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Diminishing emission budgets and increasing risks of catastrophic damages from climate change
require analyses of rapid response options including geoengineering options such as ocean iron
fertilization (OIF). To decide whether or not OIF might be such an option an assessment of its
potential as an abatement option as well as its possible side effects is required. To explore the potential
of OIF knowledge on the change of carbon stocks over time is needed. However, economic aspects
including accounting of carbon credits need to be considered as well. In our analysis we use data from
OIF modeling experiments for different years and analyze how many carbon credits would be
generated and could be used for compliance. The amount of credit varies with the accounting method
applied. Applying an accounting method which measures the net effect of OIF for the duration of 100
years leads to an annual carbon uptake of 0.56 to 1.69 GtC. For a shorter fertilization period, e.g. ten
years the upper range increases to 2.57 GtC per year. Offsets due to other GHGs, especially N,O, as
well as operational carbon emissions can be addressed by a discount factor. Considering all
experiments and all accounting methods we find a maximum discount factor of 15 percent and an
average value of 9 percent. From an economic as well as from an environmental perspective issuing
temporary carbon credits which have to be replaced in the next commitment period seems most
appropriate for short-term OIF and would provide the largest amount of credits at an early stage. This
is equivalent to the existing tCER regulation under the Kyoto Protocol.
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1 Introduction

Today, most countries have accepted a 2°C temperature increase above preindustrial levels as maxi-
mum tolerable limit for global warming. An exceedance probability of below 20 percent for this limit
implies an emission budget of less than 250 GtC from 2000 until 2049, of which more than one third
has already been emitted by now. Extrapolating the current global CO2 emissions this budget will
only last until 2024 (Meinshausen et al., 2009). These numbers emphasize that all options including
geoengineering options need to be considered to mitigate climate change (Buesseler et al., 2008).

Geoengineering options include the enhancement of carbon sinks to reduce atmospheric carbon
concentration by removing past emissions and, thereby, extending the remaining carbon emission
budget. The terrestrial carbon sink can be enhanced by means of forestation, the oceanic sink can
be enhanced by means of iron fertilization. Some authors have general doubts about the potential
of mitigating climate change by sink enhancement due to its partially temporary characteristics
(Kirschbaum, 2006; Meinshausen and Hare, 2000). Nevertheless, terrestrial vegetation sinks have
entered the Kyoto Protocol (KP) as offsets for anthropogenic greenhouse gas emissions, but ocean
sinks have not.

The potential of ocean iron fertilization (OIF) to enhance the oceanic carbon sink is questioned
in particular due to its uncertain efficacy and side effects (e.g., Strong et al., 2009). We challenge
this view and think that further research about the geoengineering potential of OIF is necessary.
Even courageous climate polices may run the risk that catastrophic climate change takes place,
although expected to happen with a low probability. If this risk increases, OIF may become one of
the options of last resort and needs to be explored in a timely manner (Kousky et al., 2009).

Exploring the potential of OIF requires not just to consider its scientific aspects, but as well to
address the question of how many carbon credits are generated and can be used for compliance.
This paper assesses the value of partially temporary storage from OIF by providing an overview of
the effect of the various accounting methods to assign carbon credits on the number of credits that
can be generated. This is particularly important since analysis on the economic potential of OIF
related to other mitigation options is not possible without information on the amount of credits that
could be generated by OIF. Our results are based on modeled OIF experiments for different years.

To address the problem of temporary storage, various accounting methods have been proposed
in the literature (see e.g., Dutschke, 2002; Fearnside et al., 2000; Fearnsinde, 2002; Marland et al.,
2001; Costa and Wilson, 2000). They can be grouped into three categories: issuing either permanent
credits, temporary credits, or a mixture of permanent and temporary credits. There are numerous
publications on the various accounting methods, but studies providing a comprehensive overview
over accounting methods from all three categories are rare. In particular, quantitative analyses
comparing the number of carbon credits generated are missing. One exemption is the study of
Phillips et al. (2001), applying three accounting methods that issue permanent credits and one that
issues temporary credits to an afforestation project, showing that the amount of carbon credits issued
through time varies significantly for the various accounting methods. There are as well few studies
about the inclusion of OIF into an international climate agreement. To our knowledge, the rare
exemptions are Sagarin et al. (2007), Leinen (2008), and Bertram (in press) providing non-technical
overviews about the scientific, legal, and economic issues related to OIF, and the requirements that
carbon markets put on the generation of carbon credits by OIF. However, all three studies discuss
OIF more in general, but neither provides an explicit application of accounting methods to OIF nor
the inclusion of OIF carbon credits within a global climate agreement. To our knowledge, this is
the first paper that quantitively assesses all relevant accounting methods discussed in the literature
covering all three categories with an application to OIF.

