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Abstract
Unmitigated greenhouse gas emissionsmay increase globalmean sea-level by about 1meter during
this century. Such elevation of themean sea-level enhances the risk offlooding of coastal areas.We
compute the power capacity that is currently out-of-reach of a 100-year coastalflooding butwill be
exposed to such a flood by the end of the century for differentUS states, if no adaptationmeasures are
taken. The additional exposed capacity varies strongly among states. ForDelaware it is 80%of the
mean generated power load. ForNewYork this number is 63% and for Florida 43%. The capacity that
needs additional protection compared to today increases bymore than 250% for Texas, 90% for
Florida and 70% forNewYork. Current development in power plant building points towards a
reduced future exposure to sea-level rise: proposed and planned power plants are less exposed than
thosewhich are currently operating.However, power plants that have been retired or canceledwere
less exposed than those operating at present. If sea-level rise is properly accounted for in future
planning, an adaptation to sea-level risemay be costly but possible.

1. Introduction

The electric power system is one critical infrastructure
system that ensures the functionality of society and its
operations depend crucially on the reliability and
functioning of power plants. Many power plants are
located near the coast. Unmitigated greenhouse gas
emissions may increase global mean sea-level by
up to 1 meter within this century (IPCC 2013). This
corresponds to the upper limit of the likely range for
sea-level rise under the so-called representative con-
centration pathway (RPC) that lead to a total radiative
forcing of 8.5Wm−2 by the end of this century (Moss
et al 2010, Meinshausen et al 2011). This greenhouse
gas concentration is expected to occur without
effective mitigation policies and is therefore often
considered as the business-as-usual scenario. Contri-
butions to sea-level rise caused by global warming
include thermal expansion of oceans, melting of
glaciers and ice caps on Greenland and Antarctica
(IPCC 2013).

Such elevation of the mean sea-level enhances the
risk of flooding of coastal areas without additional

protection measures (Hanson et al 2010, Hinkel
et al 2014, Aerts et al 2014, Maloney and Pre-
ston 2014). In this study we assume that the occur-
rence probabilities for storms, which cause surges,
are not changing with global warming. However, hur-
ricanes, which cause storms at the US East and Gulf
Coast, are expected to become more frequent and
intense under global warming (Lin et al 2012, Mendel-
sohn et al 2012, Little et al 2015). Moreover, we neglec-
ted changes in coastal geomorphological dynamics
(Passari et al 2015) and tidal constituents (Arns et al
2014) that also contribute to future extreme water
levels. Additionally, coastal zones agglomerate indus-
trial and commercial facilities. These are connected via
vital infrastructure systems, such as the electrical grid
and the connected generation facilities.

Many power plants are located near shorelines to
draw seawater for cooling purposes. Present protec-
tion measures might not be sufficient for future sea-
level extremes during, for example, storm surges.
Failed power generation might be substituted by
unused power capacities from any location within the
energy distribution grid. However, substituted energy
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generated by peak load power plants is more costly
than those frombase load power plants.

In this study we determine those locations of
power plants in the US that are now safe to 100-year
floods, but come into reach of such events at the end of
this century. We included power plants of all energy
sources that are currently operating or are in the plan-
ning process.

2.Methods of computation

2.1. Extreme sea-level distributions and sea-
level rise
The National Oceanic and Atmospheric Administra-
tion in the US provides extreme sea-level distributions
for 81 long-term tide gauge stations along the US
Coast (Zervas 2013). Extreme sea-level distributions
provide the probability of a certain water level above
mean higher high tide and can be expressed as general
extreme value distributions. The shape parameter
determines if a distribution takes the form of a
Weibull, Gumbel or Frechét distribution (Kotz and
Nadarajah 2000). In order to obtain the exceedance
probability per year for a given sea-level value above
mean higher high tide we integrated the distribution
above this sea-level value.

