 – 1:30 p.m.
This docket uses the Electronic Records Filing
system (ERF).

5-EI-158

Address Comments To:
Public Service Commission
P.O. Box 7854
Madison, WI 53707-7854

To the Parties:
On March 11, 2021 the Public Service Commission of Wisconsin (Commission) issued a Notice
of Investigation to consider the ongoing transition to zero-carbon electricity generation in
Wisconsin. The investigation will evaluate a wide range of topics, including but not limited to:
1.

Wisconsin electric utilities’ publicly announced goals to reduce carbon dioxide
emissions, including the goals established by the state’s five largest electric
utilities to reduce their carbon dioxide emissions 100 percent by 2050.

2.

Recommendations from the Wisconsin Energy Distribution and Technology
Initiative (WEDTI) on opportunities to accelerate the clean energy transition and
optimize the benefits of the transition for all customers, released in July 2020.
(PSC REF#: 406723.)

3.

Recommendations from the Governor’s Task Force on Climate Change (GTFCC),
released in December 2020. (PSC REF#: 406724.)

4.

Clean energy plan recommendations developed through Executive Order 38,
which directs utilities and state agencies to work in partnership towards a goal of
achieving 100 percent carbon-free electricity consumption in the state by 2050. A
clean energy plan will be released in 2021.

To provide an informational starting point for the investigation, the enclosed memorandum
describes the Commission-related issues that have been published to date through the
recommendations from WEDTI, the GTFCC, and information provided on utility emission
reduction plans, including through the Commission’s Strategic Energy Assessment. (PSC REF#:
397611.)
At this time, the Commission requests comments to help set initial priorities for this
investigation. The Commission requests that commenters identify between one and three

Telephone: (608) 266-5481
Home Page: http://psc.wi.gov

Fax: (608) 266-3957
E-mail: pscrecs@wisconsin.gov
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Public Service Commission of Wisconsin
RECEIVED: 04/02/2021 3:37:15 PM

Public Service Commission of Wisconsin

To the Parties
Docket 5-EI-158
Page 2
specific issues they believe should be prioritized for Commission attention in this investigation.
Commenters may identify issues from the list provided in the enclosed memorandum or other
issues that are not on the list. Commenters should identify no more than three issues, in order to
clarify their highest priorities.
In addition, for each of the specific issues identified, the Commission requests that commenters
identify how they believe the Commission should address the issue, taking into account the
Commission’s existing jurisdiction and authority.
Comments must be received by 1:30 p.m. on Friday, May 14, 2021. Please limit the length of
submitted comments to no more than 5 pages in total. The Commission asks that the responses
not include supporting documentation or links to outside resources, but instead focus on
providing one’s own perspective or the perspective of one’s organization.
Party comments must be filed using the Commission’s Electronic Records Filing (ERF) system.
The ERF system can be accessed through the Public Service Commission’s web site at
http://psc.wi.gov. Members of the public may file comments using the ERF system or by mail to
the Public Service Commission, 4822 Madison Yards Way, P.O. Box 7854, Madison, WI
53707-7854.
Please direct questions about this docket or requests for additional accommodations for the
disabled to the Commission’s docket coordinator Joe Fontaine at (608) 266-0910 or
Joe.Fontaine@wisconsin.gov.
Sincerely,

Martin R. Day
Administrator
Division of Energy Regulation and Analysis
MRD:JF:dsa:cmb:DL:01786994
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PUBLIC SERVICE COMMISSION OF WISCONSIN
Memorandum
April 2, 2021
FOR COMMISSION INFORMATION
TO:

The Commission

FROM:

Martin R. Day, Administrator
Tara Bachman, Deputy Administrator
Joe Fontaine, Policy Advisor
Division of Energy Regulation and Analysis

RE:

Roadmap to Zero Carbon Investigation

5-EI-158

On March 11, 2021 the Commission issued a Notice of Investigation to consider the
ongoing transition to zero-carbon electricity generation in Wisconsin. (PSC REF#: 406664.)
The investigation will obtain further information on ongoing changes in Wisconsin’s electricity
sector that are contributing to reduced carbon emissions, and analyze options to achieve the
economic and environmental benefits the transition can provide while maintaining adequate
electric supply, reliability, and affordability for all customers.
As a starting point for the investigation, Commission staff has identified five core topics
contributing to the clean energy transition, listed below and summarized in Figure 1:
1.