In this paper we start by discussing the role of temporary storage in mitigating climate change
in general (Section 2). The comprehensible assessment of temporary storage requires clarifying as-
sumptions about the value of time and future path of carbon prices. These assumptions are seldomly
made explicit but are implicitly included in all studies that investigate the effect of assigning carbon



credits to temporary storage projects. Section 3 provides an overview over the relevant accounting
methods. OIF projects might lead to changes in carbon emissions outside the enhancement region
as well as to changes in emissions of other GHGs than carbon. These changes are referred to as
leakage. We analyze how leakage can be addressed by a discount factor. In Section 4 we apply
the various accounting methods to results of modeled OIF experiments taken from Oschlies et al.
(2009) and investigate appropriate discount factors based on the model outcome. A discussion and
conclusion is provided in Section 5.

2 The role of temporary carbon storage in mitigating climate change

Storing carbon in non-atmospheric reservoirs is an important option in managing and limiting atmo-
spheric carbon concentration. Non-atmospheric reservoirs include underground geologic formations,
trees, soils, and the deep ocean (Herzog et al., 2003). From these reservoirs carbon may be released
intendedly or unintendedly and leak back to the atmosphere. Due to this potential non-permanent
characteristic of the reservoirs, both the storage as well as the carbon emission offsets generated are
perceived as temporary. Therefore, temporary carbon storage, although providing climate benefits
in the short run, could lead to higher atmospheric carbon concentration in the future and might
aggravate climate damages in the long run. For that reason some authors argue that temporary
storage has no value at all (Kirschbaum, 2006; Meinshausen and Hare, 2000). Before investigating
the effect of various accounting methods in Section 3 on the number of credits that can be generated
for a particular project, we first address the question what kind of implicit assumptions are made
when assessing temporary carbon storage.

Next to storing carbon in non-atmospheric reservoirs, avoiding carbon emissions by not burning
a ton of fossil fuels can be perceived as temporary carbon emission reduction as well. This ton
can be mined and burned in the future and would increase carbon emissions then (Noble et al.,
2000). Without an absolute global quantity constraint through time and without a perfect backstop
technology in place, an avoided ton of carbon emission today implies lower carbon emissions now but
higher carbon emissions in the future (Herzog et al., 2003; Sinn, 2008). Considering the situation
where the removal and the release of carbon within a storage project are separate events, which
provide and require carbon credits, temporary carbon storage can be compared to avoided carbon
emissions, if a permanent liability for the owner of the carbon storage project can be established
(Noble et al., 2000). The atmosphere is indifferent between avoided and stored carbon emissions as
long as the path of carbon emissions through time is not changed. This is assured if on the one hand
at the point in time when carbon is stored, an equivalent amount of carbon is released by other
sources and if on the other hand at the point in time when stored carbon is released, an equivalent
amount of carbon emission is saved by other sources. The carbon concentration gradient between
the atmosphere and the terrestrial and oceanic sink does not change compared to the situation
without temporary storage. Therefore, in this situation temporary storage does not lead to higher
atmospheric carbon concentration in the future and does not aggravate climate damages.

Without a permanent liability, the future path of carbon emission might increase so that the
atmosphere is not any longer indifferent. Consider a situation where just the path of carbon emissions
changes. At the point in time when carbon is stored, no additional carbon is released and at the
point in time when stored carbon is released, no additional carbon is saved. As a result, carbon
emissions are postponed in time. The carbon concentration gradient between the atmosphere and
the terrestrial and oceanic sink is changed compared to the situation without temporary storage. As
a consequence, the atmospheric carbon content is reduced by less than the stored amount. When the
stored carbon is released, the atmospheric carbon concentration is higher compared to the situation
without temporary storage (Kirschbaum, 2006). Whether or not climate damages are aggravated
by temporary storage depends on the damage measure applied and the shape of the future path of
carbon emissions.