Upon these distributions we added the upper limit
of sea-level rise, which is expected to be 1 meter by the
end of this century (IPCC 2013). Contributions to this
sea-level rise include the thermal expansion of the
oceans, melting of glaciers and melting of ice-caps on
Antarctica andGreenland.

In other words, we assumed that distributions are
shifted to more extreme sea-levels by sea-level rise but
their shape remains unchanged. Hence, neglecting
changes in hurricane activity, coastal geomorphologi-
cal dynamics and tidal constituents that also con-
tribute to future extremewater levels.

2.2. US power plants
The US Energy and Information Administration
provides geographic locations of all closed, opera-
tional, planned and proposed US power plant sites
(EIA 2013). Their corresponding elevations relative to
the North American Vertical Datum of 1988
(NAVD88) are obtained from the National Elevation
Map of the US Geological Survey (Gesch 2007, Gesch
et al 2002). The National Oceanic and Atmospheric
Administration provide gauge datum data that we
used to compute elevations above mean higher high
tide. Firstly, we adjusted for the deviation of NAVD88
to mean sea level. Secondly, we subtracted the mean
higher high tide of the nearest tide gauge station of a
power plant site from its elevation above mean sea
level.

For each power plant site we allocated an extreme
sea-level distribution that corresponds to the nearest

long-term tide gauge station. There are data available
from 81 tide gauge stations in the contiguous US that
have a long-termdata record.

2.3. Additional exposure to 100-year sea-level
extremes
In our analysis we considered power plants of all
energy sources within 10 km of the coastline in the
contiguous US. We included operating, planned and
proposed power plants of all energy sources. A power
plant site is considered exposed if an extreme water-
level, i.e. the water level above mean higher high tide,
reaches its present tidal-adjusted elevation. In order to
obtain the exposure at the end of this century we
shifted the extreme water-level distribution by 1meter
of sea-level rise.

The integral over the distribution above the tidal-
corrected elevation delivers the exceedance prob-
ability. A power plant is exposed to 100-year events if
its elevation is exceeded by extreme water levels with
an exceedance probability of more than 1%. In other
words, a power plant with an elevation that is below an
extreme water level with an exceedance probability of
more than 1% is exposed to 100-year events. We
intend to determine those power plants that are today
out-of-reach of 100-year floods, but will be pressured
by those under a sea-level rise of 1meter. Therefore we
considered all power plants that have exceedance
probabilities ofmore than 1% in 2100 but less than 1%
today. We considered the upper 95 percentile of the
extreme sea-level distribution to give an upper esti-
mate for the 2100 exposure. This study ignores the
presence of protection measures, such as levees. The
presence of protection measures would only effect the
results if they represent sufficient protection for 100-
yearflood events.

3. Results

We determined power plant sites that are now safe to
100-year extreme sea-level but will be at risk within
this century due to global warming (figure 1). Circle
sizes in figure 1 scale with the exposed plant’s power
capacity. Power plant sites that will be additionally at
risk to climate change induced sea-level rise this
century cumulate a total of 25 GW of operating or
proposed power capacities. We define the exposure of
individual or aggregated power plant site as their
capacities that will be additionally at risk to 100-year
events by the end of this century.

Exposure per state varies by over five orders of
magnitude and is indicated by color in figure 1. Aggre-
gated exposure ranges from 9MW in Georgia to
11 GW in Florida. At the West Coast the largest
exposure is shown by California with 315MW.
At the East andGulf Coast exposures sumup to several
GW. In this area hurricanes occur and contribute to
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storm surges. The largest exposure per state in the
hurricane region with 11 GW is found in Florida.
Power capacities of 2.8 GW are exposed in Texas and
at the East Coast New Jersey and New York show
the largest exposures with 2.9 GW and 4.8 GW,
respectively.

The ratio of exposed power capacities per state
relative to the present amount of exposed power capa-
cities to 100 year events is denoted in red percentages
in figure 1. Ratios are given for exposure accruals per
state above 600MW.

