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Abstract

Directly injecting CO into the ocean represents one method of mitigating globa climate
change. However, the costs of ocean sequestration are poorly understood. The objective
of thisthessisto develop amathematical mode for estimating the social costs of ocean
sequestration gemming from atmospheric and oceanic damages. A modd for estimating
net present costs isdeveloped as a function of depth of injection, taking the form:
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Mode smulations indicate that damages from leaked carbon dioxide potentidly
sgnificant (> $13/tC for a2000m injection), while damages to current and potentia
future uses of the marine redlm are inconsequentia (< $0.02/tC). Ramifications for
climate policy are discussed.
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Chapter One— A Brief Introduction to Marine
Carbon Sequestration




To methe sea isa continual miracle:
The fishes that swim—the rocks—the motion of the
waves—the ships, with men in them,
What stranger miracles are there?
-- Wdt Whitman “Miracles’ 1856

1.1 Background and Scope

Organic carbon buried underground as cod, ail, and naturd gasis currently being
combusted and released into the atmosphere at a rate of 6 gigatons of carbon per year.
The ability of atmospheric carbon dioxide to absorb and reemit infrared radiation makes
it an important greenhouse gas, one which is gnificantly dtering globd climate (IPCC,
2001). To addressthe increasing impact of climate change on human and natura systems,
society presently faces a multifaceted array of mitigation and adaptation options. One
such option that has recently garnered significant politica and scientific atention is

large- scale carbon sequestration, defined herein as the capture and storage of carbon that
would otherwise be emitted to or remain in the atmosphere (Cadeiraet al., 2001). By
storing carbon outside of the atmosphere, society can ostensibly continue to utilize fossll

fuds while avoiding damaging greenhouse effects.

While the mgority of research into sequestration to date has been devoted to the potential
contributions of forestry and land- use change Strategies, the additiona storage capacity of
the biosphere could only accommodate severa percent of remaining foss| fud reserves

(IPCC, 2000). In contrast, the potentia storage capacity of the ocean is severa orders of




magnitude larger; a carbon load that would double pre-industrid atmaospheric
concentrations would increase oceanic concentrations by less than 2% (Herzog et al.,
2000). As a consequence of this tremendous capacity, consderable attention is being
focused on the possibility of capturing CO, from power plants and directly injecting it
into the sea. State- sponsored research into ocean sequedtration is ongoing in severd
nations, most notably the United States, Japan, Norway, Australia and Canada (“ Project

Agreement”, 1997; Doyle, 2003).

Much of the current work has demonstrated that, from an engineering perspective, ocean
carbon sequedtration is entirely feasible (Ha- Duong and Keith, 2003). Severa techniques
for capturing CO, from industriad sourcesare dready commercidly available. These
include chemica adsorption and absorption with solvents (e.g. monoethanolamine), as
well as pre-combustion options such as removing nitrogen from the air prior to burning
(RCEP, 2000). Once the carbon is captured, it can easily be compressed and disposed of

in the ocean via ship or pipdine (Figure 1).
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Figure 1— Pipdine and ship optionsfor CO, disposal (Johnston and Santillo, 2003).

While the engineering dimensions of sequestering carbon are relatively cleer, the
economic dimensons are not. Comparing the economic efficiency of ocean sequestration
againg other mitigation or adaptation options requires detailed anayses of the costs.
Such cogtsinclude both the private costs associated with physicaly capturing and storing
COg, and thesocial costs imposed by added or unresolved environmental externdlities.
Unlike private costs socid cogts are particularly difficult to estimate as they are, by
definition, outsde the reach of Adam Smith's invisible hand. In the case of ocean carbon
sequedtration, socid cogts include both atmospheric and oceanic externalities associated
with the capture and storage process. Though severd reviews of the private cogts of
ocean carbon sequestration exist (e.g. Audus, 1997; Bock et al., 2002; McFarland et al.,
2002; Rubin and Rao, 2002; Gielen, 2003; Davidson, 2002), comparatively little work

has been directed toward developing a comprehensive estimate of socia costs.

1




1.2 Aimsand Methodology — A Roadmap

To hepfill the gap in the literature, this dissertation develops an environmenta and
economic model for estimating the socid cogts of ocean sequestration. The thesis is plit
into two main sections, examining atmaospheric and oceanic damages in turn. Chapter

Two is premised on the redlity that the ocean is not a permanent reservoir; carbon
injected into the ocean eventudly degasses into the atmosphere. A spate of recent work
(e.g. Herzog et al., 2003; Ha-Duong and Keith, 2003; Kdller et al., 2003) has attempted
to evauate future greenhouse effects of this leskage by examining the reaionship

between the rate at which sequestered carbon enters the atmosphere, predicted margina
damages from excess COy, and the discount factors applied to equate current and future
costs. To date, such models have been dependent upon a number of tenuous economic

assumptions, such astime-constant leskage and discount rates.

To develop amathematical model of atmospheric damages, Chapter Two combines
recent advances in economic theory on time-variable discount rates and the climatic
damages, with carbon leakage rates predicted by Ocean General Circulation Model
smulaions The chapter further innovates on previous modds by incorporating current

inefficiencies in the sequestration process which increase the socid codts.

The second main thrugt of the dissertation is an examination of the damages that ocean

carbon sequestration is likely to have on the marine environment. Previous




characterizations of the economic efficiency of ocean sequestration entirely exclude
damages to aguatic ecosystems from consideration(e.g. Herzog et al., 2003; Ha- Duong
and Keith, 2003; Keller et al., 2003). Chapter Three isanove attempt to estimate and
monetize these damages from firgt principles. The chapter first reviewsthe physicd

effects that injecting CO,, awesk acid, may have on the ocean. Secondly, the analysi's
attempts to estimate damages from that acidification on a per ton carbon (tC) basis. To do
30, vauation of the ocean is disaggregated into two distinct categories; use vaues and
non-use vaues. The vulnerahility of each vaue to carbon sequedtration is then estimated.
The work demonstrates that likdy marginal damages to use and option values such as
fisheries are inconsequentia, whereas margina dameges to non-use vaues are potentialy

ggnificant.

Findings on predicted atmospheric and oceanic damages are combined in Chapter Four —
Results and Discusson. Monte Carlo smulations are employed to estimate mean vaues
for total net present costs of ocean carbon sequestration by depth. The policy Sgnificance
of these costswith respect to the economic feasibility of carbon sequestration relative to

other mitigation and adaptation options is explored.
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Chapter Two — A Leaky Locker: Developing an

Economic Mode for Temporary Carbon
Sequestration
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“ The argument that we lose our souls by economically
pricing the environment is silly.”
-- Herendeen, 1998

2.1 Chapter Framework

This chapter is premised on the fundamenta fact that marine carbon sequestration isonly
temporary sequestration; CO, intentionally injected into the ocean eventudly leaks back
into the atmosphere. The benefit of temporary sequestration is that it delays emissons of
CO;, into the amosphere. As Marland et al. (2001) note, temporary sequestration
postpones climate change damages while buying time for technologica progress, capita

turnover, and learning.

However, temporary sequestration bears significant costs as well. When sequestered CO,
ultimately lesks from the oceen, it remains a greenhouse gas with dl of the associated
dimdtic effects Estimating the costs of temporary sequestration depends, at its root, on
three basic factors:

1) Therate a which carbon lesks into the atmosphere;

2) The cos of margind damages a the time CO;, legks into the atmosphere;

3) The extent to which future damages are discounted against present damages,

Recent analyses have atempted to evaluate the future climatic damages from leaked

carbon by examining these three factors (e.g. Herzog et al., 2003; Ha-Duong and Keith,

2003; Keller et al., 2003). The basic finding is that the net present costs (NPC) of

15




sequestered carbon leaked back into the atmosphere is the product of the leekage function

L (t), the discount function D(t), and the socia cost of carbon function SCC(t);
¥
NPC = (J-(t) D(t) SCC(t)dt
0

Using smilar models, several authors have caculated that the economic costs of carbon
leakage are potentidly inconsequentia. For example, Cddera et al. (2001) write, “Under
the assumption of a constant cost of carbon emissions and a 4% discount rate, injecting
only 900m deep avoids approximately 90% of the associated globa warming codts, an
injection 1700m deep avoids >99% of the associated globa warming cogts (p. 12).”
Smilarly, Ha-Duong and Keith (2003) calculate that with aleskage rate of 1% and a

discount rate of 4%, CO, sequestration avoids 80% of globa warming codts.

This chapter takes issue with such optimigtic findings. Work to date has been dependent

on saverd unlikely assumptions including the gpplication of constant leskage rates (Ha-
Duong and Keith, 2003), constant discount rates (Herzog et al., 2003; Keller et al., 2003),
constant or discount rate-independent SCC’ s (Cadeiraet al., 2001; Ha Duong and Keith,
2003), and perfectly efficient carbon capture processes. To examine these findings, this
chapter develops amodel for estimating the net present costs of atmospheric damages
from sequestered CO,,. The various components of future cos—L (t), D(t), and SCC(t)}—

areidentified, with means and probability distributions estimated.

This chapter makes severa advances upon previous work on the economics of ocean

sequedtration. Firdt, the leakage rate section applies results from injection smulationsin
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Ocean Generd Circulation Modds (OGCMs). Second, the bulk of the chapter focuses on
determining the cost of leaked carbon by employing time-variable discount rates, and
linking predicted discount rates to estimated growth rates in the SCC. Third, the
technologica inefficiencies of the carbon sequestration process are made explicit, with

the energy requirements of the system and uncaptured CO, directly incorporated into the

modd.

2.2 L eakage Rates

One of the most important economic and environmenta cons derations with respect to
sequestration is the speed a which disposed carbon leaks back into the atmosphere.
Research into the issue of the leakage rate can be descriptive or normative, focusng on

ether actud or optimd leskage ratesin light of uncertainty.

Most of the work on leakage and sequestration to date has not focused on ocean
sequestration per se. Ingtead, the mgjority of andyses of temporary storage have

devel oped normative leakage rates, L(t), based on an exponentia decay modd. For
example, Kdler et al.’s (2003) economic description of sequestration starts with abasic

mode wherein leskage is afunction of the decay rate (Q), such that;

L(t) = g

e
Exponentia decay rates, while perhaps applicable to storage in the lithosphere or
biosphere, do not accurately reflect predicted patterns of oceanic leskage. An exponentid
decay model has pesk leskage occurring at time zero, and asymptotically declining

thereafter. However, carbon injected into the ocean a depth must dowly diffuse through

17




the deeper layers of the water column. As aresult, there is a consderable time-lag before
carbon reaches the ocean surface, and peak |eakage rates may not occur for decades or
centuries after the time of injection. While leakage rates depend on a number of ste
specific variables such as sub-surface currents and the availability of bicarbonate, in

generd, the deeper carbon that isinjected, the dower the overdl rate.

The current analys's employs a descriptive leakage modd developed by Cdderaet al.
(1998; 2001). Their study estimates leskage rates of injected carbon based on both a one-
dimensiona box-diffuson modd and athree-dimensond OGCM, using the OGCM

mode to help vaidate the smpler modd. The authors smulate COz injections at severd
locations, assuming background atmospheric CO, concentratio ns described in the IPCC
S650 scenario (tabilization at 650 ppm in 2200). Theresultsof Cadera et al.’swork are

presented in Figure 2.
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Figure 2 — Predicted leakage rates from ocean sequestration by disposa depth (Cadeira
et al., 2001). Dotted lines represent net carbon fluxes, e.g. they include the re-absorption
of leaked carbon by the ocean.
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When carbon isinjected at 2000m or grester, the annua flux of carbon lesked back to the
atmosphere never exceeds 0.1% of the initid injection, and only peaks after 100 to 150
years. One important caveat with respect to leakage concerns the equilibrium between the
ocean and atmosphere. Because the two systems are in constant contact and are driven by
chemica and physica parameters, roughly 80% of the carbon that degassesinto the
atmosphere will ultimately be reabsorbed by the ocean (Herzog et al., 2003). As

regbsorption is anatura process the economic efficiency models are only concerned with

theinitia leskage.
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Figure 3 — Estimated retention efficiencies for a 1500m injection over 500 years, as
caculated with 8 OGCM modds at sx locations (Orr et al., 2002).

! A secondary effect of ocean injection isa potential dampening effect have on the ocean’s ability to
remove carbon from the atmosphere. Sequestering carbon in the ocean depletes carbonate ions, reducing
the effectiveness of oceanic uptake, thereby increasing thehalfife of atmospheric carbon (Bacastow et al.,
1997). This effect drives up the social cost of carbon. Themodeling in this exercise is complicated, and
represents a potentially important area of future research.
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Reaults from other OGCM s share leskage patterns smilar to Cdderaet al.’s, but yidd
dightly different rates (Mignone et al., 2002). For example, Orr et al. (2000) simulated
ocean injection in eight different OGCMs They found that, for carbon injected at 1500m,
esimated retention efficiency was 82-96% after 100 years and 28-57% after 500 years,
due to both inter-modd and inter-Ste variaion (Figure 3). The inter-modd variation is
potentialy due to subgrid- scae processes, particularly differing parameterizations of
verticd exchange within the low- [atitude pycnocline (Mignoneet al., 2002). To
incorporate some of the parameterization uncertainty into the economic andyss, this
modd will employ Cdderaet al.’s estimates of leakage rates as a centra figure, but

apply astandard deviation of +/~ 10% of the mean (Table 1).

Table 1— Predicted carbon leakage rates based on avisud interpolation of Figure 2.

Depth Period (yrs) Mean Leakagerate (%, t =yr)

1000 m 0-25 (.0216) t
26-100  0.54—0.0032 (t - 25)
101-200  0.30— 0.002 (t— 100)
201-400  0.1-0.00025 (t— 200)
401-1000  0.05— 0.00005 (t — 400)

2000 m 0-25 0
26 — 150 0.0008t —0.02

151 -1000 0.1 -0.0000824 (t —150)

3000 m 0-50 0
51-400  0.000114 (t— 50)
401-1000 0.04




2.3 The Discount Factor and the Social Cost of Carbon

While estimating leskages rate is an exercise in modding a geochemicd system,
determining what vaue to place on that leakage is an economic anayss carrying
consderably greater uncertainty. At its heart, the vauation has two basic components. the
estimated socia cost of carbon at the time a which it degassesinto the atmosphere,
SCC(t), multiplied by atime-variable discount factor used to equate future costs with
current costs, D(t). The rate of change in the discount factor over time is known as the
discount rate. Previous analyses (e.g. Herzog et al., 2003; Keller et al., 2003; Ha-Duong
and Keith, 2003) have treated the discount rate and cost of carbon as independent
vaiables Thisanadysswill examine eech separately, aswell aslikely corrdations

between the two.

2.3.1 The Discount Factor and Discount Rate

The discount factor at timet, D(t), reflects the weighting placed on costs or benefits that
occur at timet relative to current prices. The discount rate, r, istherate at which the
discount factor decreases over time. For the purpose of this discusson, the “ discount
rate” is synonymous with the “socid rate of time preference’ which can be disaggregated
into two parts: the pure rate of socid time preference (conssting of impatience and the
potentia for socid catastrophe), ?, plus the growth rate of per capitaincome, g,
multiplied by the income dadticity of margina utility, 1 (UK Treasury, 2002; Clarkson

and Deyes, 2002):

r=?+pg
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The significance of ?, 1, and g will be further discussed in the follow section on the SCC.

For the time being, discussion will focus on the discount rate, r, in aggregate.

Because oceanic leakage occurs over atime-scale of hundreds of years, damage estimates
are extremely sengtive to the compounding effect of the discount rate. If the discount rate
iszero and the SCC is congtant, there is no economic advantageto temporary
sequedtration; dl of the carbon eventudly returns to the atmaosphere at the same net

present value. However, as the discount rate increases, future damages are deva ued.