Consider a situation the path of future carbon emissions for the time period from year 2000 until



year 2100, as specified by the IPCC SRES scenarios (Nakicenovic et al., 2000), is given. If temporary
storage is evaluated on changes in temperature for single years all depends on the emission scenario
chosen. In this situation, storing carbon and releasing it shortly before the maximum change in
temperature occurs would be the worst thing to do (Dornburg and Marland, 2008). On the contrary,
based on a given emission path, temporary storage could also be used beneficially. Under the SRES
A2 Scenario, the maximum impact would occur at the end of the artificially truncated time horizon
in 2100 and the release of stored carbon should take place after 2100. Applying the SRES Bl
Scenario would imply implementing storage such that the release takes place after 2050. However,
the application is limited as it requires knowing in advance when the maximum impact would occur.
Additionally, this kind of damage measure implies a discontinuous value of time, because no value is
assigned to postponing climate impacts within the 100 year time horizon. Only postponing climate
impacts beyond this time horizon has a value (Dornburg and Marland, 2008). If instead temporary
storage is evaluated on cumulative changes in temperature, there is always a positive value no matter
when and how long the carbon is stored (Dornburg and Marland, 2008). Considering cumulative
changes in temperature addresses both the duration and the magnitude of climate change and takes
into account consequences of a continuous increase in temperature such as sea-level rise (Kirschbaum,
2006). Consequently, even if temporary storage results in higher atmospheric carbon concentration
in the future compared to the situation without temporary storage, it does not necessarily aggravate
climate damages.

The above discussion reveals that for the assessment of temporarily avoided emissions, either
by delayed fossil fuel burning or non-permanent storage, assumptions about the value of time and
about the future path of carbon emissions (or rather of carbon prices) need to be well defined. This
is rarely or only implicitly done in the literature as pointed out by Herzog et al. (2003). In the
following we briefly discuss the issue.

The value of time is expressed by a discount rate, the social rate of time preference, which
measures how society values future abatement costs and climate damage costs. The determination
of an appropriate discount rate is a central issue within the climate change debate and beyond
the scope of this paper. However, it should be noted, that an increasing consumption path in the
future still implies a positive social rate of time preference, even if the pure rate of time preference
has been set to zero due to ethical considerations.! For a recent discussion on this topic see Heal
(2009) and Dasgupta (2008). Considering a finite time horizon, which is perceived to be permanent,
implies an infinite discount rate after the end of this time horizon. Therefore, assuming a finite
time horizon, as it is done when calculating for example the Global Warming Potentials (GWP) of
different greenhouse gases, creates a value of time, even if a zero discount rate is applied (Fearnside
et al., 2000). The future path of carbon prices reflects assumptions about the path of marginal costs
of carbon emission abatement (marginal abatement costs) and of marginal costs of climate change
damages (marginal damage costs). This includes assumptions about technological progress and the
development of backstop technologies as well as possible thresholds of climate change and carbon
fluxes in the global carbon cycle.

As mentioned above, the atmosphere is indifferent between avoided and stored emissions, as long
as a permanent liability is established. In this situation the future path of carbon emissions is not
changed and therefore exogenous and the value of temporary storage projects is only determined by
the development of the marginal abatement costs. Temporary carbon storage has a positive value,
if marginal abatement costs at the point in time of carbon removal are larger than the present value
of the marginal abatement costs at the point in time of carbon release. It requires that the rate of
change in marginal abatement costs is below the discount rate. If carbon prices remain constant
or if a backstop technology exists that caps the abatement costs in the near future, temporary
storage with a permanent liability can achieve an almost equivalent value to permanent storage
(Herzog et al., 2003). Without a permanent liability, temporary storage results in additional carbon

IThe social rate of time preference, r, depends on the pure rate of time preference, p, the growth rate of consumption,
g, and the elasticity of marginal utility, 7.



emissions. In this situation the future path of carbon emissions is changed and therefore endogenous
and the value of temporary projects is determined by the development of marginal damage costs as
well. Temporary storage has a positive value, if marginal abatement costs at the point in time of
carbon removal are larger than the present value of the marginal damage costs at the point in time
of carbon release. Note, that the calculation of the present value of the marginal damage costs is not
just based on the discount rate. Exchange fluxes with the oceanic and the terrestrial sink to which
the stored amount of carbon has not been exposed before its release are relevant as well. A higher
discount factor implies a lower present value of the marginal damage costs, higher exchange fluxes
imply a higher present value of the marginal damage costs. The value of temporary storage without
a permanent liability is based on the additional use of fossil fuels in the present, while delaying the
associated additional damages into the future (Rickels and Lontzek, 2008). Irrespective of liability
issues, the value of temporary storage, is therefore increasing in the value of time and consequently
in duration of storage time (Herzog et al., 2003; Rickels and Lontzek, 2008).