Changes in utility-scale generation sources that reduce overall carbon emissions,
including the retirement of existing carbon-emitting facilities and the deployment
of new generation resources;

2.

The increased deployment of customer-level distributed energy resources (DER);

3.

The increased availability and deployment of new technologies, such as battery
storage and new grid technologies supporting electric system operations;
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4.

Customer programs and tariffs that support affordable energy access and help
customers control their energy use; and

5.

The design and operation of the Midcontinent Independent System Operator, Inc.
(MISO) wholesale markets and transmission system serving Wisconsin utilities
and customers.

Figure 1

Summary of Investigation Topics

Several existing initiatives in Wisconsin are addressing the zero-carbon transition. As
summarized in Table 1, each of the five largest investor-owned-utilities (IOU) in Wisconsin has
established goals to reduce carbon emissions 100 percent by 2050, and four of the five have
established interim goals to achieve reductions of 50 percent or more by 2030. Other Wisconsin
utilities have not set defined goals, but report their own ongoing efforts to achieve lower carbon
emissions. As documented in the Commission’s most recent Strategic Energy Assessment,
utilities’ anticipated plans for achieving these goals include retirement of coal facilities,
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increased deployment of natural gas and solar generation, procurement of increased zero-carbon
generation from the MISO grid, and increased energy efficiency. (PSC REF#: 397611 at 77-81.)
Table 1

Zero-Carbon Goals Set by Wisconsin IOUs

Provider
Northern States Power Company-Wisconsin (Xcel)
Madison Gas and Electric Company
Wisconsin Electric Power Company (We Energies)
Wisconsin Power and Light Company (Alliant)
Wisconsin Public Service Corporation

2030 CO 2 Reduction Goal
80%
70%
50%
70%

2050 CO 2 Reduction Goal
100%
100%
100%
100%
100%

In addition, two stakeholder groups have issued policy recommendations related to the
clean energy transition within the past year.
•

In July 2020, the Wisconsin Energy Distribution and Technology Initiative
(WEDTI), a stakeholder group convened by the Midwest Energy Research
Consortium (M-WERC) and the Great Plains Institute, issued a set of
14 consensus recommendations to accelerate the clean energy transition and
optimize the benefits for all customers. (PSC REF#: 406723.)

•

The Governor’s Task Force on Climate Change (GTFCC), convened under
Executive Order 52 to develop policy recommendations to mitigate and adapt to
the effects of climate change for the benefit of Wisconsin communities, issued
recommendations in December 2020 that address a range of topics, including
energy-related issues. (PSC REF#: 406724.)

Under Executive Order 38, work is also underway for development of a Wisconsin Clean
Energy Plan, which will identify recommendations to help reach the Governor’s goal of
achieving 100 percent zero-carbon electricity consumption statewide by 2050. A plan will be
issued later in 2021, and can be expected to be informed by the recommendations already issued
by WEDTI and the GTFCC.
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Taken together, published utility plans and the WEDTI and GTFCC recommendations
identify more than 25 specific proposals relevant to the clean energy transition. Table 2 lists
each recommendation, sorted within the five core topic areas initially established for this
investigation.
Table 2