Take for example ahypothetical reservoir that stores carbon perfectly for a century then
releasesit dl into the aamosphere. Assuming a constant SCC (say $100AC) and a
discount rate of zero, thereis no advantage to delayed over immediate emissons. Both
cost $100/tC. However, applying a 1% constant discount rate reduces the net present
costs of the future release to $37/tC. A 5% rate would further contract them to 50¢. As

oceanic leakage occurs over centuries, the compounding effect of the discount rate plays

acritica rolein determining the economic effectiveness of sequestration.

Despite its significance, there is little agreement on what discount rate is appropriate to

use. Most analyses of carbon disposal have treated the discount rate as a key independent
variable and provided arange of results, rather than attempting to predetermine the
appropriate rate (e.g. Keller et al., 2003; Caldeiraet al., 2001; Herzog et al., 2003). For

example, Caldeiraet al. (2001) and Herzog et al. (2003) plot the economic potentid of




ocean disposa as afunction of the discount rate and depth, though they select 3% asthe
base case. Keller et al. (2003) aso recognize the uncertainty in discount rates, but set a
best guess around a discount rate of 5%. Others (e.g. Marland et al., 2001) have adopted
adiscount rate of zero. A common thread isthat al of the sequestration analyses to date
have been dependent upon congtant discount rates, while providing little guidance on an

appropriateraeto use.

Thisandyssimproves upon past sequestration work by attempting to determine an
appropriate discount rate under conditions of uncertainty through hyperbolic discounting.
This effort isinformed to a great extent by the remarkable efforts of Weitzman (2001).
The Harvard economist solicited the “professona considered gut feding” about an
appropriate discount rate to use for climate change from 2,100 economists worldwide.
Responses ranged from —3% to 27%(!), forming a gamma digtribution with amean of 4%
and a standard deviation of 3%. Given this digtribution, Weitzman determined a
certainty-equivaent rate by caculating back from the mean discount factor over time,
The certainty-equivaent discount rate sarts at the mean rate (4%), and gradudly fdlsto
the lowest estimates (0%), as the higher rates discount away their own relevance over
time. There are at least three rationaes for such hyperbolic discounting (see, eg.,

Weitzman, 2001; Groom et al., 2003; Heal, 1997).

1) Thediscount rate is predicated on futures rate of economic growth. Because
future growth rates are uncertain, arange of discount ratesis possible, with

certainty-equivaent rates gpproaching the lower boundary over time. Newell and




Pizer (2003) support Weitzman's analysis with empirica evidence from U.S.
interet rates. Smilar to Watzman'sfindings, their andys's suggests thet if the

growth rate follows arandom walk path, the certainty-equivadent rate fdls from

4% to 2% after 100 years, and to 0.5% after 300 years (Figure4).

b

Certaintycquivalm i disconm mie (%0

simple mirorsgressive mocdsl o logs)
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t t
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Figure 4 — Forecasts of certainty equivaent discount rates derived from U.S. treasury
bonds. Rates in the random walk model approximate Weitzman's suggested rates (Newell
and Pizer, 2003).

2) Thereisan ethica judtification, based on the issue of intergenerationd equity
(Pearce et al., 2003). Congtant discount rates have the effect of minimizing the
sgnificance of future generations in the current caculus. As Weitzman wrote,
“To think about the distant futurein terms of standard discounting isto have an
unessy intuitive feding that something iswrong, somewhere (1998; p. 201).”

3) Individuastend to use declining discount rates on a persond basis, which
strongly supports hyperbolic discounting (Frederick et al., 2002). Pearce et al.
(2003) argue that if individud preferences reflect hyperbolic discounting, socid

preference can legitimately do the same.

24




The application of declining discount rates is important because it Sgnificantly increases
the valuation of future carbon leakage. For the purpose of this andyss, atime-variable
discount rate will be applied, in keeping with recent UK Treasury policy (UK Treasury,
2002). As amean best estimate, the certainty equivaent rates of professiond opinion
suggested by Weitzman (2001) are applied. The two boundary conditions selected here
are; 1) alower boundary of a constant discount rate of zero, and; 2) an upper boundary of

time- variable rates doubl e those suggested by Weitzman.

Table 2— Modded discount rate schedule

Period (yrs) Lower Boundary (%) Mean (%) Upper Boundary (%)
0-5 0 4 8
6-25 0 3 6
26—-75 0 2 4
76 — 300 0 1 2
300 — 1000 0 0 0

2.3.2 The Social Cogt of Carbon (SCC) and SCC Growth Rate, b

Thethird factor in estimating the cost of emissons a time t isthe socid cost of carbon
SCC(t). Thisterm represents the cost of the aggregated damages caused by a unit of
carbon emitted into the amosphere, semming from the effects that climate changeis
likely to have on the economy, human hedlth, and the environment (IPCC, 2001). The
SCC isnot congtant, but varies in time as the composition of the amosphere and the

economy change.
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There are two key variables that need to be teased apart for a discussion of the SCC; the

SCC at present, SCCy, and the rate at which the SCC is predicted to grow in the future, b.

If the growth rate b is congtant, then
SCC(t) = SCC,(e™)

For our discrete-time mode, this can be approximated as?

SCC(t) = SCG,(1+Db)'
2.3.2.1 Estimating SCCy
Sdecting an gppropriate initid value for the SCC isahotly contested issue, with widely
ranging estimates. The Intergovernmenta Panel on Climate Change (IPCC, 1996) notes
that estimates of the SCC range between $9/tC and $190/tC for 2001- 2010, afactor of
more than twenty. Many of these studies are presented in Table 3. Two recent reviews
help to explain this tremendous variation. The first, commissioned by the UK Department
for Environment Food and Rurd Affairs (DEFRA) surveysthe multiplicative layers of
uncertainty in caculating avaue for the SCC, including uncertainty in future emissons,
uncertain impacts of CO, on climate, the use of the margind cost method or the cost-
benefit gpproach method, uncertain effects of climate on the economy, and the unknown
potentia for catastrophe, adaptation, and socialy contingent damages (Clarkson and
Deyes, 2002). These uncertainties are further complicated by two equity issues that
ggnificantly affect the valuation of damages: inter-tempord equity (reflected in the
selection of an gppropriate discount rate), and spatia equity (reflected in the selection of
an appropriate equity weighting). The DEFRA authors suggest gpplying a mean or

“defensbleillugrative’ vaue of £70tC ($110/tC), within a senstivity range of £35—

2 For the reason that lim o, (1+bm)™ =e® .
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£140/tC ($56 - $224/tC), for emissionsin 2000 (Clarkson and Deyes, 2002).

The second work, acritica review by Pearce (20033) takes issue with the DEFRA
assessment, advocating instead alesser range of £4 - £27/tC ($6 - $41/tC) that
incorporates an equity weighting and time-variable discount rates. The main difference
between the DEFRA paper and Pearce sis the selection of a basgline economic modd.
DEFRA'’s estimates are based on the work of Eyre et al. (1999) which ignoresthe
potentia for economic adaptation to climate change (the “ dumb farmer” effect). Pearce,

in turn, prefersamode by Tol and Downing (2000) which includes adaptation.

As adaptation is undoubtedly an important aspect of damage estimates, this analysiswill
employ Pearce’s more conservative estimate of $6 - $41/tC for SCCy, with agamma
distribution over the centrd estimate of $23/tC. However, the $6 - $41/tC range needsto
be adjusted upwards as Tol and Downing's model excludes the potentia for “large scale
disruptions, such as a breakdown of North Atlantic Deep Water formation or a collapse of the
West-Antarctic Ice Sheet (Tol and Downing, 2000; 22).” Such catastrophic damages appear
to be extremely important for damage estimates. For example, Gjerde et al. (1999) finds
that the emissions reductions required for potential catastrophic damages exceed the
corresponding reductions from continuous damages. A more recent andyss by Pizer
(2003) estimates an optimal carbon tax of $8/tC in 2010 for continuous damages, but a
tax of $35/tC if catastrophic damages are considered; afactor of four. Moreover, Pizer's
optima tax levelsrise to $30/tC and $500/tC respectively in 2060; afactor of 17! Given
that potentia catastrophic damages gppear to be at least as important as continuous

damages, one can conservatively adjust Pearce' s suggested SCCy by doubling the
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expected damage range to $12-$82/tC, with a centra estimate a $47/tC.

Table 3 — Edimates of the SCC by period, and derived annudized growth rates (data
from Pearce, 2003a, and Clarkson and Deyes, 2002)

Author, year;
discount rate;
method

SCC ($C);
1991-2000

Annual
growth rate

SCC ($tC);
2001-2010

Annual
growth rate

SCC ($1C);
2011-2020

Annual
growth rate

SCC ($C);
2021-2030

Overall
growth rate

Nordhaus,
1994; ? =3,
best guess;
CBA

7.4

248

9.2

2.345

116

153

135

2.1

Nordhaus,
1994; ? =3,
expected
value; CBA

16.2

414

24.3

243

Nordhausand
Boyer, 2000; r
=3;CBA

6.4

3.58

9.1

2.72

234

15

2.9

Fankhauser,
1995; ? = 0.5;
MC
Fankhauser,
1995; ? =0;
MC

274

65.49

1.18

30.8

1.05

0.93

37.5

84.5

1.1

0.85

Fankhauser,
1995, ? =3;
MC

111

14

Cline, 1993; r
=0;CBA

167.5

219

208

19

251.2

174

Cline, 1993; r
=10; CBA

7.9

282

10.3

251

1.88

159

2.4

Peck/Teisberg

,1992: 2 =3;
CBA

135-16.9

184

16.2-18.9

1.553

189-24.3

254

24.3-29.7

M addison,
1994; ? =5:
CBA

314

109

3.24

287

199

3.1

M addison,
1994; ? =5:
MC

3.23

113

3.21

159

284

20.5

3.1

Tol, 1999;r =
5 MC

162

175

1.445

1.87

24.3

1.6




Eyreet al, 110 (19951 088 120 (2005
1999.r =1; no 2004) 2014
equity, OF;
MC

0.88

Eyreetal, 53 (1995 174 63 (2005
1999.1 = 3; no 2004) 2014
equity, OF;
MC

1.7

Eyreetal., 37 (19951 242 47 (2005
1999.r =5; no 2004 2014
equity, OF;
MC

2.4

Tol,1999.1 = 109 (19951 088 119 (2005
1; no equity, 2004) 2014
FUND 1.6;
MC

0.88

Tol,1999.1 = 42 (1995 155 49 (2005
3; no equity, 2004) 2014
FUND 1.6;
MC

1.6

Tol,1999.1 = 20 (19951 2.26 25 (2005
5; no equity, 2004) 2014
FUND 1.6;
MC
Roughgarden 6.7 1.92 8.1 2.91] 10.9 2.23 135
and
Schneider,
1999; lower
bound; CBA

2.3

24

Roughgarden 14.9 1.62 175 2.13 21.4 277 284
and

Schneider,
1999; upper
bound; MC

2.2

Clarkson and 117 123 128 1.12 144 104 160
Deyes, 2002; r
=3, MC.

1.1

2.3.2.2 Estimating b(t)

While SCC,, is dearly important for the economics of sequestration, when ng the
economic benefits of temporary sequestration relative to direct emissons SCCy may be

less important than the rate of change of the SCC. Since disposed carbon ultimately lesks

back into the atmosphere, the rate of growth in the valuation of future emissionsiis critical.

In generd the SCC is predicted to rise, for at least two reasons. First, COz isa stock




pollutant with increasing margind damages (Nordhaus, 1994). Leakage occursin the
future when atmaospheric concentrations will be higher, and therefore margina damages
will be higher. Second, asincome grows, socid willingness-to-pay to avoid
environmenta damagesis likely to increase as well; the theory of environmental Kuznets
curves dictates that richer societies tend to be increasingly willing to spend more to

reduce pollution.

In keeping with this prediction, current economic modes of the SCC estimate positive
vauesfor b. Thisanadyssindicates that the dozen studies (21 scenarios) surveyed
between Pearce (2003a) and Clarkson and Deyes (2002) predict average annualized b
vaues between 0.85% and 3.1% over 30 years (Figure5), despitetypicaly exduding the
potentid for catastrophic damages. Though each study reveas some decada variaionin

b, there isno clear trend of either increasing or decreasing rates.

Given its depends on atmospheric CO, concentrations and economic growth, b itsdf is
logicdly time-variable. However, there is clearly a difficulty in estimating an gppropriate
growth rate for b, when CO; leskage islikely to peak centuries after the time- horizons of
economic models. Moreover, the analysis of b is complicated by the fact that large-scale
sequestration strategies will change the evolution of the SCC. Nontmargind

sequestration strategies can reduce short- and mid-term b vaues by decreasing
atmospheric CO, concentrations reltive to the basdline scenario. However, if
sequedtration is employed instead of efficiency and renewable energy sources, short- and

mid-term damages remain comparable while the long-term damage curve is driven up




due to oceanic leakage. For example, HaDuong and Keith (2003) cdculate that, “ At the

globd scde, if indudtrid carbon management plays abig rolein mitigating emissons,

then as much as 500 GtC could be stored by 2100. If the average lesk rate isonly 0.2%

annudly, there would be a 1 GtC per year source undermining CO, stahilization (p. 8).”

Social Cost of Carbon
Growth Rates

4.5

3.5

BT

R
\
\
3 N\
25 %

i

5 I s

Annual Growth Rate

= —
L ﬂ\:7§ —
1 3
0.5 \
0 N
1995-2005 2005-2015 2015-2025
Decade

—e—Nordhaus, 1994; ? = 3, best guess;
CBA

—a— Nordhaus, 1994; ? = 3, expected
value; CBA
Nordhaus and Boyer, 2000; r = 3;
CBA
Fankhauser, 1995; ? = 0.5; MC

—%—Cline, 1993;r=0; CBA

—e—Cline, 1993;r=10; CBA

—+—Peck/Teisberg, 1992; ? = 3; CBA

Maddison, 1994; ? =5; CBA
Maddison, 1994; ? =5; MC

Tol, 1999; r=5; MC

Eyre et al., 1999. r = 1; no equity, OF;
MC )

Eyre et al., 1999. r = 3; no equity, OF;
MC

Eyre et al., 1999. r = 5; no equity, OF;
MC

Tol, 1999. r = 1; no equity, FUND 1.6;
MmC

Tol, 1999. r = 3; no equity, FUND 1.6;

MC .
Tol, 1999. r = 5; no equity, FUND 1.6;

mC

Roughgarden and Schneider, 1999;
lower bound; CBA

Roughgarden and Schneider, 1999;
upper bound; MC

Clarkson and Deyes, 2002; r = 3; MC

Figure 5— Predicted growth in the socid cost of carbon by decade (caculated from data

summarized by Pearce, 2003a and Clarkson and Deyes, 2002)

One means of deding with this uncertainty would be to use certainty-equivaent rates of

growth of the SCC, as was done with the discount rate. Such an agpproach would start

with arange of estimates for b, and determine certainty-equivaent future growth rates

through average discount factors. In contrast to discount rates, the certainty-equivaent
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rate for b would approach the higher boundary, due to the compounding effect of (1+b)",
where b > 0. Unfortunately, this strategy is less applicable to estimating the rate of

growth of the SCC due to severd factorsincluding the relative scarcity of estimates (a

dozen compared to 2,160 estimates) and the time-dependent nature of b.

Therefore, an dternative approach for estimating b is developed here. The basic premise
isthat the discount rate, r(t), and growth in the SCC, b(t), are both dependent on
assumptions about economic growth, g. The predicted certainty-equivaent discount rates,

r, can therefore be used as a proxy for measuring b.