Since marginal damage costs are highly uncertain, the level of maximum tolerable global warming
can be determined by limiting the increase in global average temperature, which requires a carbon
emissions budget for a given period of time. The carbon emission budget is calculated, e.g. from
2000 until 2050, assuring that a defined change in global average temperature is not exceeded
(Meinshausen et al., 2009). Once an overall budget is agreed, the time preference distributes the
much more certain mitigation costs over time and not the more uncertain damages (Edenhofer and
Kalkuhl, 2009). The budget framework requires that temporary carbon storage does not lead to
additional carbon emissions. However, temporary carbon storage allows shifting of carbon emissions
between various commitment periods. As stated above, this is beneficial, if marginal abatement costs
at the point in time of carbon removal are larger than the present value of the marginal abatement
costs at the point in time of carbon release. If the carbon budget in a given commitment period is
almost exhausted, the prevailing carbon price is high. If the budget in a future commitment period
is less tight, because the atmospheric carbon concentration is already decreasing or technological
change has lead to lower fossil fuel demand, the discounted carbon price from that period may be
lower than in the actual one. In this situation temporary storage is beneficial, because it allows
lending of carbon emission from the future commitment period for usage in the actual commitment
period, lowering thereby overall abatement costs.

Under the Kyoto Protocol, potential temporary storage issues arise only for Land-Use, Land-Use
Change, and Forestation (LULUCF) projects. The issue of permanence does not arise for projects
within Annex I countries (Phillips et al., 2001; Ellis, 2001). Carbon credits (Emission Reduction
Units) are awarded to activities which increase the stored amount of carbon and carbon credits
(e.g. Assigned Amounts or Certified Emission Reductions) are required for activities which decrease
the stored amount of carbon. The link between the National Inventories and the compliance with
Assigned Amounts establishes a permanent liability for the owner of the carbon storage project,
if the Protocol is prolonged. However, Non-Annex I countries have no binding emission reduction
targets and will not compensate for any reduction in carbon stocks within storage projects, because
they have no Assigned Amounts with which to comply (Phillips et al., 2001; Ellis, 2001). The non-
permanence problem for projects within Non-Annex I countries is addressed by temporary carbon
credits, which transfer the permanent liability to the buyer of the carbon credits. They have to be
replaced no matter if the storage turns out to be permanent or not (UNFCCC, 2003). This concept
of temporary carbon credits, as it is described in more detail in Section 3, provides “a suitable
framework for awarding and trading carbon credits” (Dornburg and Marland, 2008, p.212).

Considering further storage projects in the KP such as geological or oceanic storage, will probably
raise again questions about the appropriateness of accounting methods. These storage projects differ
from LULUCF projects regarding the possibilities of intendendly or unintendedly release of stored
carbon. Also, they partly take place in international territory (oceanic storage). Consequently,
further accounting methods than those applied to LULUCF projects need to be discussed. Addi-
tionally, the question might arise what the relevant amount of carbon is that should be accounted



for. Accounting methods have so far solely been applied to the stored amount of carbon, neglecting
the changed concentration gradient between the atmosphere and the terrestrial and oceanic sink in
the situation of a changed carbon emissions path. In consequence, carbon is not only removed from
the atmosphere but as well from other sinks, so that the amount of atmospheric carbon removal is
lower than the amount of carbon storage (Oschlies et al., 2009).