Summary of Recommendations to Date by Investigation Topic

Topic
1. Transition of
Utility-Scale Generation
Resources

2. Increased Deployment of
DERs

3. New Technology
Innovation
4. Customer Programs and
Tariffs

5. MISO Wholesale Market
and Transmission

Recommendations to Date
• Consider Social Cost of Carbon in Commission Decisions
• Closure of Coal Facilities; Strategies to Support Early Closure and
Reduced Use
• Deploy New Natural Gas Capacity
• Deploy New Solar Capacity
• Improve Data Collection and Set Emissions Reduction Goals
• Avoid New Fossil Fuel Infrastructure
• Maximize Co-Benefits from Clean Energy Projects
• Position Utilities as Conductors of the Electric System
• Revise Interconnection Rules
• Support Community Solar
• Third-Party Renewable Financing
• Innovative Technology Initiative
• Utility Distribution Planning
• Storage and Microgrid Development
• Innovation for Low-Income, Multifamily, and Renters
• Align Focus on Energy with Carbon Goals
• Increase Focus on Energy Funding
• Energy Use Reduction Goals
• Shape Energy Consumption through Demand Efficiency, Demand
Response, and Electrification
• Support Load Management
• Low-Cost Debt Financing of Clean Energy Projects
• Support Electric Vehicles
• Modernize Rate Design
• Improve Visibility/Dispatch of DERs
• Improve MISO Data Available to DER Owners
• Participate in MISO Rule Changes
• Improve Recognition of DERs in Transmission Planning
• Increase Low-Carbon Generation in MISO

The recommendations in Table 2 do not represent an exhaustive list of all issues that may
be relevant to this investigation. However, they do represent a substantial list of issues that
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interested stakeholders have identified as relevant for the Commission’s consideration. Tables 3
through 7 provide an informational foundation for further review of these issues by:
•

Labeling the source (or sources) from which each issue was identified, including
any specific numbered recommendations associated with WEDTI and/or the
GTFCC. Task Force recommendations labeled as “GTFCC” were identified as
receiving consensus support from members. Those labeled as “GTFCC Tier 2”
refer to issues that did not achieve consensus but were included in the final report
“to indicate they may merit further discussion and consideration outside the work
of the task force.” (Id. at 9.)

•

Providing additional notes for each issue that outline the stated content and
rationale of each issue in more detail, and provides references to any relevant
Commission activity to date.
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Table 3

Issues Related to Transition of Utility-Scale Generation Sources

Issue
Require Commission to
Consider Social Cost of Carbon
in Construction Decisions
Closure of Coal Facilities

Source(s)
GTFCC #16

Additional Notes
Based on 2019 Wisconsin AB 766. The 2021-23
Executive Budget includes this proposal.

Utility
Plans/SEA

Three coal facilities closed between 2018 and 2020
(Pulliam, Pleasant Prairie, and Edgewater Unit 4).
Future retirement has been announced for four
additional facilities (Genoa, Edgewater Unit 5,
Oak Creek, and Columbia).

Deployment of New Natural
Gas Generation

Utility
Plans/SEA

Deployment of New Solar
Generation

Utility
Plans/SEA

West Riverside Energy Center began operating in
2020. The Commission approved construction of the
Nemadji Trail Energy Center in docket 9698-CE-100.
1,464 MW of new solar generation identified in SEA
published in October 2020. That figure does not
include additional solar capacity from independently
developed solar facilities, which could be leased by
utilities at a later date.

Improve Data Collection/Set
Utility Emissions Reduction
Goals

GTFCC #5,
#13; Utility
Plans/SEA

Avoid All New Fossil Fuel
Infrastructure
Develop Strategies for the
Cost-Effective Early Closure
and Reduced Use of Coal
Facilities

GTFCC Tier 2
#47
GTFCC Tier 2
#50

Maximize Co-Benefits and
Related Financial Value from
Clean Energy Projects

GTFCC Tier 2
#52

#5 recommends state agencies work together to
measure progress of goals related to emissions. #13
proposes statewide utility CO 2 emissions reductions
goals of 60 percent by 2030 and 100 percent by 2050,
while maintaining flexibility for utilities to maintain
reliability and cost-effectiveness, and recommends the
SEA track progress by utility towards that goal.