The share of future additional exposure per state
relative to its average present energy generation,
which represents the average energy production, is
indicated by black percentages in figure 1. However,
available power capacities are larger than the average
load in order to add power generation at peak

times if necessary. Additionally exposed power capa-
cities relative to today’s average generation capacities
are largest in Delaware, New Jersey and Florida.
This share mounts up to 80%, 63% and 43%, respec-
tively. In contrast, the relatively large amount
of 2.8 GW absolute additional exposure in Texas
represents only 6% of Texas’ total average power
generation.

We compare the additional exposure of power
plant sites of closed, currently operating and proposed
power plants in figure 2. While the projected addi-
tional exposure among operating power plants repre-
sents 6% of the total operating capacity in the
contiguous US, it reduces to 3% for proposed power
plant capacity. However, power plants that have been
closed, i.e. retired or canceled, were 1.5% less exposed
than those operating at present.

Figure 1.Additionally exposedUS power plant sites under unmitigated sea-level rise to 100-year extreme sea-level. Colors represent
the additional power capacity that will be at risk of a 100-yearflood event compared to present-day. Red percentages give this number
in relation to currently exposed capacities with respect to 100-year events. Black percentages give this number in relation to themean
power generation, i.e. the average power load, of the state.

Figure 2.Additionally exposedUS power capacity to 100-year events in 2100 as fraction of the present-day total for closed, operating
and proposed power plants. Proposed and planned power plants are less exposed than thosewhich are currently operating. However,
power plants that have been closed, i.e. retired or canceled, were less exposed than those operating at present.
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4.Discussion and conclusion

Our analysis projects the present-day power plant
structure, including operating and proposed power
plants, to the end of this century, where sea-level may
rise by up to 1 meter. Note that we did not intend to
model the amount and structure of future power plant
sites. However, power plant sites in the vicinity of
shorelines will be stressed by future sea-level extremes.
These conditions require either enhanced protection
pressure or relocations of power generation and there-
foremay represent a driver for structural change in the
energy sector. Relocation seems easiest for power
generation that is independent of cooling sea-water.
The additional amount of proposed or planned power
plant sites at risk is less than currently operating power
plant sites (figure 2). Thismay be due to the increase of
renewable energy sources among proposed power
plants, which are independent of coastal cooling
water.

One might argue that as long coastal economic
centers are provided with comprehensive protection
measures, coastal power plants are secured as well.
However, since sea-water cooled plants are located at
the foremost flood frontier while they serve as a key-
infrastructure for areas further inland. The enhance-
ment of cities’ resilience should improve the capability
of urban areas to cope with temporary flooding with-
out failing power capacities.

Challenges arise predominantly for coastal power
plants that depend on sea-water cooling. Since it is
expected that also river floodswill intensify with global
warming (IPCC 2012) relocations to river sites does
not necessarily diminish the protection pressure. Fur-
thermore, the potential for flooding in low-lying
coastal areas increases with changes in the joint dis-
tributions of storm surge and heavy precipitation
(Wahl et al 2015). There are a range of measures avail-
able from levees around the power plant to large scale
sea walls for entire bays. However, the latter solution
might not be sufficient under future river floods for
bays with estuaries. The question arises if an energy
structure with a base load power generation that
depends on sea-water cooling and river water cooling
is resilient to future flood conditions. That is especially
relevant because studies published after the IPCC
(2013) report suggest that sea-level rise by the end of
the 21st century may be higher (Levermann et al 2013,
Joughin, Smith, and Medley 2014, Favier et al 2014,
Rignot et al 2014, Levermann et al 2014, Feldmann
and Levermann 2015) and sea-level will continue to
rise beyond the 21st century (Solomon et al 2009, Eby
et al 2009, Levermann et al 2013,Dutton et al 2015).