3 Assignment of carbon credits

In general, the assignment of carbon credits towards carbon sink enhancement for means of car-
bon storage requires the fulfillment of certain criteria. The KP established such criteria for Clean
Development Mechanism (CDM) and Joint Implementation (JI) projects. The projects have to
be measured by an approved methodology, the storage has to be additional, the credits have to
be verified by a third party, the storage has to be permanent, and the number of carbon credits
has to take into account leakage (Grubb et al., 1999). Leinen (2008) discusses the fulfillment of
these criteria for carbon sink enhancement through OIF. Following her line of reasoning, the criteria
regarding methodology and additionality are easily fulfilled by OIF. The requirement of an appro-
priate methodology to assess the impact of large scale iron fertilization can be fulfilled by applying
models like the one discussed by Oschlies et al. (2009) for OIF experiments. The requirement of
additionality is fulfilled because sink enhancement is the only reason to do OIF. The criterion of
verification by a third party does apply in particular to projects between single firms or single coun-
tries in the context of CDM and JI. We consider large-scale OIF, realized within an international
project as an element of an international Post-Kyoto climate regime. Consequently, the criteria of
verification would already be fulfilled by the decision to realize it. The remaining two criteria are the
requirement of taking into account the issue of permanence and leakage. The degree of fulfillment
of both criteria determines the number of carbon credits assigned to the sink enhancement project.

As discussed in the previous section, the assessment of permanence requires a positive value of
time. Without this positive value, permanence would extend to near eternity (Fearnsinde, 2002)
and would therefore prevent an empirical assessment of carbon storage. Various carbon accounting
methodologies have been proposed to assess the value of different temporary storage projects (e.g.,
Dutschke, 2002; Fearnside et al., 2000; Fearnsinde, 2002; Marland et al., 2001; Costa and Wilson,
2000). A common assumption of these approaches is to assess permanence over the time period
of 100 years, following the IPCCs definition of permanence for sequestration projects (UNFCCC,
1997).2. The choice of the time horizon includes a value of time, even if applied with a zero discount
rate, as it is done when calculating the Global Warming Potentials (GWP) of different greenhouse
gases. Fearnside et al. (2000) points out, that a 100 year time horizon with zero discount rate is
equivalent to a 1000 year time horizon with 0.9 percent discount rate.

Carbon accounting methodologies differ regarding the kind of credits they issue and can therefore
be divided in three categories. Within the first category, permanent credits are issued. Once issued,
these credits are equivalent to other carbon credits like e.g. Assigned Amounts, regardless if the
stored carbon is released in the future. Within the second category, temporary credits are issued.
These temporary credits can be used for compliance within a commitment period, but have to be
replaced in a later period. Temporary credits can be renewed, if the carbon is still stored. The third
category is a mixture of permanent and temporary credits. Temporary carbon credits are replaced
by permanent carbon credits, if the carbon is stored for a sufficient period of time. In the following
Sections 3.1 to 3.3 we explain existing accounting methods related to the three categories and assess
how they could be applied to OIF. Following the IPCC’s definition of permanence, we consider a
time horizon of 100 years as permanent.

To account for leakage two issues need to be addressed. OIF might lead to changes in carbon
emissions outside the enhancement region as well as to changes in emissions of other GHGs than

2The choice of 100 years is not based on scientific rationale but was rather a policy decision (Leinen, 2008)



carbon. Both changes might result in a lower amount of net uptake by the sink enhancement than
initially assumed when considering only the gross effect of OIF. Evaluating the true potential of
OIF requires accounting for such offsets as requested by the recent London Convention (2007). In
Section 3.4 we explain how leakage related to OIF can be addressed.

3.1 Carbon accounting schemes with permanent carbon credits

Four carbon accounting methods exist that assign permanent carbon credits: the nmet method, the
average method, the discount method, and the equivalence method (equ). Applying the first method,
it makes no difference when the stored carbon is released within the permanence time period of 100
years. As a consequence, the first method does not value time within the 100 year time horizon. The
remaining three methods do. For the application of the accounting methods to OIF we assume that
a cap on the cumulative amount of carbon credits is implemented, because no permanent liability
can be established. The cap guarantees that the release of carbon in later periods is taken into
account when calculating the maximum amount of carbon credits that can be generated by OIF.