Strategy options could include securitization, other
financing tools, and procurement of carbon credits. In
November 2020, the Commission approved
securitization of environmental control costs for one
coal plant in docket 6630-ET-101. The 2021-23
Executive Budget proposes to allow securitization of
the full remaining balance of a power plant, in
addition to the current authorization for securitizing
environmental control costs.
Recommendation primarily discusses actions under
the jurisdiction of other state agencies, but does
suggest encouraging siting on brownfields through
Focus on Energy and/or utility incentives.
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Table 4

Issues Related to Increased Deployment of DERs

Issue
Position Utilities as Conductors
of the Electric System

Source(s)
WEDTI #1

Revise Interconnection Rules

WEDTI #2,
GTFCC #15

Support Community Solar

GTFCC #14

Allow Third-Party Renewable
Financing

GTFCC Tier 2
#49

Additional Notes
Recommendation suggests that utilities would take
this role to integrate DERs onto the grid in a way that
benefits utilities and customers, by supporting
effective dispatch of resources to support reliability
and use of resources to minimize system costs.
Suggested supporting initiatives include Commission
establishment of performance metrics, establishment
of utility incentives for system optimization, and
support for load shaping, DERs, and demand response
programs.
Current interconnection rules were established in
2004. Updated interconnection rules could address
the growing proliferation of DERs and new
technological developments. In December 2020, the
Commission approved an initial statement of scope to
update interconnection rules in docket 1-AC-256. In
February 2021, the Governor approved the statement
of scope and it was published in the Wisconsin
Administrative Register. In March, a preliminary
hearing was held on the statement of scope and the
Commission’s final approval of the statement of scope
is anticipated in April.
Recommendation encourages development of
community solar by utilities and facilitation of
development initiated by local communities and
tribes.
Clarify that customers may use third-party financing
for generation projects, in order to address current
legal uncertainty and encourage increased project
development.
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Table 5

Issues Related to New Technology Innovation

Issue
Establish an Innovative
Technologies Initiative

Source(s)
WEDTI #3

Encourage Utility-Stakeholder
Collaboration on Distribution
Planning

WEDTI #4

Develop Electricity Storage and
Microgrids for Critical
Infrastructure

GTFCC #6

Additional Notes
Establish a process for Commission review and
approval of utility investments in new and innovative
solutions, such as new technologies and new
programming opportunities. Proposal also suggests
establishing a statewide spending goal and processes
for reporting of results. The 2021-23 Executive Budget
includes a proposal to create this initiative.
Utilities should voluntarily collaborate with
stakeholders to develop distribution plans, including
grid modernization initiatives and options to position
utilities as conductors per WEDTI recommendation #1.
The recommendation proposes that utilities document
the results from collaboration, and launch processes by
June 2021.
Suggests development through establishment of utility
incentive pilot programs and/or increased grant funding
to the Commission’s Office of Energy Innovation
(OEI). Under docket 9705-FG-2020, the Commission
approved the allocation of $985,000 in OEI grant funds
to support microgrids on critical infrastructure and
community resilience planning.
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Table 6