2.3.3 Connections between the discount rate, r(t), and SCC growth, b(t)

The connection between discount rates and SCCy is an obvious one, which has
sgnificantly raised the profile of discount rates in the climate change mitigation debate
(e.0. Groom et al., 2003). Indeed, the choice of a discount rate is perhaps the Sngle most
important variable in determining SCCy (Clarkson and Deyes, 2002), as higher rates

reduce the magnitude of SCCo by discounting away future impacts. However, the

connection between the discount rate and the rate of growth of the SCC, b, isan
unresolved issue in environmental economics, it represents a sgnificant theoretical

problem.

To date, studies on the economic value of temporary sequestration have been largely
slent on the relationship between b and r. One exception isthe work of Herzog et al.

(2003) which correctly holds that the critica factor in determining the economic potentiad




of alesky reservoir isthe ratio between the two variables. Herzog et al. outline three

“limiting carbon price assumptions’ for a given discount rate:

1) SCC(t) remains congtant, due to constant margina damages. With congtant codts,
the value of sequedtration is potentialy very large due to the compounding effect
of the discount rate.

2) SCCit) rises a the same rate as the discount rate, based on a Hotelling modd in
which carbon storage in the atmosphere represents a limited natura resource. If
the cost of carbon rises at the discount rate, temporary sequestration holds little
economic vaue,

3) SCCi(t) rises with the discount rate until atime, t*, when a backstop technology
becomes competitive (e.g. remova of carbon directly from the atmosphere). The

backstop technology causes the cost of carbon to remain constant thereafter or fall.

However, Herzog et al.’s assumption that the rate of change of the SCC is necessarily
bounded by zero and the discount rate is erroneous. The Hotdling rule appliesto efficient
non-renewable resource alocation under perfect market or monopoly conditions;
however, it's gpplicability to sequestration is limited. Reductions in extraction costs have
caused red prices of most nonrenewable resources to fdl significantly over the past
century (e.g. petroleum, coal, copper, lead, duminium, sulfur, phosphorus, and even
farmland), indicating that technologica progress could concelvably cause b to be

negative over time (Nordhaus, 1992). Alternatively, Boiteux (1976) argues that the rate at




which the prices of natura resources grow can exceed the discount rate as aresult of

changing socid preferences, such as a growing willingness-to-pay (Philibert, 2003).

Moreover, the applicability of the Hoteling rule is limited by imperfect information.
Climatic unknowns (natural variability, feedback effects, thresholds, etc.) limit our
understanding of the shape of the margind damage curve (IPCC, 2001). Learning can
cauee dramatic swingsin the SCC; for example, b would increase dramatically and non-
linearly were a catastrophic threshold discovered. In support of this notion, Pizer (2003)
suggests that the potentia for catastrophe creates a growth rate in optima carbon prices

of 5.5% between 2010 and 2060.

To hepfill thisgap in existing economic theory, amodd of b is developed in asde
paper (Elliott and Hepburn, 2003; mimeo). To start, SCC at time't is the aggregated
damage curve of a unit of carbon emitted/leaked into the atmosphere at t. Damages are
the sum of annua costs of carbon damages, C(t), discounted to net present vaue in the

year of emisson through the function, D(t-t);

CCt ) = z‘ﬁ(t)D(t -t )dt

Costs of damagesin a given year can be disaggregated into two parts, the physica
damege function, G( t), multiplied by society’ swillingness to- pay to avoid those damages,
WTP(t).

C(t) = GEWTP()

Hence:




CCt ) = z‘ﬁ(t)\NTP(t) D(t - t )dt

In turn, WTP can be described as a function of growth in per capitaincome, g, a constant,

X, and the income dadticity of willingness to-pay, w (Pearce et al., 2003);

WTP(t) = x "9V

The discount function, D (t-t), as defined in the previous section, is equal to €. Hence:
¥
SCC(t) = c‘f_;(t) sy WOOI-[r (t-1)1 4
t

And tota net present costs equd:

¥ ¥
NPC = ()t )D(t ) (y(t) >xe! "o Uit
0 t
Substituting (? + pg) for r, yidds:
¥ ¥
NPC = ()t )D(t ) (y3(t) xxe" o Ol gt
0 t

Growth in the SCC will therefore occur if the damage function, G(t), increases with time
(dQt)/dt is pogitive), or asthe time of leskage increases due to the compounding effect of
WTP, €90 (assuming that eladticities are time-constant). Changes in the rate of economic
growth, g, will affect the SCC differentialy, depending on the Size of t and the

relationship between w, ?, and 1. The damage function and this reationship are further

examined below.




2.3.3.1 Estimating G(t)

The aggregate physica damages from a unit of carbon lesked into the atmosphere a time
t are afunction of two fundamental components. The first component is the resdence
time of CO, in the atmosphere—longer residence timesincrease aggregate damages. A
reasonable estimate of the current haf-life of amospheric CO, is 19-49 years, with a best
estimate of 31 years (Moore and Braswell, 1994). Assuming a 31 year hdf-life, the

remaining fraction in the atmosphere a time't is equal to e %-0224(tV),

The second component is the margina damage caused by any unit of carbon in the
amosphere a agiven time. Clearly, physica damages are linked to the excess
atmospheric concentration of CO,, but the nature of that linkage is unclear (IPCC, 2001;
Clarkson and Deyes, 2002). For example, damages may increese linearly relative to

atmospheric CO, concentrations, such that:

G(t) =€ 240 d[CO, ()]
Or, damages may increase exponentialy (raised to the exponent ?), such that;

) =€ 0.0224(t-t ) d[CO, (t)] g
Thismodd will consarvatively assume that damages increase linearly (? = 1), but dso
examine the effect of damagesincreasing parabolicdly (? = 2) in the andyss section For

consistency purposes with the leekage models, IPCC S650 is gpplied as the reference

case (Figure 6).




Projected Atmospheric Carbon Projected Growth in Atmospheric
Dioxide Concentrations under Carbon Dioxide under IPCC S650
IPCC S650

1 20 39 58 77 96 115134 153 172 191 1 20 39 58 77 96 115 134 153172 191

Years from present Years from present

Figure 6 — Atmospheric CO2 concentrations and growth rates under IPCC S650 (data—
IPCC, 2001).

Concentrations of CO- in IPCC S650 grow exponentidly but at alinearly decreasing
growth rate, which starts at 0.5% and reaches 0% 200 years from now. After year 200,
CO2 concentrations are constant at 650 ppm, or 1.73 times present concentrations. Hence,

for 0<t<200, the following discretetime function gpplies;
CO, (t) =[CO, 1[6* ]

If & (t) reflects the linearly declining growth rate in carbon concentrations described

above, and €*-%° = 1.73, then:

a'(t) = max a > 83 LQ 3
000 200g ()
And:
1 5.5t t
[——(@- —);t <200
a(t=}1000" 200
{055t 3 200

This subdtitutes into the damage formula as.
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S5t
Gt)=¢€ 0.0224(t -t )d[COZ(O)][elOOO 400 ] - for t < 200:

G(t) —e 0.0224(t-t)d[CO2(0) ](1_73) “fort 3 200.

In summary, the current expression for net present costsis the unwieldy formula:
S8t
NPC = d_(t )D(t) O(éwg(t)] [(r (1) +ng(t)+0.0224 ¢ - t)]ld[CQ(o)]elOOO 0t < 20044

Fd(L73[CO,]5t® 200

Given the intractable nature of estimating the constants d and x, one can approximeate the
equetion by assuming that SCCyp will grow at the rate of atmaospheric CO,, d[CO-]/dt,
plusthe rate of growth in WTP, wg. This effectively disregards effects that changesin
certainty-equivaent future discount rates are likely to have on the shape of the aggregate
damage curve. However, thisis mitigated to some extent in that declining rates have
aready been incorporated into the estimate of SCCo. Moreover, this assumption becomes
increasngly judtifiable for leskage in the digtant future, when t>> (t —t). Thus, the
gpproximated verson of b(t), is;

ib(t)=1+wg+0.005(1- t /200);t <200

%b(t ) =1+wg;t 3 200
Hence, the key factor in determining the long-term evolution of b and hence SCC(t) is
the willingness to- pay growth rate, wg. The following section attempts to estimate vaues
forw and g. As g isamgor component of both WTP growth (wg) and discount rates (r =
? + ), assumptions about g need to be congstent with previous assumptions made when

edimaing .




2.3.3.2 Estimating w

Esimates of the margind dadticity of environmenta willingness-to-pay, w, area
sgnificant uncertainty, as there are few available studies of income dadticity for
environmenta goods. Reported income eadticities of willingness-to-pay for
environmental goods generdly fal between zero and one (Hores and Carson, 1997;
Horowitz and McConnell, 2002). For example, the IPCC documents household
eladticitiesin the 0.2-0.6 range based on income differentias within a country (IPCC,
2001), while Kristrom and Riera (1996) survey dadticities of 0.2-0.3 for environmenta

goodsin Europe.

However, in contrast to these relatively low estimates, estimates of social income

eadticities of WTP appear Sgnificantly higher (Pearce, 2003b). Thisfinding is reflected

in the observation that expenditure on environmenta protection typicaly rises a a greater

rate than growth in national GDP; e.g. Pearce and Palmer (2001) find an dadticity of 1.2

for environmental expenditures for EU countries. Moreover, environmenta goods are

often considered to be luxury goods, implying easticities greater than one. Pearce (2003b)
concludes that income dadticity of WTP for environmenta changeisless than one, and
“numbers like 0.3-0.7 seem about right (p. 35).” For thismodel, a normal distribution

around amean w of 0.5, the centra figure in Pearce’ srange, will be employed, but with a

wider range of 0.2-1.2.




2.3.3.3 Estimating g(t)

To estimate g one could conceivably rely on empirica rates of growth in persona income
for guidance. For example, such rates averaged approximately 2% in the UK over recent
decades (Clarkson and Deyes, 2002), and Tol and Downing (2002) likewise assume an
average world economic growth rate of 2.2% through 2100. However, the notion that
such rates will continue in perpetuity depends on unlikely assumptions about future
returns on capita; as Newdl and Pizer (2003) note, growth rates are uncertain over time,
particularly in the distant future. To be congstent with the previous discussion of

discount rates, one can express g(t) in terms of the estimated discount rate, r(t).

Rearranging;
r(t) = r () +ng(t)
One finds thet
o) = O -1 ©)
m
Thus;

wo(t) :Ea%g(r(t) 1)

To incorporate this formulainto the damages modd, estimates for each of these variables

are made below.

2.3.3.4 Estimating ?(t)
Sdecting avaue for the pure rate of time preference, ?, is a complicated issue, with the

fundamenta debate over the application of ?for socia decisons ranging back decades.




For example, Frank Ramsey, one of the founders of dynamic economics, argued in 1928
that discounting with ?“is ethicadly indefensible and arises merely from the weskness of
imagination,” while Roy Harrod, his contemporary, characterized the practice asa“polite
expression for rgpacity and the conquest of reason by passon” (Ramsey, 1928; Harrod,
1948; quoted in, Hed, 1997). In contrast, most modern economists apply avaue of ?in
dynamic analyses. The UK Treasury, for example, suggests employing an initid ? of
1.5% for socid decisons (2002). Given this uncertainty in ?, the certainty-equivalent ?,
liker, declines over time (Li and Lofgren, 2000). As? < r (assuming positive growth),
values for 2At) can be approximated as a preset fraction of r(t), such that At) declinesas
r(t) declines. For this modd, a centrd estimate of t) will be set at 0.25r(t), or currently

1%, with a standard deviation of 0.125r(t) and boundaries of zero and r(t).

2.3.3.5 Estimating p
Theincome eadticity of margind utility, |, isaso amatter of debate, as utility is
inherently difficuit to measure. Both Clarkson and Deyes (2002) and Pearce et al. (2003)

note the discussion over the vaue of |, but indicate that recent reviews suggest avaue of

around 1.0. For a broader range, thisandysiswill employ Pearce’ s(2003a) advicethat,

“vauesin therange 0.5 to 1.2 seem reasonable (p. 16)”.

Applying these mean estimates, one finds that the current predicted growth rate of the

SCC inthismodd is equd to:

d[CO,]/ dt +§rl"n§(r (t)- 1 (t) = 0.5%+ g—'g’gm%- 1%) = 2%
g .
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This estimate fits neatly with therange of b’s predicted by the SCC modelslistedin

Table 3. One dso finds empirica support for this formulation in a positive correlation

betweenb and r, since g partially underpins both. The SCC models sampled by Pearce

(20034) and Clarkson and Deyes (2002) show agenerd upward trend inb as sampled

discount rates are increased (Figure 7). Thistrend is even clearer when one looks within

studies (Figure 8).
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Discount rate versus SCC growth rate
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Figure 7 — Comparison between discount rates and predicted SCC growth rateslisted in

Table 3.
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Study 1 il

Cline, 1993 0 1

10 2.4

Eyreet al., 1 0.9
1999

3 1.7%

5 2.4

Tol, 1999 1 0.9

3 1.6

5 2.3

Figur e 8 — Study- specific rdaionships between r and b. In each of the three Sudies that
assigned multipler’s, b increases with r (ca culated from datasummarized by Pearce,
2003a and Clarkson and Deyes, 2002).

In summary, net present cogts from leakage estimated for aton of injected carbon are:
¥
NPC = (J-(t )D(t ) SCC(t )dlt
0

Subdtituting the following:
D(t)=D( - DA- r(t))

SCC(t) = SCC(t - 1)(L+b(t))

oty = W) - 1)) 10.005(L- t /200);t <200
B m 10;t 3 200

One findsthat the net present cogts of leakage are:

Npczg L)DE - D(- rt))SCCt - D1+ w(rt )r;] r () ,10.0051-t /200 < zoo]

10t 3 200




24 The Energy Penalty and Capture Efficiency

Until now, the analys's has assumed a perfectly efficient sequestration operation. In
redlity, carbon sequestration systems have sgnificant inefficiencies. The two most
important efficiency factors that need to be incorporated in an estimate of socid costs are

the ener gy penalty and captur e efficiency of the system.

The physica process of capturing and disposing of CO, isan energy-intensive process. In
order to operate a sequestration operation, power plants must burn more fue to produce
the same amount of dectricity; in turn, this generates more waste CO; per unit of
electricity. As Anderson and Newell (2003) note, “Because the capture [and disposal]
process uses energy, it has a parasitic effect on eectricity production (p. 7).” The energy
pendty, g isthe fraction of production that is dedicated to powering the capture and

disposal process.

Compared to areference technology (e.g. the same facility without a storage operation),
to generate the same quantity of eectricity a sequestration operation must consume
1/(1- e) unitsof fud (Ha-Duong and Keith, 2003; Kdller et al., 2003). If 20% of a
plant’s eectricity is dedicated to powering the capture and disposa process, then the
plant must burn 25% more fuel (and hence produce 25% more carbon) per unit of

electrica output.

The capture efficiency, T, isasecond limitation of the sequestration operation. Modern

carbon capture technologies such as monoethanolamine absorption are not 100% efficient




— generdly, asgnificant fraction of the CO, escapes the capture operation. The capture

effidency, T, isthe percentage of the carbon that is successfully removed.

There are at least two standard ways to address these inefficiencies athird, which has not
been used to date will be suggested here The first approach isto ignore these variables
entirdly, focusing only on the disposd aspects of sequestration. This andys's examines
costs per unit of carbon sequestered, and is therefore independent of the efficiency of the

production or capture process (e.g. Cddeiraet al., 2001; Herzog et al., 2003).

More advanced andyses incorporate the energy pendty by multiplying the cost/tC
sequestered by 1/(1- e) . This scding factor reflects the fact that for every ton of carbon
produced by the reference technology, sequestration produces 1/(1- €) tonsto generate
the same amount of eectricity (eg. Ha-Duong and Keith, 2003; Keller et al., 2003; Bock
et al., 2002; Anderson and Newell, 2003). This approach focuses on carbon emissions
avoided (Rubin and Rao, 2002). It ignores capture efficiency, because carbon that

escapes capture is dso emitted by the reference technology.