3.1.1 The net method

In the literature this method is also referred to as the flow summation method (Richard and Stokes,
2004), carbon stocks change method (Ellis, 2001) or the ideal accounting system (Cacho et al., 2003).
This method accounts for the annual changes in carbon storage stocks, no matter when they occur
over the permanence time period of 100 years. Consequently, this method considers the removal
and the storage as separate events, providing carbon credits when carbon is stored and requiring
carbon credits when carbon is released, presuming a permanent liability exists. The overall amount
of carbon credits is only positive, if carbon is stored beyond the 100 year permanence time horizon.
We refer to this amount as Cap,,e;. For a storage project that stores one ton C in year 1 and releases
it in year 99 the Cappe would be 0 t C, releasing it in year 101, Capye; would be 1. Applying the
method to OIF, carbon credits are provided when carbon stocks increase, but only up to the amount
of Cappet.

3.1.2 The average method

This method accounts for the annual changes in carbon stocks, but only up to the amount of the
average carbon stored over a defined period of time (Phillips et al., 2001; Marland et al., 2001;
Ellis, 2001; Richard and Stokes, 2004). We refer to this amount as Cap,ys. For a storage project
that stores one ton carbon in year 1 and releases it in year 99, Capg,s would be 0.99 t C for the
permanence time period of 100 years. For the application to OIF, we assume that carbon credits
based on annual changes in carbon stocks can only be issued up to the amount of Capgys.

3.1.3 The discount method

This method accounts for the annual changes in carbon stocks over a defined period of time, applying
the social rate of time preference (SRTP) to discount future carbon to the present. The result is
called present tons equivalents (PTE) (Thompson et al., 2009; Richard and Stokes, 2004). Even
though the concept of discounting a physical unit is not intuitive, van Kooten and Sohngen (2007,
p.244) point out that “the idea of weighting physical units accruing at different times is entrenched
in the natural resource economics literature, going back to economists’ definition of conservation
and depletion (Ciriacy-Wantrup, 1968)”. We refer to the present tons equivalents as Capg;s. For a
storage project that stores one ton carbon in year 1 and releases it in year 99, the Capg;s would be
0.9448 t C for a SRTP of 3 percent. Applying this approach to OIF, we assume that carbon credits
based on annual changes in carbon stocks can only be issued up to the amount of Capgy;s.



3.1.4 The equivalence method

This method accounts for the annual carbon stocks, but weighted with the equivalence factor. The
method is based on the idea, that carbon should be stored for a fixed period of time, the equivalence
time, to be perceived as permanently stored. If the amount of carbon is stored until the end of the
equivalence time, the full amount of carbon is credited. For this reason the method is also called
ton-year accounting (e.g., Costa and Wilson, 2000; Fearnside et al., 2000). For the application of the
method the equivalence time needs to be determined. According to various studies, the equivalence
time varies between 42 and 150 years (Marland et al., 2001; Ellis, 2001), indicating a kind of
arbitrariness, which cannot be explained by scientific evidence, but rather by policy considerations
(Dutschke, 2002; Cacho et al., 2003; Marland et al., 2001). For this reason, the equivalence method is
discussed quite controversially. Nevertheless, it has a certain appeal, because it provides a pragmatic
and simple accounting method for various carbon storage projects of differnt length (van Kooten
and Sohngen, 2007; Murray, 2003).

Costa and Wilson (2000) and Fearnside et al. (2000) propose to calculate the equivalence time
related to the calculation of the GWP. The so calculated equivalence time in years yields the required
storage time to offset the GWP of one ton of carbon released in year 1 measured as well in ton-years.
However, differences exist regarding the tracking of emissions. Costa and Wilson (2000) track the
amount of carbon in the biosphere (MCW Approach), Fearnside et al. (2000); Fearnsinde (2002)
track the amount of carbon in the atmosphere (Lashof Approach). The MCW Approach determines
the equivalence time by integrating over the time decaying abundance of a ton of carbon over the
permanence time horizon of 100 years, measured in ton-years. Storing one ton of carbon for this
equivalence time provides one carbon credit. Within the MCW Approach the equivalence factor is
determined as the reciprocal of the equivalence time. The stored amount of carbon is multiplied
with this equivalence factor to obtain the annual amount of carbon credits. The Lashof Approach
assigns carbon credits according to the area of the integral over the time decaying abundance of
a ton of carbon shifted beyond the permanence time horizon of 100 years, measured as well in
ton-years. The full amount of carbon credits is therefore only obtained if the carbon is successfully
stored until the permanence time horizon. Two possibilities exist to determine the annual carbon
credits for the Lashof Approach. Either the amount of annual carbon credits is obtained by linearly
approximating the decay pattern of atmospheric carbon, which would again allow calculating an
equivalence factor, or by calculating the amount of ton-years shifted beyond the permanence time
horizon. We use the second possibility, because the decay pattern of atmospheric carbon is not well
represented by a linear approximation.