In this study we ignored the presence of any pro-
tection measures, such as levees. The presence of pro-
tection measures would affect the results if they
represent sufficient protection for 100-year flood
events. However, the existence of present day protec-
tionmeasures does not guarantee their existence at the

end of this century. Our analysis merely determines
the amount of additional power production capacity
that will be at risk within this century for events
with larger return periods than 100 years. Therefore,
we estimate the future protection pressure for
power plant sites that needs to be considered. An
adherence to coastal power plant sites requires an
examination of the present-day protection and possi-
ble enhancements.

We did not implement postglacial rebound effects,
which occur predominantly at coastal areas near the
Canadian border and are orders of magnitude smaller
than the applied sea-level rise. Furthermore, extreme
sea-level distributions above mean higher high tide at
each power plant site correspond to the nearest one of
one out of 81 long term tide gauges provided by the
National Oceanic and Atmospheric Administration
(Zervas 2013). However, extreme sea-level distribu-
tions may vary strongly due to coastal shape and sub-
marine ground. Nevertheless, future storm surge risk
may exceed our estimated impacts at the East and Gulf
Coast if one includes intensifying hurricane activities
in the Atlantic Ocean (Lin et al 2012, Mendelsohn
et al 2012) and changes in the Atlantic overturning cir-
culation (Levermann et al 2005, Landerer, Jungclaus,
andMarotzke 2007, Yin 2015) in the analysis.

In summary, the protection of coastal power
plants is a significant challenge that needs to be
accounted for in estimates of the safety and costs in
future planning.

References

Aerts J C JH, BotzenW JW, Emanuel K, LinN, deMoelH and
Michel-Kerjan EO2014Climate adaptation. Evaluating
flood resilience strategies for coastalmegacities Science 344
473–75

Arns A,Wahl T, Dangendorf S and Jensen J 2014The impact of sea
level rise on extremewater levels in the northern part of the
GermanBightCoastal Eng. 96 118–31

DuttonA,CarlsonAE, LongA J,MilneGA,Clark PU,DeContoR,
Horton BP, Rahmstorf S andRaymoME2015 Sea-level rise
due to polar ice-sheetmass loss during past warmperiods
Science 349 aaa4019

EbyM, Zickfeld K,Montenegro A, ArcherD,Meissner K J and
Weaver A J 2009 Lifetime of anthropogenic climate change:
millennial time scales of potential CO2 and surface
temperature perturbations J. Clim. 22 2501–11

Favier L, DurandG,Cornford S L,GudmundssonGH,
GagliardiniO,Gillet-Chaulet F, Zwinger T, PayneA J and
Le BrocqAM2014Retreat of pine island glacier controlled
bymarine ice-sheet instabilityNat. Clim. Change 4 117–21

Feldmann J and LevermannA 2015Collapse of theWest Antarctic
ice sheet after local destabilization of the Amundsen Basin
Proc. Natl Acad. Sci. USA 112 14191–6

GeschD,OimoenM,Greenlee S,NelsonC, SteuckMandTylerD
2002The national elevation datasetPhotogramm. Eng.
Remote Sens. 68 5–11

GeschDB 2007The national elevation datasetDigital Elevation
Model Technologies and Applications: TheDEMUsersManual
2nd edn edDMaune (Bethesda,Maryland: American
Society for Photogrammetry andRemote Sensing)
ch 4, pp 99–118

Hanson S,Nicholls R, RangerN,Hallegatte S, Corfee-Morlot J,
Herweijer C andChateau J 2010A global ranking of port

4

Environ. Res. Lett. 10 (2015) 124022

http://dx.doi.org/10.1126/science.1248222
http://dx.doi.org/10.1126/science.1248222
http://dx.doi.org/10.1126/science.1248222
http://dx.doi.org/10.1126/science.1248222
http://dx.doi.org/10.1016/j.coastaleng.2014.12.002
http://dx.doi.org/10.1016/j.coastaleng.2014.12.002
http://dx.doi.org/10.1016/j.coastaleng.2014.12.002
http://dx.doi.org/10.1126/science.aaa4019
http://dx.doi.org/10.1175/2008JCLI2554.1
http://dx.doi.org/10.1175/2008JCLI2554.1
http://dx.doi.org/10.1175/2008JCLI2554.1
http://dx.doi.org/10.1038/nclimate2094
http://dx.doi.org/10.1038/nclimate2094
http://dx.doi.org/10.1038/nclimate2094
http://dx.doi.org/10.1073/pnas.1512482112
http://dx.doi.org/10.1073/pnas.1512482112
http://dx.doi.org/10.1073/pnas.1512482112