One can incorporate the energy penalty into the NPC formula by multiplying by 1/ (1-#):

1

NPC=———
1-e
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Figure 9 — Alternative methods of measuring CO, abatement; carbon captured versus
carbon avoided (Herzog, 2001).

A third grategy— which has not been employed in moddls of ocean disposd to date—is

to incorporate both the energy penalty and the capture efficiency directly into the cost

modd, thereby including the effects of both escaped carbon and sequestered carbon. This
approach focuses on the total atmospheric costs of carbon per unit of electricity generated.

There are severd strong rationales for pursuing such an approach.

1) The CBA gpproach compares costs againgt benefits. With respect to dectric
utilities, the benfit is not carbon storage: the bendfit is el ectricity production. As
Rubin and Rao (2002) note, “Arguably, it isthe cost of dectricity for plants with
CO2 capture that is most relevant for economic, technical and policy andyses (p.

2).” As such, socid cogts of sequestration technologies expressed per unit of

eectrica production ought to include immediate emissons.




2) The carbon-avoided method begs the question, “ Avoided compared to what?'—
such an approach is highly dependent upon the selection of a reference technology.
Generdly, the reference technology isa smilar cod or gas facility (Rubin and
Rao, 2002). However, the options available to generate dectricity and address
dimate change include nat only foss| fud plants, but arange of options from
energy efficiency to nudear energy and renewables. A considerable amount of
transparency islost when comparing these technologies againgt sequestration on a
carbon-avoided basis

3) It can be mideading to exclude initid emissons of carbon. For example, Herzog
et al. (2003) conclude that the sequestration effectiveness of mid-water disposal
would be > 99.9% assuming constant carbon prices and a 3% constant discount
rate. However, their stated definition of “ sequestration” includesboth capture and
digoosal. It isimpossible to have sequestration effectiveness > 99.9% when the

capture process has 10-20% ineffidencies

The capture efficiency, T, can be incorporated by conceptudizing uncaptured COz as
leakage that occurs at time zero. One can multiply thisinitiad leskage, (1—T ), by SCCop
and the energy pendty 1/ (1 —e) to find the cogts of the uncaptured carbon. Consistency
and consarvation of mass necessitate that costs of the captured carbon be multiplied by

the remaining fraction, T. Thus,

_(1-Q)(SscCy) , 1
NPC = o TS Od_(t )D(t )SCC(t )dt
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This formulation of net present socid cogts yidds cogts relative to a unit of eectricity
production by the reference facility. To compare costs against non-reference technologies

(e.g. mitigation), one smply has to divide the NPC by the amount of dectricity produced
per unit carbon by the reference technology, K, thereby yielding an NPC per unit

eectricity produced.

2.4.1 Edimating e

The energy pendty is dependent on severd factors including the specific plant and
remova technologies, aswell as the disposa methods. Of these, the capture process and
plant type are most important. A number of studies discuss likely energy pendties for

future plants. For example:

- Anderson and Newell (2003) claim that in exigting operations, chemica
absorption imposes an energy penaty of 15-30% for natural gas plantsand
30-60% for cod plants. Technology improvements can reduce pendtiesto

10% and 20% respectively, and to 15% for Integrated Gadification

Combined Cycle (IGCC) plants.

- David (2000) summarizes the results of ten studies on energy pendties.
Edtimates of energy penaties in these studies range from 8.7-24% for
IGCC plants, and between 9.8-16.1% for Natural Gas Combined Cycles

(NGCC) fadilities




- Herzog and Golomb (In Press) suggest an average pendty of 14.6% for
IGCC plantsin 2000, falling to 9% in 2012. For NGCC plants, they expect

average pendtiesto fal from 13% to 9% over the same period.

Based on the assessments above, 14% appears to be a reasonable mean estimate within a
range of 8-24% depending on the operation. However, these studies only estimate energy
pendtiesimposed by the carbon capture process. CO- trangportation and injection,
whether by pipeline or vessd, adds an additiona energy penaty (Herzog, 1999). While
energy requirements of disposal depend on a number of Site- specific considerations such
as Whether the COy is transported by pipe or by vessdl, distance transported, and depth of
injection (Summerfield et al., 1993), overadl, transportation is likely to be asmal
component of the total pendty. For example, Haugen and Eide (1996) find that a 1000
km pipeline would only impaose a3 MW pendty on a500MW plant (0.6%). Thus, 14%
appears to be areasonable mean estimate for the energy pendty, with a broader range of

8-24% for NGCC and IGCC plants and 15-30% for traditiond cod-fired plants.

2.4.2 Edimating T

Thereis condderably less differencein estimates of the capture efficiency. The centra
figure presented throughout the literature is 90% (Bock et d., 2002; David, 2000;
McFarland et al., 2002; Rubin and Rao, 2002), with little variation. In a recent report for
the International Energy Agency (IEA), Giden (2003) posits a direct capture efficiency

of 85% in existing and likely capture technologies. He notes that “ speculative’
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technologies employing solid oxide fud cdls might increase capture efficienciesto near

100%, but are unlikely to be available before 2030-2035.

However, apart from the carbon directly emitted during combustion, CO, and other
greenhouse gases may be emitted indirectly during the eectricity production life-cycle.
The IEA (Gielen, 2003) reportsthat for coal-fired plants CO, emitted during mining and
processing represent approximately 1% of total emissions, while emissions during the
trangportation of the cod can range from 0-4% and the escape of methane from
coamines can add another 0-15%. Similarly, for natura gas, leskage from distribution
systemns can range from negligible amounts to up to 20% in the case of Russan gasin
pipeines to Europe, while energy requirements of liquid natural gas production and

trangportation amount to almost 20% as well.

The IEA’s andysisindicatesthat for both gas and coal, pre-combustion GHG emissions
add 0-20% to basdine emissions. In support of thisfinding, two recent reviews have
amilarly concluded thet the life-cycle GHG capture efficiency of sequestration
operations is gpproximately 85% (Davidson, 2002; Muramatsu and lijima, 2002). If the
mean figure for indirect emissons is 5%, net capture efficiency is reduced from 90% to

85%, with a broader range of 70-90%.




2.5 Chapter Summary
This chapter developed amode for estimating the NPC of atmospheric damages from
sequestered CO,. The mode as currently formulated is.

(- Q(SCCy) , Q

1-e 1-e

NPC =

A LE)DE - D(- r(t))SCC - DA +b(t))

where:

Wr(t)- 1) | 100050~ t /200)it <200
1ot 3 200

bt) =1+
The various components of future cost—the leakage function, discount function, and
social cost of carbon function—were identified, with means and distributions estimated
(Table 4). The mode improves upon previous work in severd areas. most notably by
employing declining discount rates and linking those rates with predicted growth ratesin
the SCC. Findly, inefficiencies in sequedtration technology were explored, with the
capture efficiency explicitly incorporated into amode of the economic efficiency of
sequedtration for the firgt time. The following chapter will add the previoudy un-assessed
oceanic damages to the modd. Smulations and results of the modd aswdl asa

discusson of its sgnificance for policy will be reserved for the find section of this

dissartation.
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Table 4 — Edimated digtributions of reevant economic variables

\Variable Central Type off Standard Deviation Boundaries
Estimatg Digtribution
L (t) See Table 1 Normal 10% mean +/- 30% mear
SCCo $47ItC Lognormal $241tC $12-82/tC
? t)/?t (0.05%)(200-t) Normal 20% mear] +/- 60% mear
|vv 0.5 Normal| 0.25 0.2-1.2
M 1.0 Normal‘ 0.4 05-1.2
2(t) 0.25r(t) Normal| 0.1251 O-1
r (0-5) 4% Normal‘ 294 0-8%4
”r (6-25) 3% Normal‘ 0.75% 0-6%4
||r (27-75) 2% Normal| 0.5% 0-4%
”r (76-300) 1% Normal‘ 0.25% 0-29
||r (300-1000) 0% Normal 0% 0%
e 0.14 Lognormal 0.6 0.08-0.30
T 0.85 Normal 0.05 0.7-0.9
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Chapter Three —An Empty Locker: Assessing

M arine Damages from Ocean Carbon Disposal




“It isimmoral to damage needlessly a remote and largely unknown
assemblage of organisms—even if they are out-of-sight, out-of-mind, and
apparently of little importance to the general ecological processes of the
ocean—through negligent and ignorant abuse of the oceans.”

-- Angel, 1982

3.1 Chapter Framework

The previous chapter on the socid costs of sequestered CO;, limited itsdf to examining
negative effects of carbon leaked into the atmosphere. Those costs slem from carbon
dioxide srole as agreenhouse gas in trapping infrared radiation. This chapter focuses on
the negative effects of carbon dioxide in the marine environment, semming instead from
the acidity of CO2 when in aqueous form. Concern about the deleterious effects of carbon
disposa on the marine ecosystem has been one of, if not the Sngle largest criticism of
ocean sequestration (de Figueiredo, 2002; Fickling, 2003). However, none of the
economic models addressing the socid costs of sequestration include estimates of marine
damages (Herzog et al., 2003; Kdller et al., 2003; Ha- Duong and Keith, 2003). This
chapter attempts to predict damages to the marine environment and integrate them into

the socid cost modd.

The dearth of work on marine valuation, and on impacts of carbon injection in particular,
makes determining margina damages difficult. Whereas the atmospheric chapter relied
on the past efforts of modelers to estimate damages from CO, emissions (i.e. SCCy), the
present chapter develops marginad marine damage curves from firgt principles. The

chapter is sructured in two main sections. The first section briefly examines the physica




and biologica impacts expected from large- scae carbon injection. The following section
builds on the firgt by attempting to monetize likely margind damages per ton of carbon

injected into the deep- ocean.

3.2 The Effects of Ocean Carbon Disposal
Aqueous CO, combines with water to form carbonic acid, H,COg, in equilibrium with
bicarbonate, HCOz’, and carbonate ions, CO;™ (Figure 10). At the pH of seawater (7.7 —

8.2) the vast mgjority of H2COs deprotonates to form bicarbonate, while at higher pHs the

bicarbonate sheds its remaining proton to become carbonate. The H' released in this

process acidifies the water.

CO,droplets ———=> CO, (aqueous)
CO; (aqueous) + HoO ——=> H,CO;
H,CO; <—> HCOs; +H*
HCOs <—= COs +H'

Figure 10 — The carbonate system
Injecting CO, at 1500—2000m will creste rising acidified plumes that disperse with
distance. The effect on marine organisms from this carbonate acidification is not well
known, and depends on numerous factorsincluding the pH leve, duration of exposure,
and the specific organism and life- stage. The magnitude of pH and exposure duration

depend in turn on the digposal technology and the scale of the disposal operation.

3.2.1 Disposal Options
There are three main disposal options being serioudy reviewed today; sationary

pipelines and tanker-carried pipeinesfor liquid CO», and dry ice tankers (Figure 1). The




main thrust of Japanese research has bean tanker injection at 1500-2000m, while the U.S.
has focused more on stationary pipelines (Mura et al., 2002). Each method creates
different effects on marine life. Impacts from mid-water tanker injection will likely be
limited to pelagic fauna, wheress fixed pipdines will affect both benthic and pelagic

fauna. Moreover, because tankers can inject carbon over awider area, toxicologica
effects will be more diluted. In contragt, dry ice tankers dropping CO,, at depths greater
than 3000m are expected to create CO-, lakes on the ocean floor. Lake storage of CO»
would undoubtedly exterminate most benthic fauna within the lake, while acidifying the
surrounding waters to a lesser extent, depending on loca currents and stability of the

hydrate cap (Haugan, 1997).

The scale of digposa operation is dso Sgnificant. For example, toxicologicd modes
indicate that the effects of carbon disposa from ten power plants may be one hundred
times greeter than effects from asingle plant (Caulfidd et al., 1997). To date, most
environmenta assessments of sequestration have been theoretical reviews based on
published toxicology vaues of the effects of S500MW cod-fired disposal (e.g. Sato, 2002;
Caulfidd et al., 1997; Herzog et al., 2000). These reviews have been complemented by a
smaler number of in situ carbon injection experiments (Tamburri et al., 2000; Ayaet al.,
2002; Brewer et al., 1999). For consstency, this chapter will concern itsdf with themain
focusof U.S. research efforts. sationary pipdine disposa of carbon from a 500 MW

cod-fired power plant at 1500-2000m.




3.2.2 Biological Effects of Disposal

At the point of injection, pH levels can fdl aslow as 4.0, roughly 10,000 times more
acidic than natural seawater; the equivaent of lemon juice (Caulfidd et al., 1997). Most
digposa designs entall arising plume of aqueous CO, inorder to dilute the acid (Figure
11). Ingde arising droplet plume, waters are ill likely to reach apH of 5.0t0 6.0
(Haugan, 1997). Asthe carbon-rich plumeisfurther diluted and buffered, the pH
gpproaches ambient conditions at a rate depending on the specific technology and
surrounding currents (Herzog et al., 2000). In the meantime, plumes can travel tens of

kilometers away from the release Ste.

Figure 11 — Effect of risng plume dispersion design on concentration of CO2 over a9
hour period (Sato, 2002).

As discussed above, little information exists on the physiologica effects of CO, on
marine fauna, particularly deep-sea animals. Due to this paucity of data, the damages of
acidic plumes are difficult to predict. As one pessmigtic review of ocean disposa noted,
“Almost nothing is known about impacts on marine organisms. To our knowledge, the
few studies that directly consdered the biological effects of ocean CO, sequestration

have been toxicologica modeds based on published vaues for mortality of shalow water
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animas when exposed to low pH solutions (Tamburri et al., 2000; 95).” Mogt shallow
water animals show increasing susceptibility to acidity with time, with smdler animals,
juveniles, and larva being the most susceptible. Published data shows mortdity effects
which tend to become evident at apH around 6.5 (Figure 12). While mortdity is the most
eadly identified response, potentia sub-letha impacts include the destruction of
chemosensory systems, acidosis of the blood, greater susceptibility to infections, and

lower growth rates (Tamburri et al., 2000).

4.5
] Brown shrmp {c)
5 . o
- pacific oyster (g)
5.5 o clam larvaa {a)
7 fishlarvas {a) —
oH &7 | l
— copapods (b
6.5 -
o E capepods (d) ; .
m or B 2l
4 CYBROC s L) large mussal {g)
. = arge oyster (o)
7.5 = small clams (fy  SYERET yoUNG (F)
B T |
10 100 1000 10000
Exposure Time (Hrs)
PREPARED FOR:

LEGEMD: | FRGURE 5-12:
Faci®: international Canter ks Hgh |
Toschrbedy Fresearch SFICHTH]

o | P Blelogical Mertality Due to
PREPARED BY:
Paaring Shstons e | 50% Moruty pH Exposure

100 Mortalby

| Qeean Sequestration of
| GO Figld Experiment

Figure 12 — Vulnerability of marine organismsto lowered pH exposure (DOE, 2001).




Deep-seaanimas may be particularly vulnerable to these environmenta changes for
severa reasons. Due to the high pressure and low abundance of food resources, deep-sea
fauna are generdly less active, dower growing, and longer lived than their shalow water
counterparts—all traits that increase sengtivity to disturbance. Furthermore, unlike
surface waters where the pH varies on aregional and seasona scale, degp-ocean pH fals
into arelatively narrow band centered around 7.8; deep-seafauna are unlikely to have
had to adapt to quick dropsin pH in the past. As Haugan and Drange (1996) summarize,
"The naturd varigbility of pH at the disposa depthsis smaller than in the euphotic zone,

S0 ecosystem tolerance limits are expected to be narrower (p. 1022).”