We refer to the total amount of carbon credits for the two approaches as Capé\gu and CapeLqu.
Applying the Revised Bern model (Fearnside et al., 2000), we obtain an equivalence time of 46 years®
for the MCW Approach. For a storage project that stores one ton carbon in year 1 and releases it
in year 99, C’apé\;[u is 0.9782. Even though the equivalence time is 46 years, implying that a storage
of 46 years would be sufficient to earn a full carbon credit, C’ap%u is below 1, because we consider
a permanence time period of 100 years in our analysis. That implies that the positive carbon stock
from year one can only be accounted for up to the equivalence time (46 years). At that point in time
the stock is set to zero again and remains zero until the year 99. In year 99 it turns negative, adding
to total amount, but again weighted with the equivalence factor and only for the remaining year
within the permanence period. Applying again the Revised Bern Model, we obtain 0.9596 carbon
credit for C’apeLqu for the same storage project.

3.1.5 Intermediate results

The analysis showed so far the impact of assessing time within the permanence period of 100 years.
While the net method does not assign credits to the idealized storage project (storage in year 1

3How the equivalence time has been derived is explained in more detail in Section 4 below



and release in year 99), the remaining methods assign different amounts of credits. Within the
remaining methods, the amount is highest for the average method and lowest for the discount
method. However, applying a different SRTP the results would change. The average method is
similar to the equivalence method, applying an equivalence time of 100 years. For this method
the amount of annual carbon credits could be obtained by multiplying with an equivalence factor
of 1/100, if carbon credit issue within the average storage method would not be based on carbon
stocks change, but on the carbon stocks. However, we distinguish the two methods, because the
equivalence method covers approaches which derive the equivalence time based on the atmospheric
carbon decay pattern.

Note, if the release in the idealized storage project would take place in year 101, all methods
would provide a full carbon credits. For the last three methods this would imply a modest increase
in carbon credits, for the net method we would observe an increase from zero to full crediting.

3.2 Carbon accounting schemes with temporary carbon credits

Two carbon accounting methods which assign temporary carbon credits are discussed in the litera-
ture. Applying the first method, temporary credits are valid for a fixed period of time but can be
renewed, if the carbon is still stored. Applying the second method, temporary credits are valid for a
fixed period of time, but cannot be renewed, even if the carbon is still stored (Phillips et al., 2001).
Decision 5/CMP.1 of the UNFCCC (2003) refers to the first method as temporary certified emission
reductions (tCER) and to the second as long-term certified emission reductions (ICER). tCERs
expire at the end of the commitment period, following the period in which they were issued, while
1CERs expire at the end of the crediting period of the project for which they were issued (UNFCCC,
2003; Olschewski et al., 2005). This is important since the crediting period is generally longer than
the commitment period. Decision 5/CMP.1 regulates the modalities and procedures for afforesta-
tion and reforestation project activities under the CDM mechanism in the first commitment period
of the Kyoto Protocol and therefore serves as a guideline for the general modalities of temporary
carbon credits for temporary storage projects. It is important to note, that the maximum project
duration is either 30 or 60 years! (UNFCCC, 2003). The maximum crediting period is shorter than
the permanence time period of 100 years and all temporary carbon credits (tCER and 1ICER) have
to be replaced during that time, no matter if the storage is permanent or not.

Applying the concept of temporary carbon credits to OIF, we follow Decision 5/CMP.1 and
distinguish between short-term temporary carbon credits and long-term temporary carbon credits.
We refer to this two methods as shorttemp and longtemp method. We assume that short-term
temporary carbon credits are issued based on the carbon stocks at the end of a commitment period
and have to be replaced in the next commitment period. For the shorttemp method no cap is
required. We assume further that long-term temporary carbon credits are issued also based on the
carbon stocks at the end of a commitment period, but are valid until the end of the crediting period
(60 years). Therefore, the carbon stocks at the end of the crediting period constitute a cap for
issuing carbon credits. This implies that the amount of long-term temporary carbon credits issued
in the earlier commitment periods can be smaller than the actual change in carbon stocks observed
during the first commitment period. We refer to the cap for the longtemp method as Capiemyp-

3.3 Carbon accounting schemes with permanent and temporary credits

Carbon accounting schemes which assign a mixture of permanent and temporary credits are rarely
discussed in the literature. A carbon accounting scheme could assign permanent credits to the
amount of carbon stored permanently (as discussed in Section 3.1) and assign in addition tem-
porary carbon credits to the amount of carbon stored temporary (as discussed in the Section 2).