cities with high exposure to climate extremesClim. Change
104 89–111

Hinkel J et al 2014Coastalflood damage and adaptation costs under
21st century sea-level rise Proc. Natl Acad. Sci. USA 111
3292–97

IPCC2012Managing the Risks of Extreme Events andDisasters to
Advance Climate Change Adaptation. A Special Report of
WorkingGroups I and II of the Intergovernmental Panel on
Climate Change edCBField et al (Cambridge: Cambridge
University Press) p 582

IPCC2013Climate change 2013: The Physical Science Basis.
Contribution ofWorkingGroup I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change ed
T F Stocker et al (Cambridge: CambridgeUniversity Press)
p 1535

Joughin I, Smith B E andMedley B 2014Marine ice sheet collapse
potentially under way for the ThwaitesGlacier Basin,West
Antarctica Science 344 735–38

Kotz S andNadarajah S 2000 Extreme value distributions Extreme
ValueDistributions Theory andApplications vol 31 (London:
Imperial College Press)

Landerer FW, Jungclaus JH andMarotzke J 2007 ‘Regional
dynamic and steric sea level change in response to the IPCC-
A1B scenario J. Phys. Oceanography 37 296–312

LevermannA et al 2014 Projecting Antarctic ice discharge using
response functions fromSeaRISE ice-sheetmodelsEarth Syst.
Dyn. 5 271–93

LevermannA,Griesel A,HofmannM,MontoyaMandRahmstorf S
2005Dynamic sea level changes following changes in the
thermohaline circulationClim.Dyn. 24 347–54

LevermannA,Clark PU,Marzeion B,MilneGA, PollardD,
Radic V andRobinsonA 2013Themultimillennial sea-level
commitment of global warming Proc. Natl Acad. Sci. USA
110 13745–50

LinN, Emanuel K,OppenheimerMandVanmarcke E 2012
Physically based assessment of hurricane surge threat under
climate changeNat. Clim. Change 2 462–67

Little CM,HortonRM,KoppRE,OppenheimerM,
Vecchi GA andVillarini G 2015 Joint projections of US east
coast sea level and storm surgeNat. Clim. Change 5 1114–20

MaloneyMCandPreston BL 2014A geospatial dataset forUS
hurricane storm surge and sea-level rise vulnerability:
development and case study applicationsClimate Risk
Management 2 26–41

MeinshausenM et al 2011TheRCP greenhouse gas concentrations
and their extensions from1765 to 2300Clim. Change 109
213–41

MendelsohnR, Emanuel K, Chonabayashi S andBakkensen L 2012
The impact of climate change on global tropical cyclone
damageNat. Clim. Change 2 205–9

Moss RH et al 2010The next generation of scenarios for climate
change research and assessmentNature 463 747–56

Passeri D L,Hagen SC,Medeiros SC, BilskieMV, AlizadK and
WangD 2015The dynamic effects of sea level rise on low-
gradient coastal landscapes: a review Earth’s Future 3
159–81

Rignot E,Mouginot J,MorlighemM, SeroussiH and Scheuchl B
2014Widespread, rapid grounding line retreat of Pine Island,
Thwaites, Smith, andKohlerGlaciers,West Antarctica, from
1992 to 2011Geophys. Res. Lett. 41 3502–9

Solomon S, Plattner G-K,Knutti R and Friedlingstein P 2009
Irreversible climate change due to carbon dioxide emissions
Proc. Natl Acad. Sci. USA 106 1704–9