Most studies to date predict (or assume) that the largest mortality rateswill be incurred
by zooplankton and benthic fauna (e.g. Herzog et al., 2001). While deep- sea benthic
fauna are rdldively scarce compared to shalow-water faung, they are dso incredibly
diverse. Around 98% of known marine species live on or in the ocean floor (Thurman
and Burton, 2001). Thework of Grassde and Maciolek (1992) documents levels of

biodiversty (mainly polychaetes and mollusks) in muddy deep-sea sediments off of the

Mid-Atlantic coast rivaing those of tropicd rain forests. Deegp- sea canyons, where some
studies have suggested routing carbon disposal pipelines (e.g. Caulfield et al., 1997,
Adams et al., 1995), support extremely rare populations of cold-water corals and
anemones (Hecker and Blechschmidt, 1979). These benthic fauna are likely to be

vunerable to disposal operations.

Severd recent environmenta assessments have assumed that nekton (Swvimming animals)




will be able to avoid the toxic plumes, thereby restricting damages to non-svimming
animas (e.g. Herzog et al., 2001; Herzog et al., 1996; Caulfidd et al., 1997). However,
initia field experiments demondrate that higher organisms do not necessarily avoid low-
pH plumes (Tamburri et al., 2000). Moreover, nekton may be vulnerable &t earlier life
stages, or attracted to the scents of decomposng animds. Even if svimming organisms
avoid the disposa Site, the loss of habitat represents a harm comparable to seasona

anoxic areas found off mgor agricultura basins.

In addition to damages from digposed COz, the sequestered gases will dso likdy indude
trace gases such as SO, and NOx (Herzog et al., 1996). Higher acidity may aso increase
the production of ammonia, hydrogen sulfide, and nitrates in surrounding waters (Nelson,
2002). The effects of these chemicds, if any, have not been assessed. Thisandysshas
only focused on acute acidification effects. Damages from chronic effects will be

negligible (see Appendix 1 for calculations).

3.3 Valuation

Estimating the monetary damages from the biological impacts described aboveisa
thorny issue. It is complicated not only by the uncertainty of the impacts themsdlves, but
by disagreement over how to vaue known impacts. There is essentialy no published
information on the vulnerability of marine goods and services to carbon digposal. This
chapter represents afirst attempt a monetizing the effects of carbon disposal on the
marine environment. For the purpose of organizationd darity, this discusson will

compartmentalize vaue into two main areas, use and non-use vaues (Figure 13).




Human Values Non-Human
Total Economic Value Values
| I
Use Value Non-Use Value
|
Direct Use Indirect Use Option Use Bequest Existence Inirinsic
Value Value Value Value Value WValue
Y Y Y Y Y Y
eg.Fishing eg.Ecosystem  eg.Futre .. gy, eg.Preserving oo Values of
services hmd—“"’m_lt}r generations health marine  yop human
prospeciing  jocources ecosystems organisms?

Figure 13 — Typology of total economic vaue for the marine environment (derived from
Bateman and Langford, 1997).

Herein, use vaue refers to va ue obtained through either direct or indirect use of the

marine environment such asfishing or ecosystem services. Use vaue dso includes the
option vaue, whichcan be conceptudized as the societa willingness-to-pay to retain the
potentia to use otherwise unused resources in the future; for example, the vaue of
preserving presently unutilized genetic resources for future use. Nonuse values reflect
the utility obtained from the knowledge that a resource exigts, independent of any use.
Severd modds are developed herein to demondtrate that the maximum effect on use

vauesislikdy to be inggnificant relative to amospheric damages — intotd, use vaue
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damages are demonstrated to be less than $0.02/tC. In contragt, the effects of non-use
vaue are potentidly large, but also extremely difficult to estimate. Barring mgor work in
this area, damages to non- use vaues ought to be treated as an independent variable with a

range of illudtrative values provided.

3.3.1 Use and Option Values

Before determining damages to use vauesit is necessary to define which uses of the
ocean are vulnerable to carbon disposa. Current uses of the marine environment are
manifold. They include such diverse activities as fishing, mariculture, recregtion,
transport, aggregates and minera extraction, bioprospecting, and numerous ecosystem

sarvices such as wadte assmilation, climate regulation, and nutrient cyding.

The mgority of these uses will be unaffected by carbon disposal. Some are entirely
independent of the biogphere (i.e. trangportation or minera extraction), while most of the
remaining uses are limited to surface layers (e.g. recregtion and mariculture) (Figure 14).
Because surface waters are well-mixed and equilibrate with the aamosphere on lessthan a
decada time-scale, they can degas excess CO, over a period of afew years. In contrast,
deep- ocean water (>1000m) only comes into contact with the atmosphere on a millennia
time-scde (Bacastow et al., 1997). As such, surface waters will presumably be less
affected by direct injection (Cdderaet al., 2001). Those use values which appear likely
to be jeopardized by mid-water ocean disposa include fisheries (particularly deep-water

fisheries), genetic resources, and biologicaly-dependent ecosystems services.
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Figure 14 —Vulnerability of ocean uses to bathypeagic carbon disposa

3.3.1.1 Estimating Damages to Oceanic Fisheries
Egimating likely damages to a use vaue such as fisheriesis a three-step process. One
mugt firg identify the value of the fisheries themsdves, secondly the susceptibility of the

fisheriesto carbon disposa operations, and thirdly caculate damages on amargind basis.

In 2000, 95 million tons (mt) of fish were harvested from the wild, for an estimated
globd firg-sdle vaue of $81 hillion (FAO, 2002). However, $81 billion greatly exceeds

the vulnerability of commercial fisheries to deepwater carbon disposal for several reasons.

Not only does the figure include freshwater and estuarine harvests, but most commercia




marine species are caught in coasta or upwelling aress, close to land (Pauly and
Christensen, 1995). Given the depths of the disposa operations considered here, such
shdlow water species are not in danger of acidosis. Only oceanic species with a
dependence on bathypel agic (1000-4000m) are likely to be vulnerable to acute

acidification effects.

Of the 95 mt global catch, 8.5 mt were oceanic species (FAO, 2002), and most of those

fish were restricted to the epipe agic (0-200m) and mesope agic (200—1000m) zones. The
FAO provides estimated harvested values for aggregated groups of species (e.g. flounders,
hdibuts, and soles). Summing sales of those groups containing somespecieswith alikely
dependency at some life stage on the oceanic environment (e.g. pelagic fish such astunas

and anchovies, or demersal species such as cod and flounder), a maximum vaue of $45

billion is obtained (Teble 5).

Again, $45 hillion isasgnificant overestimate. An actud vaue for oceanic Jpeciesis
likely to be closer to $7 hillion (oceanic harvests mulltiplied by the average fish sde
vaue). Even then, most commercia oceanic species are incapable of reaching the
bathypelagic waters at which disposal operations are being contemplated (Table 6).
While some fish live at these depths, degpwater fisheries are uncommon due to the
decreasing growth rates and increasing fuel and capital costs generdly associated with
increasing depth. The few exceptions would include orange roughy (Hopl ostethus
atlanticus), Patagonian toothfish (Dissostichus eleginoides), and some lanternfish (family

Myctophidae) which are typicaly located in remote areas such as the Southern Ocean.




Table5 — Vdue of fisherieslandings by species groups in 2000 (data- FAO, 2001).

Included Groups 2000 Landings
Flounders, hdibuts, soles —$2.3 billion
Cods, hakes, haddocks —$6.0 hillion
Misc. demersd fishes —$4.0 hillion
Samons, trouts, smdts —$2.0hillion
Shads —$0.5 hillion
Misc. diadromous fish —$1.1 billion

Herrings, sardines, anchovies — $2.6 hillion

Tunas, bonitos, billfish —$8.5hillion
Misc. peagicfish —$34 hillion
Sharks, rays — $0.8 billion
Misc. marinefish —$1.6 hillion
Misc. marine crustaceans —$3.6 billion
Squids, cuttlefish, octopus —$5.6 hillion
Fish for reduction —$2.7 billion
Total $45 billion

Excluded Groups 2000 Landings
Carps, barbdlls, cyprinids — $0.6 hillion
Tilgpias and cichlids —$0.7 billion
Misc. freshwater fish —$2.2 hillion
Misc. coastd fishes — $12 hillion

Freshwater crustaceans —$1.4 billion
Crabs — $2.6 billion
Lobsters —$2.0hillion
Shrimps, prawns —$12 hillion

Freshwater mollusks —$04 billion
Abalones, winkles, conchs —$0.6 hillion
Oysters — $0.2 billion
Scallops — $0.9 billion
Clams, cockles, arkshdls — $0.8 hillion
Misc. marine mollusks — $0.6 hillion
Echinoderms —$0.3 hillion
Total $37 billion

Table 6 — Maximum depth of commercial oceanic species (data - Froese and Pauly, 2003).

Oceanic Species Capable of
Reaching 1000 m

Species Max. Depth
Patagoniantoothfish  —3850 m
Blue whiting —3000 m
Sablefish —2700 m
Atlantic hdlibut —2000 m
Orangeroughy —1800 m
Antarctic toothfish —1600 m
Pacific hdibut —1100 m
Monkfish —1000 m
Pacificwhiting —1000 m
Grenadiers —1000 m

Oceanic Species Incapable of
Reaching 1000 m

Species Max. Depth
Alaskapollock —-975m
Swordfish —-800m
Atlantic cod —-600m
Albacore tuna —600m
Wreckfish —600m
Haddock —450m
Blue shark —-350m
Round sardindla —-300m
Skipjack tuna —260m
Bigeye tuna —-250m
Ydlowfin tuna -250m
Atlantic Blugfintuna —100m
Atlantic sailfish —40m




Whileit ispossblethat disruptionsin the food web could indirectly affect harvests of
commercia speciesin surface waters—e.g. Tamburri et al. (2000) speculate that,
“Degtruction of deep-sea benthic environments by the disposa of CO2 might lead to
declinesin primary production, causing an overadl reduction in the biomass of higher
organisms (p. 100)"—there is no evidence to suggest that such an impact will be
sgnificant. Carbon injection below the thermodline is unlikely to markedly affect surface
waters, as upper ocean ecosystems are believed to have a much stronger influence on
their degp- ocean counterparts than vice versa (Haugan, 1997). Moreover, commercia
pelagic gpecies are highly mohbile and potentialy cagpable of avoiding aress of adverse
environmenta conditions entirely. However, to demondrate the inggnificance of
maximum fishery damages, these caculations will assume for argument’ s sake that the

entire $45 billion annud harvest is vulnerable to acidification.

Given that the surface area of the Earth is 510 million knf, 71% of which iswater 3.8 km
deep on average, the tota volume of the ocean is caculated to be gpproximately 1.36

billion kn'. Hence, the maximum vulnerable production value of an average cubic

kilometer of ocean is ($45bn/1.36bn) $33 of fish per annum.

To determine maximum fisheries damages, it is necessary to specify the minimum pH at
which fisheries are likely to be affected. The U.S. Department of Energy selectsapH of
6.5 as the threshold “ below which acute effects on biotacould occur (DOE, 2001).” Ina
closed system, aton of injected carbon could at most reduce afifth of a cubic kilometer

of water from apH of 7.7 to apH of 6.5 (see Appendix 2). However, the combined




effects of chemica buffering and dilution reduce the magnitude of the pH drop

consderably. Caulfidd et al. (1997) determine that, in steady state, carbon from a

500MW coal-fired plant disposed in arising droplet system would acidify 20 kn?® to pH

6.5 (Figure 15). With Caufidd et al.’s assumed constant current of 5 cn/s, one can

calculate that 1,200 kn® are exposed to a6.5 pH in a given year, representing a volume of

ocean with an expected fisheries production value of less than $40,0004r.
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Figure 15 — pH digtribution dong plane of injection at 1000m depth, in Steady state
(Herzoget al., 1996).

67




The duration of the acidification impact on fisheriesis an important factor. If mobile fish
avoid the affected area until the pH risesto above 6.5, the only damage to fisheriesisthe
habitat loss of 20 km® per year, or less than $660 in production. If, in contras, fish stocks
die off in the affected waters and require an entire decade to recover, the damaged
volume would be to 1,200 kn? out of production for ten years. Assuming the value of
fishery production ($33km?®) rises at the discount rate, maximum annua damages from
carbon disposa operation will range between $660 and $400,000, depending on the

recovery time of the biota.

Since the sequestration operation modeled here annudly disposes of 1.1 mtC (Herzog et
al., 1996), maximum marginal damages are no more than $0.0006/'tC to $0.36/tC. A
centrd margind damage estimate (assuming a vulnerable oceanic fishery harvest of $7

billion and a one-year recovery time) is closer to $0.01/4C.

Damages to fisheries option vaues—or presently unutilized fisheries—are likely to be
even less consequentid. On agloba scale, only a quarter of globa fish stocks show some
potentia for increased utilization (FAO, 2002). Future growth in fisheriesislimited by
marine net primary productivity, with globa landings having dready plateaued over the
past decade (Pauly et al., 2002). More specificdly, the potentia for future deepwater
fisheriesis congtrained by productivity limitations, suggesting thet optimal yieldsfrom

any future deepwater fisheries will be rdaively modest (Pauly and Christensen, 1995).
Optimigts predict that harvests could be increased by 10% (FAO, 2002). Damagesto

fisheriesoption values will thus be limited to a tenth of the damagesto current fisheries.




3.3.1.2 Estimating Damages to Bioprospecting

A less Sgnificant area of direct useis biodiversity prospecting, or bioprospecting, the
field which attemptsto find commercid applicationsto biodiversty. The genetic
resources of plants and animas can have market applications in severd fields, most
notably pharmaceuticals and agriculture (Rausser and Small, 2000; Golin and Evenson,
2003). A noteworthy example of bioprogpecting is GlaxoWellcome' s $3.2 million
purchase of development rights on 30,000 samples of Brazilian biota (Nunes and van den
Bergh, 2001). The investigation of marine environments for biologicaly active agents
began in the mid-1970s, asit is believed that marine organisms represent “arich source
of bioactive compounds, many from nove chemica classes compared to those found in
terrestrial sources (Aasberg, 1999; Capon, 1999).” Potentia applications of these
compounds include antifouling chemicas, skin care products, commercid substances

such as glue and adhesives, and various agricultura products.

While bioprospecting has been heralded as arationale and potentia revenue source for
terrestrial conservation, the prospects for marine bioprospecting are more limited.
Research into the commercid gpplications of marine metabolites remains ongoing;
however, few products have yet been developed. As of 1999, no biologica agent of
marine origin had been gpproved for medicina use by the U.S. Food and Drug
Adminigration, and only a handful of marine derivatives are serioudy being investigated

(Table 7).




Table 7— Currently investigated or commercid marine bioprospecting products (adapted

from Aalsberg, 1999).

Compound Application and Source

Bryostatin Anti-cancer agent derived from the Pacific Ocean bryozoan Bugula
neritina.

Dolastatin 10 Anti- cancer agent derived from an Indian Ocean mollusk,

Dolabdlla auricularia.

Ecteinascidin 743 | Anti-cancer agent derived from a sea whip, Ecteinascidia turbinate.

Manoalide Enzyme inhibitor isolated from the sponge Luffrariella variabilis

Discodermolide Immunosuppressant agent from the Bahamian sponge, Discodermia
dissolute

Didemnin B Anti-cancer agent isolated from a Caribbean tunicate of the genus
Trididemmum.

Pseudopterosins Anti-inflalmmatory diterpene glycosides used in askin care
products to prevent skin aging; derived from the Bahamian sea
whip Pseudopterogorgia elisabethae

Docosahexaenoic || Essentid fatty acid thought useful in brain development; promoted
acid (DHA) for infant formulas/ extracted from agae Crypthecodinium cohnii.

With no approved pharmaceuticas and only two commerciad products (Pseudopterosins
and DHA), total economic benefits from marine bioprospecting to date have been smdll.
More importantly with respect to carbon disposal, none of the specieslisted in Table 7
are deep-water species. As such, current bioprogpecting efforts will be entirely

unaffected by carbon injection; damages are zero.