Issues Related to Customer Programs and Tariffs

Issue
Innovation for Low-Income,
Multi-Family, and Renters

Source(s)
WEDTI #5

Align Focus on Energy with
Carbon Reduction and Clean
Energy Goals

WEDTI #6

Increase Focus on Energy
Funding

WEDTI #7,
GTFCC #8

Energy Use Reduction Goals

GTFCC #7

Shape Energy Consumption
To Achieve Utility and State
Goals

WEDTI #8

Support Load Management

GTFCC #9

Support Low-Cost Debt
Financing of Customer Clean
Energy Projects

GTFCC #10

Additional Notes
Initiatives identified as options to pursue this goal
include the recommended innovative technologies
program (WEDTI #3), financing programs, utility
incentives for customer programs, and increased
low-income programming in Focus on Energy.
Explore how Focus programs can better incorporate
carbon reduction and clean energy benefits. Set
program goals that align with larger carbon reduction
goals, potentially through the existing Quadrennial
Planning process.
Increase funding from current level of $100 million
per year in order to serve more customers and obtain
greater program benefits. WEDTI suggests that
doubling funding could bring Wisconsin in line with
spending levels that have been cost-effectively
achieved in neighboring states. The 2021-23 Executive
Budget proposes to double Focus on Energy
contributions from IOUs.
Set Focus on Energy goals to annually reduce
electricity usage by 2 percent and gas usage by
1 percent. A 2017 Focus potential study suggested that
those levels could be achieved, and the gas usage goal
exceeded, with increased funding from current levels.
Another potential study, currently in progress, will
provide an updated assessment.
Identifies three initiatives: increase the emphasis on
achieving demand savings in Focus on Energy
programs, expand and enhance demand response
programming, and consider initiatives for
electrification of end uses served by other fuels.
Establish Commission tariffs to support increased
demand response programming, and specifically
explore options to incent battery storage and explore
options to achieve benefits related to charging
arrangements for electric vehicles.
Identifies three initiatives for support: maximizing
PACE financing statewide, providing on-bill financing
for residential and commercial customers, and
considering development of a state green bank. The
2021-23 Executive Budget includes proposals for the
Commission to develop a model ordinance for PACE
financing and to authorize utilities to provide on-bill
financing.
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Support Hybrid-Electric
Vehicles, Electric Vehicles,
and Infrastructure

GTFCC #19

Modernize Rate Design

GTFCC Tier 2
#53

Including through collaborative development of a
statewide electric transportation plan. The
Commission has investigated electric vehicle issues in
docket 5-EI-156 and issued an order in December 2020
encouraging utilities to submit pilot programs for
Commission approval and establishing a framework
that identifies the information utilities should provide
in pilot proposals. The 2021-23 Executive Budget
proposes a statutory revision to exclude electric vehicle
charging stations from the definition of a public utility.
Review rate design approaches and assess whether
rates provide appropriate price signals to encourage
conservation and reduced emissions. Consider
innovative rate designs such as time-of-use rates and
performance-based ratemaking. The Commission’s
ongoing investigation of parallel generation purchase
rates in docket 5-EI-157 is reviewing rate design issues
related to distributed energy and net metering tariffs.
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Table 7

Issues Related to MISO Wholesale Market and Transmission

Issue
Improve MISO Visibility and
Dispatch of DERs

Sources
WEDTI #9

Improve MISO data available
to DER owners

WEDTI #10

Participate in Developing
WEDTI #11
Changes to MISO Market Rules

Improve the Use of DER Data
in Transmission Planning

WEDTI #12

Work With MISO to Enhance
Opportunities and Financial
Value for DERs
Benefit from Increased
zero-carbon deployment on
MISO grid

GTFCC
Tier 2 #51
Utility
Plans/SEA

Additional Notes
Improving the quality of DER data maintained by
MISO could help support more effective dispatch
decisions and help MISO more effectively project
future DER growth.
Provide more data, such as real-time coincident peak
load data, to provide improved market signals for the
development and use of DERs.
The Commission and other Wisconsin stakeholders
take an active role in providing input on the
implementation of Federal Energy Regulatory
Commission (FERC) Order 841 on the participation of
storage resources in wholesale markets; FERC
Order 2222 on the participation of DERs in wholesale
markets; and MISO accreditation initiatives.
Use the enhanced DER data recommended in
WEDTI #9 in transmission planning to identify
transmission enhancements that could support DER
adoption and use.
This task force recommendation supports the four
WEDTI recommendations described above.
Increased deployment of zero-carbon resources on the
MISO grid—from DERs or utility-scale zero-carbon
resources—will reduce Wisconsin utilities’ emissions
from power purchased through power purchase
agreements or wholesale market purchases.
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