U. S. Energy InformationAdminstration (EIA) 2013Annual Electric
Generator Data—EIA-860Data File (http://eia.gov/
electricity/data/eia860/)

Wahl T, Jain S, Bender J,Meyers SD and LutherME 2015
Increasing risk of compound flooding from storm
surge and rainfall formajorUS citiesNat. Clim. Change 5
1093–7

Yin J 2015 Long-termprojection: initializing sea levelNat. Clim.
Change 5 301–2

Zervas 2013 Extremewater levels of theUnited States 1893–2010
NOAATechnical Report NOSCO-OPS 67 p 56, appendices I

5

Environ. Res. Lett. 10 (2015) 124022

http://dx.doi.org/10.1007/s10584-010-9977-4
http://dx.doi.org/10.1007/s10584-010-9977-4
http://dx.doi.org/10.1007/s10584-010-9977-4
http://dx.doi.org/10.1073/pnas.1222469111
http://dx.doi.org/10.1073/pnas.1222469111
http://dx.doi.org/10.1073/pnas.1222469111
http://dx.doi.org/10.1073/pnas.1222469111
http://dx.doi.org/10.1126/science.1249055
http://dx.doi.org/10.1126/science.1249055
http://dx.doi.org/10.1126/science.1249055
http://dx.doi.org/10.1175/jpo3013.1
http://dx.doi.org/10.1175/jpo3013.1
http://dx.doi.org/10.1175/jpo3013.1
http://dx.doi.org/10.5194/esd-5-271-2014
http://dx.doi.org/10.5194/esd-5-271-2014
http://dx.doi.org/10.5194/esd-5-271-2014
http://dx.doi.org/10.1007/s00382-004-0505-y
http://dx.doi.org/10.1007/s00382-004-0505-y
http://dx.doi.org/10.1007/s00382-004-0505-y
http://dx.doi.org/10.1073/pnas.1219414110
http://dx.doi.org/10.1073/pnas.1219414110
http://dx.doi.org/10.1073/pnas.1219414110
http://dx.doi.org/10.1038/nclimate1389
http://dx.doi.org/10.1038/nclimate1389
http://dx.doi.org/10.1038/nclimate1389
http://dx.doi.org/10.1038/nclimate2801
http://dx.doi.org/10.1038/nclimate2801
http://dx.doi.org/10.1038/nclimate2801
http://dx.doi.org/10.1016/j.crm.2014.02.004
http://dx.doi.org/10.1016/j.crm.2014.02.004
http://dx.doi.org/10.1016/j.crm.2014.02.004
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1038/nclimate1357
http://dx.doi.org/10.1038/nclimate1357
http://dx.doi.org/10.1038/nclimate1357
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1002/2015EF000298
http://dx.doi.org/10.1002/2015EF000298
http://dx.doi.org/10.1002/2015EF000298
http://dx.doi.org/10.1002/2015EF000298
http://dx.doi.org/10.1002/2014GL060140
http://dx.doi.org/10.1002/2014GL060140
http://dx.doi.org/10.1002/2014GL060140
http://dx.doi.org/10.1073/pnas.0812721106
http://dx.doi.org/10.1073/pnas.0812721106
http://dx.doi.org/10.1073/pnas.0812721106
http://eia.gov/electricity/data/eia860/
http://eia.gov/electricity/data/eia860/
http://dx.doi.org/10.1038/nclimate2736
http://dx.doi.org/10.1038/nclimate2736
http://dx.doi.org/10.1038/nclimate2736
http://dx.doi.org/10.1038/nclimate2736
http://dx.doi.org/10.1038/nclimate2589
http://dx.doi.org/10.1038/nclimate2589
http://dx.doi.org/10.1038/nclimate2589

	1. Introduction
	2. Methods of computation
	2.1. Extreme sea-level distributions and sea-level rise
	2.2. US power plants
	2.3. Additional exposure to 100-year sea-level extremes

	3. Results
	4. Discussion and conclusion
	References