Monetizing the damages to futur e bioprospecting is more chdlenging. Unlike fisheries,

bi oprospecting does not depend on total productivity of a species, only the existence of a

large enough population to support the genetic resource. As Simpson et al. (1996) remark,
“If al representatives of a pecies produce a particular compound, individuasin excess

of the number needed to maintain a viable population are redundant (p. 169).” Therefore,

70




theloss of habitat from carbon digposa does not affect bioprospecting vaue unless there

is a concomitant loss of species.

To obtain arough estimate for the maximum damages of carbon digposa on
bioprospecting va ues, one can multiply the estimated average bioprospecting value of a
margina marine species by the potentia to lose a viable population. Area Species curves
developed in idand biogeography theory offer some guidance on the amount of habitat
loss necessary to trigger loca extinction. Assuming a private willingness-to- pay to
preserve a margina species no greater than $10,000, a carbon disposa operation
respongble for the acidifi cation of 1,000 square kilometers of seafloor is caculated to
cause less than $3,500 in lost bioprospecting option vaue (assumptions and caculaions
detailed in Appendix 3). Margina damages to the bioprospecting option vaue from
digposa are unlikely to be greater than $0.00002/tC. Even if one assumes the loss of 100

undiscovered species for every lost known species, damages will remain below $0.002/tC.

3.3.1.3 Estimating Damages to Ecosystem Services

A third component of the use va ue derived from the marine environment is generated by
those energy flows collectively known as ecosystem services. Ecosystem services are
sarvices provided by the naturd environment, including both “life-support processes”
such as nutrient cycling and water- purification, aswel as “life-fulfilling conditions’ such
as aesthetics and culturd vaues (Dally et al., 2000). Unlike fish harvests and anti- cancer
agents, these services are not sdeable; as such, they are notorioudy more difficult to

monetize (see, eg., Toman, 1998; Smith, 1997). To date, the most “audacious’ attempt to
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find agloba vaue for ecosystem services has been Costanza et al.’s 1997 paper in
Nature (Hed, 1998). By aggregating estimates of the current economic vaue of 17

ecosystem services over 16 biomes, the authors find a mean vaue for globa ecosystems

services of $40 trillionfyr (2002 dollars).

Ecosystem vauation has been strongly criticized on severd fronts including the

confusion of margind versus average vaues for services, and the indiscriminate scaing-

up of local economic datato create globa averages (Heal, 1998). However, to ignore
ecosystem sarvices entirely isto implicitly assume within the economic analysis that the
services have avaue of zero. Instead, rough estimates of margnd benefitsfrom
ecosystem services can serve to guide the anthropogenic use of ecosystems (Howarth and
Farber, 2002). A more tenable position is to accept, as Costanza et al. (1998) postina
later paper, that, “To say that we should not do valuation of ecosysemsisto smply deny

the redlity we dready do, dways have and cannot avoid doing so in the future (p. 68).”

The origind Costanza paper provides a ussful Starting point for reviewing sequestration

damages to marine ecosystem services. The authors caculate a minimum vaue for
ecosystem services from the open ocean of $308/hayr (2002 dollars). Thisfigureisthe

sum of severd ecosystemns services listed in Table 8.

72




Table 8 — Edimated vaue of ecosystem services in the open ocean (Costanza et al.,
1997).

Ecosystem Services ($hayr)
Nutrient cycling 143
Cultural 92
Gasregulation 46

Food production 19
Biological control 7
Geneticresources Unknown
Climateregulation Unknown
Waste treatment Unknown
Habitat/refugia Unknown
Disturbanceregulation Unknown
Recreation Unknown
Water regulation 0

Water supply 0

Erosion control 0

Soil formation 0
Pallination 0

Raw materials 0 .
Total 308 + Unknowns

To determine the vulnerability of marine ecosystem servicesto carbon disposd, it is
necessary to make two large adjustments (Figure 16). First, severd of the services (food
production and biologica control, genetic resources, and gas regulation) are accounted
for dsawhere in this review (in the fisheries, bioprospecting, and SCC sections,
respectively). They are omitted herein to avoid double counting. Second, severa of the
marine sarvices are unlikely to be affected by deepwater carbon disposal. These include
services/characteristics fundamentdly limited to surface waters, such as recrestion and
cultural values, aswell as various terrestria and coastal services such as flood control,

waste treatment, and water regulation. The only ecosystem service classfied here as
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vulnerable is nutrient cyding. Gas regulation is potentialy vulnerable but will reman

unquantified (for further discussion, see Appendix 4).

— > Excluded: Surface
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Figure 16 — Vulnerability of ecosystemn services to bathypelagic carbon disposa

Nutrient cycling refers to the chemical and biologicd cyding of 30-40 dementswithin
the biosphere. N utrients are by definition critica for life- processes, and include elements
such as carbon, nitrogen, and phosphorus, as well as macro-nutrients and trace e ements

such as potassum, zinc, and cacium. The availability of such dementspartidly

74




determines the productivity and digtribution of organisms, such that congtant recycling is
conddered “essentid” (de Groot et al., 2002; 399). In the marine environment, the
primary congtituent of the nutrient cycling processis the “microbid loop,” in which
bacteria and viruses recycle essentid nutrients, e.g. iron supplied through vird lysis
(Wilhelm and Suttle, 1999). By suppressing bacteria productivity, acidification has the
potentia to reduce the efficacy of the loop. According to researchers at the U.S. Nava
Research Laboratory, direct injection may thereby “ create a substantia imbaance of the

food chain and the basic dements that support the marine ecosystem (Coffin et al., 2002;

p.2)."

Monetizing sequestration’ s effect on nutrient cycling will depend on both the margind
vaue of the service and the quantity lost. Costanzaet al.’s surface areavauation of
$143/hayr for nutrient cycling in the open ocean assumes that 1/3 of the nitrogen and
phosphorus in the world' s riversis recycled offshore; the monetary vaue was derived
from an estimated replacement va ue based on the costs of manudly stripping nitrogen

and phosphorus out of rivers.

In volume terms, $143/hayr averages to $3,700kn? yr. However, as was the case with
fisheries, surface waters gppear consderably more important to nutrient cycling than

deep waters. Microbia densties generaly fal by afactor of five to ten over the first 500
meters of the ocean, and drop another sevenfold as one approaches abyssa depths
(Fuhrman, 1999). Average microbia productivity between 1,500 and 2,000m is therefore

caculated to be approximately one-third of total average productivity. This distribution
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reduces the nutrient cydling value to $1,200/kn yr a mid-water depths. Generoudly
muitiplying this number by afactor of ten in order to incorporate the cycling of other

vauabledements (e.g. iron and potassium) yields avalue of $12,000/knt yr.

The method devel oped to estimate the effects of lowered pH on productivity isrelatively
draight-forward. In situ observations by Takeuchi et al. (1997) indicate that mortdity of
bacteria over afour-day period occurs only when pH fals below 6.0. At any giventime, a
500MW utility disposa operation acidifies less than a cubic kilometer of seawater to a

pH of 6.0 (Herzog et al., 1996), with an exposure duration of four days. Consequently,
mortdity isonly predicted to be observable within the cubic kilometer nearest to the
injection point. The resulting expected maxi mum damage to the nutrient cycling rounds to

$0.01/tC.

In summary, though estimating a value for marine ecosystem services is not a smple task,
there is a scarcity of evidence to suggest that biologicd activity in the deep- ocean

provides humans with any significant ecosystemn services. This atempt to quantify

damages to known sarvices indicates alik dy maximum loss of $0.01/tC. With regard to

option values, it is problematic to speculate about val uable ecosystem services not

currently utilized. As such, the presumed option vaue is zero.

3.3.2 Non-Use Values

The second category of vauation is non-use, or “passive-use’, vadue. Origindly proposed

for conservation purposes by Krutillain 1967, these values arise independently of an
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individud’s use of a particular resource, and are therefore often discussed as aform of
atruism (Bateman and Langford, 1997). Typicaly, norntuse vaues are disaggregated into
existence and bequest values, which refer to the utility obtained from theknowl edge that
aresource is being left intact for future generations or for its own sake, respectively

(Sutherland and Walsh, 1985).

Unfortunately, non-use values leave no behaviord or market trace. Seeking consensus

over how to monetize them is exceedingly difficult. With respect to damages from deep-

ocean carbon disposd in particular, many of the methods commonly used to estimate
non-usevaue, such as hedonic pricing or the travel method, are smply not gpplicable.

By default, efforts are amost entirely dependent on contingent valuation (CV) techniques,
which atempt to determine vaue by soliciting individua willingness-to-pay (WTP) to

protect a specified resource (or willingness-to-accept-compensation (WTAC) to lose the
resource). The WTP gpproach has serious limitations in determining the passive utility

derived from aresource for severa reasons.

First, WTP measures are inherently limited by wealth. According to Carson et al. (2000),
“Thislimitation is offensive to many who believe that government decison making

should not be based to any extent on ability to pay (p. 38).” WTP isdso influenced by
other factors such as culture, education, and experience. Asaresult, Attfield (2000)
argues that “Willingness-to-pay is a poor measure of existence vaue, unless existence-
vaueis defined as willingness-to- pay; and if it is thus defined, it probably haslittle

bearing on what ought to be taken into account in decision-making (p. 167).” Second, the




preferences of future generations are not known or explicitly consdered, particularly as
the ability to pay changes over time (Carson et al. 2000). As Chapter Two illustrated

WTP isexpected to increase over time, making vauation of permanent damages

problematic. Third, others (e.g. Rosentha and Nelson, 1992; Weikard, 2002) have
criticized the application of existence value by correctly noting that everything possesses
exisence vaue, its very ubiquity meking andyssfutile unlessthe practice is

universdized.

Despite this opposition, the careful gpplication of non-use values to economic analyses

has gradualy gained some acceptance. For example, in the United States, the Supreme
Court ruledin Ohio v. U.S. Department of the Interior that non-use or existence vaue
losses are compensable under some U.S. datutes. Similarly, the U.S. Nationa Oceanic
and Atmospheric Adminigtration (NOAA) has dlowed for nontuse vaues asa

component of compensable values (Carson et al., 1994). In the UK, passive-use damages
are amilaly compensgble if they are a component of direct use vaues, depending on the

specific Satue.

Unfortunately, no CV studies have been conducted specifically for degp-ocean dameges,
and there are few ingtances in which the methodology has been applied on aglobd scae.
Perhaps the closest corollary to a carbon disposal CV study is Carson et al.’s (1994)

exemplary vauation of the Exxon Valdez oil spill damages, commissioned by the State of
Alaska (Duffidd, 1997). The study estimated non-use damages to the marine and coastal

environment between $3.4 and $11.3 billion (2002 dollars), based on social WTPto
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avoid future spills.

However, paralelswith the graphic Exxon Valdez spill are tenuous. Americans were

traumatized by the high-vighility event that involved the devastation of otherwise

pristine coastal scenery and surface waters, aswell asthe visble suffering and desth of
charismatic fauna such as seabirds and marine mammals. In contragt, the invisble
toxification of microbes and zooplankton two kilometers beneath the sea will presumably
do lessto rouse empathy. One only need glance at the current widespread degradation of
marine habitat though indiscriminate fishing methods (Auster and Langton, 1999), to
accept that the generd public is not overly-concerned with the hedlth of the marine

ecosystem.

More generdly, contingent vauation studies of habitat protection have produced arange
of results. Nunes et al. (2000) list severd contingent valuation studies for terrestrid,
coastd, and wetland habitats. The mean WTPs for non-users range from $8 to over $100.
Smilarly, ametastudy by Loomis and White (1996) surveyed WTP studies for the
protection of rare and endangered species, finding mean WTPsin U.S. households
varying between $6 (striped shiner) and $95 (northern spotted owl). Again, values for
deepwater oceanic habitats and fauna can only be expected to be lower, given the lack of
recreationa and cultura vaues, familiarity, information, or charismatic fauna. Smilarly,

the sheer distance from the deep- ocean islikely to play arole. Sutherland and Walsh

(1985) document decreasing WTPs with distance for the existence value of afreshwater
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systemn in the Western United States. As degpwater marine systems are generally over a

hundred kilometers from land, increasing distance should smilarly reduce vauations.

Despite these arguments, there are dso convincing reasons to believe that opposition to
injecting carbon into the marine environment would be large. For example, benthic
marine environments support high levels of biodiveraity. While marine biodiversity has

not been explicitly valued to date, Nunes and van den Bergh (2001) note, “...monetary
vaue estimates seem to give unequivoca support to the belief that biodiversity hasa
sgnificant, positive socia vaue (p. 203).” Perhaps more importantly, thereisempirical
support for significant internationa opposition to marine pollution. The 1972 London
Convention that prohibits the dumping of industrial waste a seaisindicative of the

globa commitment to protecting the marine environment. A more rlevant indication is
the staunch opposition encountered by an international research team’ s recent proposal to
create a pilot carbon injection experiment to. The project was strongly eventudly rejected
in both Hawaii and in Norway (de Figueiredo, 2002), with opposition groupsincluding
environmentdigts, fishermen, and concerned citizens galvanized over perceived potentid
damages to the marine environment. The experiment was denied despite Sgnificant
internationa becking, scientific credibility, and alimited 9ze and time-horizon. A full-
scae digposa operation would undoubtedly raise serious concern and media attention,

thereby increasing likedy WTPs.

Ultimately, even if one knew regiond WTPs a any given time, these do not eesily

trandate into global WTPs, nor do they reflect margind damages (Carson, 1998).




Estimating impacts without a serious internationd study to monetize damages to non-use
vauesis purdy speculative. A defensble estimate of the vaue might be a tenth of the

lower boundary of the estimated Exxon Valdez damages, or $340 million. At $1.25 per

American, thisis roughly the same WTP that Loomis and White (1996) found for

protecting the obscure freshwater fish, the striped shiner, and less than any other habitat
protection study. Divided by an estimated 22 mt C disposed of over 20 years, the average
nortuse damage would be $15/tC. However, thisvalue is pure supposition. Due to the
compounding uncertainties, damage to non-use values will be trested herein as an

independent variable. For illustrative purposes, the model will assume values of zero, $10,

$20, $30, and $40/tC.

3.4 Chapter Summary

Chapter Three estimated damages to marine use and non-vaues. Damages to use and
option use vaues such as fisheries and bioprospecting were demongtrated to be
essentidly negligible. In contrast, lost non-use vaueis potentidly sgnificant reaive to
atmospheric damages, but difficult to estimate due to alack of marine CV gudies. The

chapter’ sfindings are summearized in Table 9.
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Table 9 — Egtimated digtribution of relevant marine damages

Central Egtimate Type of Standard Boundaries
Distribution Deviation

Use Values
”Fisheries $0.01/tC Lognormal $0.05/tC $0- $0.36/tC|
”Bioprospecting $0 Nong Nong &0
Ecosystem $0.005/ tC Normal $0.005/tQd $0- $0.01/tC]
Ser vices
Option Use
Values
Fisheries $0.001/tC Lognormal  $0.005/ tG $0 - $0.036 / tC
”Bioprospecting $0.001/tC Lognormal  $0.001/tC] $0-$0.002/tC
||Non-use Value Nong Independenll None None

To incorporate marine damages into the atmospheric damages section, losses can be
directly added into the margina damages formula. If we define use vaues (U) asfishery
+ bioprospecting + ecosystem service damages, option vaues (O) as potentia future
fishery and bioprospecting damages, and nontuse vaues (E) as the relevant existence

vaue and begquest vaue damages, the marginal damage formula becomes:

npe=L ?)(ECQ) s (U+O+E)+_ “Lit)D, .- r))SCG bt)
where:
bt ) =1+ wr)-re)), |0005(1 t /200t <200

|0't 3 200

Smulaions and ramifications of this modd are discussed in the following section.




Chapter 4— Results and Discussion: Davy Jones

Expensive L ocker




One of the greatest pieces of economic wisdom
isto know what you do not know.
-- John Kenneth Galbraith

4.1 Chapter Framework

The modd developed in the previous two chapters expresses the net present socia costs

of ocean carbon sequedtration as.

NPC= (1 Q)(SCQ;) (U+O+E) i L(t) 1(1 r(t ))g:q b(t)
1-e 1 1-
where:
btt) =1+ wr)-re)) . |OOO5(1 t /200t <200
|O't 3 200

To numerica estimate the NPC, a Monte Carlo simulation was created with Crystal Ball®
decison-anayss software, with a 1,000 year time-horizon. 10,000 trials were run using

the parameters specified below in Table 10 (distributions of parameters are detailed in

Appendix 5).

Findings from the Smulation are now presented. The results subsection details the net
present costs for damages by depth, and the sengtivity of these cogs to the numerous

assumptionsin the modd. The discussion section lays out the significance of these

findings in the broader context of climate policy.




Table 10 — Edimated distributions of relevant economic variables

Variable Central Type of Standard Boundaries
Estimate Distribution Deviation

L(t) See Table 1 Normal| 10% central| +/- 30% central
SCCo $47/tC L ognormal $24/tC $12-82/tG
?Gt)/?t (0.05%)(200-t) Normal 20% central +/- 60% central
I\N 0.5 Normal 0.25 0.2-1.2
vl 1.0 Normal 0.4 0.5-1.2
?2(t) 0.25r(t) Normal 0.125r O
r (0-5) 1% Normal 2% 0-8%
”r (6-25) % Normal 0.75% 0-6%
||r (27-75) 2% Normal 0.5% 0-4%
”r (76-300) 1% Normal 0.25% 0-2%
||r (300-1000) 0% Normal 0% 0%
”Energy Penalty, e 0.14 L ognormal 0.6 0.08-0.30
Capture 0.85 Normal 0.05 0.7-0.9
Efficiency, ?
Fisheries Use $0.01/tC L ognormal $0.05/tC| $0-$0.36/tC
Damages
Biopr ospecting $0/tC - -
Use Damages
Ecosystem $0.005/ tC Normal $0.005/tC| $0-$0.01/tC
Ser vices Damages
FisheriesOption $0.001/tC L ognor mal $0.005/tC| $0-%$0.036/tC
Damages
Bioprospecting $0.001/tC L ognor mal $0.001/tCl  $0-$0.002/tC
Option Damages
Non-use 0, $10, $20, - -
Lalues Damages $30, $40/tC




4.1 Reaults and Discussion

4.1.1 Results

The 2000m injection case is the main focus of this section. For a 2000m injection, mean
net present costs are estimated a $21.30/tC, entailing $13.13/tC in future damages from
leaked carbon, $8.16/tC from uncaptured carbon, and just $0.01/tC from damagesto
marine use and option vaues. The NPC of injection at 2000m aso demonsirates a

significant range (Figure 17), with a standard deviation ($40) dmost twice the mean.

Figure 17 — Frequency distribution of NPC for 2000m depth, excluding non-use damages.
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Moreover, the maximum NPC vauein the 10,000 trids ($2,561) is more than 100 times
greater than the mean, and fifty times greeter than the standard deviation. This reflects
significant skew in the results, indicating that the mean is affected by cogtly outliers, as
normally associated with agammaor lognormd digtribution. As expected, a3000m

injection reduces leakage damages to $6.37/tC, while a 1000m injection increases




leakage damages to $23.57/tC; NPCs at those depths are $14.54/tC and $31.74/tC

respectively (Table 11).

Table 11 — Components of NPC by depth, excluding non-use damages.

Marine Damages | Escaped Carbon L eakage Damages | Net Present

(% NPC) Damages (% NPC) (% NPC) Costs
1000 m $0.014C (0%) $8.16/tC (26%) $23.57/tC (74%) $31L.741tC
2000 m $0.014C (0%) $8.16 (38%) $13.13/tC (62%) $21.301C
3000 m $0.014C (0%) $8.16 (56%) $6.37/tC (44%) $14.541tC

If the NPC is divided into three components—|eaked carbon, unsequestered carbon, and
marine damages—the primary cause of variation in the NPC is the leaked carbon.
Damages to marine use and option values are essentialy constant at $0.01/tC, with a
maximum vaue of just $0.22/tC, while the damage from uncaptured carbon isreletively
steady at $8.16, with a standard deviation of only $3.90. Furthermore, both marine and
uncaptured carbon damages are essentidly independent of depth (at least in thisandysis).
In contrast, damages from leeked carbon show significant intra and inter- depth variation.
Faster leakage at 1000mincreases the NPC, while the 3000m injection has lower leskage

damages due to the greater influence of the discounting effect.

The andysisthus far hasignored potentia damages to non-use marine vaues. Applying
depth of injection and illustrative non- use damages as the two independent variables

yields the following matrix of mean net present socid codts of digposd (Table 12):
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Table 12 — NPC, as determined by injection depth and marine damages.

$0/1tC $10/tC | $20/tC $30/tC|  $40/tC
1000m
Leskage Damages $23.57 $23.57| $23.57 $23.57 $23.57
Marine Damages $0.01 $10.01| $20.01 $30.01 $40.01
Escaped C Damages $8.16 $8.16 $8.16 $8.16 $8.16
NPC/tC $31.74 $41.74| 35174  $61.74| $71.74
2000m
L eskage Damages $13.13 $13.13| $13.13 $13.13| $13.13
Marine Damages $0.01 $10.01| $20.01 $30.01 $40.01
Escaped C Damages $8.16 $8.16 $8.16 $8.16 $8.16
NPC/tC $21.30 $31.30| $41.30 $51.3C $61.30
3000m
Leakage Damages $6.37 $6.37 $6.37 $6.37 $6.37
Marine Damages $0.01 $10.01| $20.01 $30.01 $40.01
Escaped C Damages $8.16 $8.16 $8.16 $8.16 $8.16
NPC $14.54 $2454| $34.54 $44.54 $54.54

Clearly, non-use damages have the potentia to be a Sgnificant component of total NPC,
particularly at grester depths. However, it remains difficult to speculate on likdly values

of non-use damages barring greater work in the area.

4.1.2 Sensitivity

Rank correlation indicates that the variable with the largest influence on NPC is SCG,
(0.57); ahigher SCCo dearly generates a higher NPC (Figure 18). The SCCo isfollowed
in sengtivity ranking by the choice of the initid discount rate, ro (-0.49), which reduces
the NPC by discounting away future effects. The values of the two margina eadticity
terms, w and m aso hold considerable influence over the NPC, as they largely control the
evolution of the SCC. In contrast, the various marine damages (< 0.01) and the leskage

vaidion (0.06) have little sway over results. The remaining factors—r /r ratio, capture




efficiency, variation in damages, and energy pendty—are each sgnificant, ranging from

—0.1710.08.
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Figure 18 — Sengtivity chart of NPC a 2000m.

Though not modeed here, sengitivity to dimatic parametersis an important assumption.

Changing the relationship between atmospheric CO, concentrations growth and damage

growth from linear to exponentia (9= 2) increases mean leakage costs a 2000m from

$13.13 to $20.71/tC (+58%). If, dternatively, gis set to 6 as Pizer (2003) suggests is

possblein the case of catastrophe, leakage costs jump to $170/tC (+1,200%). Hence,

under some circumstances, delayed emissions are sgnificantly worse than immediate

emissons. Similarly, the debate over the pure rate of time preference, r , isan important

one. If onesetsr equd to zero while leaving assumptions about r unchanged, mean

leakage damages increase 220% to $41.99/tC.




Perhgps amore important cong deration in the sengtivity andysis is the dependence of
the smulation run on the IPCC S650 scenario. While the likelihood and desirability of
the particular scenario may be debated, it is pertinent to recognize that large- scale carbon
sequestration will entail concomitant, nonrmargind effects on involuntary emissons,
Significant leakage of sequestered carbon will make meeting future emissions reduction
gods more difficult (and hence more cogtly), while a the same time reducing the

cagpacity to meet emissons targets by diverting political attention and research funds

away from non-fossl fud dternatives.

4.2 Discussion

Three main points emerge from thisanalysis. They focusin turn on, 1) thelack of a
substantive marine vauation, 2) the sizable atmospheric vauation, and 3) implications

for future research needs.

4.2.1 Marine Damages

One of the mogt driking features of the resultsis the utter absence of use or option vaue
that is derived from the bathypelagic marine environment. At $0.01/tC, deepwater marine
conservation can hardly be predicated on the need to protect val uable market goods.
While existence and bequest values may offer some price support, there is no guarantee
that individuas will be willing to pay to protect degp-ocean fauna. However, it needsto
be stated that economic efficiency isnot ajudtification for action in and of itself. To be
consdered judtifiable, geoengineering projects need to pass both economic and ethica

criteria. Mora concerns cannot Smply be distilled into a cost-benefit anayss framework




(Howarth and Farber, 2002). Rather, philosophers such as Aldo Leopold (1949), David
Ehrenfeld (1978), and more recently Warwick Fox (1995) have argued that species and
ecosystems carry intrinsic vaue — something digtinct from the situationdly -informed
exigence vaue, and which cannot easly be monetized. Leopold' s land ethic, wherein a
thing is “right when it tends to preserve the integrity, stability, and beauty of the biotic
community,” gpplies equaly well as an ocean ethic. It offers acode of conduct thet is

independent of fiscal caculus.

Smilarly, the ethical issue to ocean sequestration has both sustainability and equity
dimensions. A bdlief in the “strong sustainability” paradigm would lead one to object to
ocean sequestration on the basis that irreplaceable natural capital must not be traded away
for monetary assets (Neumayer, 1999): the hydrosphere ought not be sacrificed for the
sake of the atmosphere, and neither can it replaced by economic growth. Others have
pointed out that sequestration imposes an unfair intergenerationa burden. Leskage from
current injections reduces dlowable levels of emissonsin the future (Dooley and Wise,
2002). While humanity also benefits from the accumulated wedlth, nothing guarantees

that intervening generations will maintain the investments. These aspects of carbon
sequestration need to be given serious attention before endorsing an ocean disposal

project.

4.2.2 Atmospheric Damages
In contrast to the marine damages, the carbon |leakage and uncaptured carbon damage

esimates derived in thisanalysis are consderably higher than those suggested by former
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modds (e.g. Cdderaet al., 2001; Herzog et al., 2003). The most obvious implication of
the dlevated net present socid costsis the fact that it significantly impairs the economic

competitiveness of ocean sequestration operations.

For a 2000m injection depth, estimated mean damages start at $21/tC and rise with non
use damages. To determine overall costs, these social costs must then be added to private
costs. Private costs for carbon disposal are sgnificant; they are expected to increase
electricity generating costs up to 50% for a gas-fired plant, and 80% for acod utility
(RCEP, 2000). According to the IPCC, areasonable private cost estimate of CO2 capture
and disposd is roughly $110-180/tC avoided (IPCC, 2001). More detailed andyses yield
smilar results. For example, Rubin and Rao (2002) find amean private cost ($/tC
avoided) of $1654C for a cod-fired plant. Their 95% probability interval variesby a
factor of three, from $102 to $271/tC. David (2000) smilarly estimates private costs at
$191/tC (3.48¢/kWh) avoided for a pulverized cod plant, but notesthet it is Sgnificantly
less ($99tC avoided, or 1.72¢/kWh) for an IGCC plant. A third andysis, by Bock et al.

(2002), employs more conservative estimates of capture costs obtained from aU.S.

DOE/EPRI (2000) report on IGCC technology. The authors calculate costs for IGCC

capture and 2000m disposal by pipeline or tanker at $86 and $141/tC avoided

respectively.

A fundamentd finding of this andyssisthat the high private and socia costs of carbon
sequediration creste a remarkable dilemma. To compete againgt fossi| fuel combustion

without sequedtration, the SCCo (i.e. ided carbon tax) needsto be sufficiently high to
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recoup private costs. For example, to cover private costs ($100/tC), leakage costs (an
estimated mean of 0.37 SCCy for 2000m injection), escaped carbon costs (a mean of 0.15

SCCo), and marine damages (say, $10/tC), the SCCo must be:

SCCp 3 $100 + .37 SCCyp + 0.15 SCCy + $10°3 $230/tC

For reference, an SCC of $230/tC is significantly outside the current range of SCC's
suggested in ether the Pearce (2003a) or Clarkson and Deyes (2002) metastudy. In other
words, the modd indicates that because of the high private costs and carbon leakage, the
only scenario in which sequestration is economicaly viable againg the reference
technology is when the SCCy is extremely high. This done suggests that ocean carbon

sequestration is currently not economicaly viable.

However, as an added twig, if the SCCy is as high as $230/tC, the viability of marine
sequestration is sgnificantly reduced relative to other mitigation and adaptation options
such as conservation or renewable energy. Even if the private costs associated with
sequestration are subsidized, the socid costs from lesked and escaped carbon can be
expressed as afraction of the SCC (roughly one-hdlf), or $125/tC in thisingance. Given
an NPC of $125/tC or greater, damages from lesked and uncaptured carbon (aswell as
marine damages) are likdy to make sequestration an unpal atable option relative to other

mitigation technologies.




For example, the costs of wind power (relative to pulverized codl) start at negative $82/tC
avoided for the best sites, and range up to $90/tC for generation costs up to 7¢/kWh.
Hydro and biofuels adso offer some cost-saving opportunities relaive to a reference cod-
fired plant, as do building and appliance design, manufacturing, and transport (IPCC,
2001). When compared againgt such attractive investments, carbon sequestration is
markedly less gppeding. Ultimatdly, the economic competitiveness of marine carbon
sequedtration is caught in adifficult bind between the high SCCy required to judtify the
technological expenditure, and the subsequent damages from carbon gemming from

leaked and uncaptured CO2. As such, it isunlikely to be an economicaly viable optionin

the foreseeable future,

4.2.3 Future Research Needs

Thethird key finding of this andysisis Smply the darming paucity of dataavailable on
both environmenta and economic parameters. Environmentally, the literature review has
indicated that the effects of CO; injection on the marine environment remain poorly
understood. Two key unresolved issues are the extent to which acidification will impact
the microbia loop, and the duration of negative effects (depressed productivity, fish kills)
on thewater column. A third significant uncertainty is the extent to which sequestration
will reduce the availability of carbonate ions in surface waters, thereby depressing the

oceanic carbon sink and increasing CO, atmospheric residence time and damages.

Economically, uncertainty centers more over the evolution of the SCC(t). The growth rate

of the SCC relative to the discount rate is indisputably the key factor in determining the




economic efficiency of ocean carbon sequestration. However, other than the inaccurate
assumptions by Herzog et al. (2003) and the andlysis developed here, little guidance is
available to modeers on the likely pathway of future carbon prices. In particular, the two
margind dadticity terms, w and 1, are insufficiently well known despite the fact thet
future willingness-to-pay to avoid dimate change isindrumenta in determining how
damages are likely to evolve. This andyss has assumed the dadticities are congtant, yet
time-variable dadticities are certainly apossibility, and could have a Sgnificant effect on
the NPC, particularly if w increases with wedth. Despite theliterdly trillions of dollars at
risk from dimatic damages over the coming century, there gppears to be only gradua

movement on estimating these crucia decison making parameters.

Smilarly, thereis a patent need for additiona contingent vauation studies on marine
damages. The dearth of CV work for marine impacts in generd is nowhere more evident
than in the deep- ocean (Sumaila, 2003; personad communication). Such a monetization
study should form a basic component of any future large-scale research effort into the
economics of ocean digposal. Given the recent agreement between the European Union
and thirteen other countries to form a*“ Carbon Sequestration Leadership Forum”,
sufficient resources should be available to be dedicated to this important question (Doyle,

2003).

Ovedl, thisanalys's has indicated that there are serious gapsin the current
understanding of long-term socid costs. The subgtantia uncertaintiesinvolved in the

economics of the sequestration process indicate that any assessment of net present socia




codsis atenuous exercise. Given arisk-averse society and the potentialy high socid
damages associated with carbon sequestration, the most prudent policy is undoubtedly to
gather more information and focus on more certain options rather than implementing a

large- scale ocean disposal strategy.
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Appendix 1 — Chronic effects of carbon disposal

Margind “far-fiddd” or chronic effects semming from a generd lowering of average
ocean pH are likely to be consderably smdler than acute damages on amargind basis.
While large- scale effects are highly dependent on the scale to which sequestration
drategies are implemented globaly, even in the limiting case of the globd energy system
switching to sequestration and ocean disposd, chronic effects will remain limited due to

the ocean’ s enormous size and buffering capecity.

At an average depth of 3800m, the ocean contains over 260 times more mass than the
atmosphere — society’ s current digposal Site. As athought exercise, one can visudize that
if the atmosphere were compressed to the same dengity as the ocean, it would only be ten
meters thick. Indeed, with an estimated 40,000 Gt C, the ocean aready contains more
than fifty times the carbon in the atmosphere, and four to eight times the amount believed

to remain underground in fossi| fud reserves (Herzog et al., 2001).

In addition to its Sze, the deep layers of the ocean are highly unsaturated in inorganic
carbon, and are geochemically buffered by carbonate sediments. It has been estimated
that while pH changes of more than 0.2 units may have a detectable biologica impact
(Cddeiraet al., 2001), it would require gpproximately 1000 Gt C (about 160 years of
current globa emissons) to reduce the average pH of the ocean 0.2 units (Herzog et al.,

2001). Hence, wheress acute effects are potentidly significant, the margind damage
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curve for chronic effects can be expected to be extremely flat and close to zero due to the

enormous quantity of CO, required to reduce pH.
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Appendix 2 —Maximum pH effects of injected
CO,

The amount of H* necessary to reduce apH of 7.7 t0 6.5is (10°%° - 10""), or 2.97 x10”’
molesllitre. At apH of 6.5, roughly 65% of carbonic acid deprotonatesto form
bicarbonate and H*, with the balance remaining as carbonic acid; essentidly no carbonate

forms. Hence;

(2.97x10" moles H'flitre) / (0.65 moles H*/mole CO,) = 4.56 x 10" moles COflitre
Converting to grams and cubic metersyidds.

(4.56 x 10" "moles CO2liitre) * (44 g COz/mole CO,) = 2.01 x 10° g CO-flitre

(2.01 x 10°° g COoflitre) * (1000 litres/n?) = 2.01 x 102 g CO/nT.

Asoneton of carbon actually represents 3.67 tons of CO,; the maximum amount of water

acidified to pH 6.5 by oneton of injected C is;

(1 ton C) * (3.67 tons CO,/ton C) * (1,000,000 g CO,/ton CO,) * (1 nT acidified to pH

6.6/ 0.0201 g CO) * (1 knm?®/ 10° m®) = 0.18 cubic kilometers acidified per ton C.
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Appendix 3 —Damage estimate for marine
bioprospecting option values

Damages to marine bioprospecting vaues /tC can be formulated as the product of the
margina biopraspecting value per marine species multiplied by the likelihood that aton

of carbon will exterminate the species.

The marginal value of marine species

Modeling the empirical costs and returns of bioprospecting in the U.S. pharmaceutica

industry, Smpson et al. (1996) find that even under the most optimistic assumptions, the

maximum willingness to pay to preserve a margind speciesisless than $10,000, with
possible minimum vaues as low as $0.0000005. While the $10,000 value reflects
present-day WTP, if one assumes that as the gene pool is alimited natura resource and
that WTP will increase at the discount rate (the Hotelling Rule), then current and future
vaueswill not diverge. Moreover, as the marine relm has fewer promising research
leads than terregtrid plants, the maximum WTP per margind marine species will bewell
below the $10,000 limit (Rausser and Smdl, 2000). This result is congistent with
empirical observation: if margind species were actualy valued a severd thousand
dollars each, pharmaceutica companies would presumably be making greeter effortsto

acquire them (Simpson and Craft, 1996).

Marginal impacts to species from habitat loss
Lost bioprospecting value depends on the potential for carbon injection to render

populations nonviable, i.e. extinction. Despite a surface area of 360 million knf, the
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ocean contains only 235,000 known anima speciesand roughly another 275,000 known
plant and protozoan species (Thurman and Burton, 2001; ETI, 2003); aratio of 700 knt

per known species. According to idand biogeography theory, the number of speciesina

particular taxon, N, in an area of 9ze A, is described by the formula:

N=jA?

wherein| reflects species richness and z is an empirical congtant, which for argument’s
sakeis generoudy set a 0.25 (MacArthur and Wilson, 1967). With the observed
areaspecies ratio of 700:1, the model indicates aloss of roughly 3,000 km? of habitat is
required before the first known speciesislikely to be iminated. Hence, the margind
square kilometer of ocean floor logt is only vaued a $3 on average. If a500 MW plant
operates for 20 years, producing over 20 mt of waste carbon (Herzog, 1997), the margina

damages per tC are unlikely to be greater than $0.00002.
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Appendix 4— Damage estimates for marine gasregulation

Marine gas regulation is an ecosystem service that forms amgjor component of climate
regulation. However, the impacts of sequestration on gas regulation are difficult to
quantify. The fundamentd effects of carbon disposa on gas regulaion—i.e. adding CO,
to the ocean, and reduced oceanic carbon uptake—are dready discussed in Chapter One.
However, one effect of carbon disposa on gas regulation that has not been investigated is
the role that adisruption in the microbia loop could have in reducing phytoplankton
productivity in surface waters. According to the U.S. Nava Research Laboratory,
“Changesin the bacteria cycdes can dter fundamenta biogeochemica properties which
must remain intact in heglthy marine ecosystems (Coffin et al., 2002; p. 2).” By reducing
the availability of trace dements such asiron, a disruption in the microbia loop could
depress productivity in surface waters, thereby affecting “the biological pump” that
enhances the oceanic carbon sink. Such a disruption would increase the residence time of

atmospheric carbon and further increase the rate of growth of the SCC.

However, these effects are predicated on amgor disruption in microbid activity
reverberating up the water column. As the nutrient cycling section indicated, microbe
populations are highly robust and appear unlikely to be affected in large quantities by
deepwater disposa. Moreover, the most important microbes to the biological pump are
those residing in the photic zone. The connection between deepwater trophic webs and
gas regulation is purdly speculative, and represent an important area of future research. It

is highlighted as an unknown, but not incorporated into the damages modd.
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Appendix 5- NPC Model Simulation
Results and Assumptions

Sensitivity Chart

Target Forecast: Net Present Costs - 2000 m

SCC at ime zero .57
inital discount rate -49
w .35
m -24
p/rratio -17
theta -15
damage variaion 12
e .08
leakage variation .06
fishery use damages .01
biopros pecting option damages .00
ecosystem services damages .00
fisheries option damages .00
t

-1 0.5 0 0.5
Measured by Rank Cormrelation




Forecast: Net Present Costs - 2000 m

Summary:
Display Range is from 1.64 to 129.32 $
Entire Range is from 1.64 to 2,560.73 $
After 10,000 Trials, the Std. Error of the Mean is 0.40

Statistics: Value
Trials 10000
Mean 21.30
Median 15.16
Mode
Standard Deviation 40.01
Variance 1,600.48
Skewness 38.27
Kurtosis 2,131.33
Coeff. of Variability 1.88
Range Minimum 1.64
Range Maximum 2,560.73
Range Width 2,559.10
Mean Std. Error 0.40
Forecast: Net Present Costs - 2000 m
10,000 Trials Frequency Chart 9,940 Displayed
.066 o - 657
.049 492.7
2 .
=1 (']
= 033 - 3285 &
m =
= [n]
= =]
& o 1642 &
000 | y < 0
1.64 3356 6548 9740 129.32
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Forecast: Leakage Damages - 2000 m

Summary:
Display Range is from 0.08 to 119.95 $
Entire Range is from 0.08 to 2,557.62 $
After 10,000 Trials, the Std. Error of the Mean is 0.40

Statistics: Value
Trials 10000
Mean 13.13
Median 6.47
Mode
Standard Deviation 39.53
Variance 1,562.56
Skewness 39.73
Kurtosis 2,245.01
Coeff. of Variability 3.01
Range Minimum 0.08
Range Maximum 2,557.62
Range Width 2,557.54
Mean Std. Error 0.40
Forecast: Leakage Damages - 2000 m
10,000 Trials Frequency Chart 9,942 Displayed
124 A - 1240
.093 4 930
£ my
— ]
.g 062 620 -E
E 3
DE. 031 - 30 &
e . < 0
0.08 3004 6001 8998 119.95
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Forecast: Oceanic Damages

Summary:
Display Range is from 0.00 to 0.07 $
Entire Range is from 0.00 to 0.36 $
After 10,000 Trials, the Std. Error of the Mean is 0.00

Statistics: Value
Trials 10000
Mean 0.01
Median 0.01
Mode
Standard Deviation 0.02
Variance 0.00
Skewness 6.62
Kurtosis 64.24
Coeff. of Variability 1.50
Range Minimum 0.00
Range Maximum 0.36
Range Width 0.36
Mean Std. Error 0.00
Forecast: Oceanic Damages
10,000 Trials Frequency Chart 9,755 Displayed
062 o - 616
.046 462
£ my
=1 (']
.g 031 - 308 -E
E 3
DE_ 015 4 154 Q
000 - } Dennle] ‘ 0
0.00 0.02 0.04 0.05 0.07
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Forecast: Initial Damages (Escaped CO2)

Summary:
Display Range is from 1.72t0 17.94 $
Entire Range is from 1.49 to 29.95 $
After 10,000 Trials, the Std. Error of the Mean is 0.04

Statistics: Value
Trials 10000
Mean 8.16
Median 7.46
Mode
Standard Deviation 3.79
Variance 14.33
Skewness 0.97
Kurtosis 4.02
Coeff. of Variability 0.46
Range Minimum 1.49
Range Maximum 29.95
Range Width 28.47
Mean Std. Error 0.04

Forecast: Iniial Damages (Escaped CO2)
10,000 Trials Frequency Chart 9,801 Displayed
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Forecast: Leakage Damages; p =0, - 2000 m

Summary:
Display Range is from $0.10 to $3,057.51 $
Entire Range is from $0.10 to $110,392.10 $
After 10,000 Trials, the Std. Error of the Mean is $11.16

Statistics: Value
Trials 10000
Mean $42.99
Median $11.24
Mode
Standard Deviation $1,116.19
Variance $1,245,874.47
Skewness 96.72
Kurtosis 9,553.26
Coeff. of Variability 25.96
Range Minimum $0.10
Range Maximum $110,392.10
Range Width $110,392.00
Mean Std. Error $11.16

Forecast: Leakage Damages; p = 0, - 2000 m

10,000 Trials Frequency Chart 9,993 Displayed
804 o - 8040
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= 2]
= 402 =
= =
< S
=
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Forecast: Leakage Damages - 1000 m

Summary:
Display Range is from $1.10 to $116.56 $
Entire Range is from $1.10 to $1,909.76 $
After 10,000 Trials, the Std. Error of the Mean is $0.35

Statistics: Value
Trials 10000
Mean $23.57
Median $16.61
Mode
Standard Deviation $34.87
Variance $1,215.85
Skewness 26.23
Kurtosis 1,214.35
Coeff. of Variability 1.48
Range Minimum $1.10
Range Maximum $1,909.76
Range Width $1,908.67
Mean Std. Error $0.35

Forecast: Leakage Damages - 1000 m
10,000 Trials Frequency Chart 9,915 Displayed
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Forecast: Leakage Damages - 3000 m

Summary:
Display Range is from 0.02 to 68.99 $
Entire Range is from 0.02 to 1,555.07 $
After 10,000 Trials, the Std. Error of the Mean is 0.23

Statistics: Value
Trials 10000
Mean 6.37
Median 2.77
Mode
Standard Deviation 23.09
Variance 533.38
Skewness 43.43
Kurtosis 2,572.64
Coeff. of Variability 3.63
Range Minimum 0.02
Range Maximum 1,555.07
Range Width 1,555.05
Mean Std. Error 0.23
Forecast: Leakage Damages - 3000 m
10,000 Trials Frequency Chart 9,949 Displayed
184 o - 1838
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Forecast: Leakage Damages - Gamma = 2; 2000 m

Summary:
Display Range is from 0.11 to 187.80 $
Entire Range is from 0.11 to 3,950.00 $
After 10,000 Trials, the Std. Error of the Mean is 0.62

Statistics: Value
Trials 10000
Mean 20.71
Median 10.15
Mode
Standard Deviation 61.89
Variance 3,830.01
Skewness 39.02
Kurtosis 2,174.24
Coeff. of Variability 2.99
Range Minimum 0.11
Range Maximum 3,950.00
Range Width 3,949.89
Mean Std. Error 0.62
Forecast: Leakage Damages - Gamma = 2; 2000 m
10,000 Trials Frequency Chart 9,944 Displayed
124 A - 1236
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Assumptions

Assumption: e
Lognormal distribution with parameters:
Mean 0.14
Standard Dev. 0.06

Selected range is from 0.08 to 0.30

Assumption: SCC at time zero
Lognormal distribution with parameters:
Mean $47
Standard Dev. $24

Selected range is from $12 to $82

Assumption: w
Normal distribution with parameters:
Mean 0.50
Standard Dev. 0.25

Selected range is from 0.20 to 1.20

Assumption: m
Normal distribution with parameters:
Mean 1.00
Standard Dev. 0.40

Selected range is from 0.50 to 1.20

R

0.04 014 024 034 o.

SCC at time zero

$10 $51 $92 $133 $173

5
®
g |
°
38

088 125

°
8
&
&

160 2
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Assumption: fishery use damages
Lognormal distribution with parameters:
Mean $0.01
Standard Dev. $0.05

Selected range is from $0.00 to $0.36

Assumption: fisheries option damages
Lognormal distribution with parameters:
Mean $0.00
Standard Dev. $0.01

Selected range is from $0.00 to $0.04

Assumption: ecosystem services damages
Normal distribution with parameters:
Mean $0.01
Standard Dev. $0.01

Selected range is from $0.00 to $0.01

Assumption: bioprospecting option damages
Lognormal distribution with parameters:

Mean $0.00

Standard Dev. $0.00

Selected range is from $0.00 to $0.00

fishery use damages

fisheries option damages

ecosy stem services damages

($001) ($0.00) $001 $0.01 $0.02

bioprospecting option damages

$0.00 $0.00 $0.00 $0.01 $0.01



Assumption: inital discount rate

Normal distribution with parameters:

Mean
Standard Dev.

Selected range is from 0.00 to 0.08

Assumption: damage variation

Normal distribution with parameters:

Mean
Standard Dev.

Selected range is from 0.40 to 1.60

Assumption: p/r ratio

Normal distribution with parameters:

Mean
Standard Dev.

Selected range is from 0.00 to 1.00

Assumption: leakage variation

Normal distribution with parameters:

Mean
Standard Dev.

Selected range is from 0.70 to 1.30

0.04
0.02

1.00
0.20

0.25
0.13

1.00
0.10

inital discount rate

damage variation

o
8

0.70 1.00 130 160

p/r ratio

leakage variation




Assumption: theta
Normal distribution with parameters:
Mean 0.85
Standard Dev. 0.05

Selected range is from 0.70 to 0.90

theta