190 years with two renewable periods of 20 years, if certain requirements are fulfilled.



However, regarding the renewal of temporary carbon credits further accounting methods are possi-
ble. Dutschke (2002) propose that the underlying carbon stocks for the renewal of expired credits
can only be taken as a basis at diminishing rates. The underlying amount of carbon depreciates
according to the atmospheric carbon decay pattern, but only for a fixed period of time. Thereafter
the remaining amount of carbon is considered to be stored permanently.

Applying this method to OIF, we assume that temporary carbon credits are issued based on the
carbon stocks at the end of a commitment period and have to be replaced in the next commitment
period. To calculate the underlying carbon stocks takes into account the time decaying abundance
of carbon in the atmosphere. Therefore, the amount of carbon credits issued within a commitment
period is smaller than the actual amount of carbon stored. Assume for example a storage project,
where in each year one ton of carbon is added to the stored carbon stocks. Further assume that the
commitment period is five years. Applying the Revised Bern Model, the amount of carbon credits
is not 5, but only 4.35502, because the one ton added in the first year has already decayed for four
years, the one ton added in the second year has decayed for three years, and so on.

The UNFCCC framework does not provide any guidance on applying this method. In our
analysis we assume that the crediting period is equal to the permanence period of 100 years and
carbon credits issued in the final commitment period have not to be replaced. We refer to this
method as the mized method.

3.4 Considering leakage within the carbon accounting methodologies

Leakage addresses all potential offsets that have to be taken into account to obtain the net amount
of carbon credits. Potential offsets arise due to carbon emissions outside the enhancement region
and due to changes in emissions of other GHGs than carbon. A third potential offset is generally not
considered in sink enhancement and carbon storage projects, the source of the stored carbon. As
already pointed out in Section 2, storage projects that change the path of future carbon emissions
change the concentration gradient between the atmosphere and the terrestrial and oceanic sink as
well. Therefore, carbon is not only removed from the atmosphere but as well from other sinks
(Oschlies et al., 2009).

To account for carbon emissions outside the enhancement region of the OIF experiments we
apply the accounting methods to global data for oceanic carbon uptake instead of local data. We
introduce discount factors to account for emissions of other GHGs than carbon. The discount
factor deducts the gross amount of carbon credits to a net amount which then can be used for
compliance. The deducted amount of carbon credits can be retained in a buffer account and can be
released later if no leakage has been observed (Ellis, 2001). Additionally, we apply the accounting
methods to global data on atmospheric carbon removal. Since atmospheric carbon removal is lower
than oceanic carbon uptake, this would allow to calculate a further discount factor. However, as
accounting method have so far solely been applied to the stored amount of carbon, we concentrate
in the main analysis on oceanic carbon uptake to allow comparability to other sink enhancement
projects in the literature.

4 Results

4.1 Accounting methods applied to OIF

We apply the various accounting methods to model experiments of OIF. Within the model experi-
ments, OIF is realized by increasing the phytoplankton growth rate in the Southern Ocean (south of
30°) for 1, 7, 10, 50, and 100 years, while the carbon emissions are represented by the IPCC SRES
A2 Scenario. We refer to these experiments as experiments 1 to 5. The maximum phytoplankton
growth rate is increased from 0.13 per day at 0° C to either 10.0 or 0.26 per day. The first growth
rate corresponds to a scenario with high effectiveness of iron fertilization (high fertilization effective-



ness), while the second growth rate corresponds to a scenario a low effectiveness of iron fertilization
(low fertilization effectiveness). The model outcome is summarized by the annual global oceanic car-
bon uptake and the annual global atmospheric carbon removal over 100 years for each experiment
for both growth rates. The oceanic carbon uptake is always larger than the atmospheric removal,
indicating that oceanic carbon uptake is a composite of atmospheric and terrestrial carbon. Table
A.1 in the Appendix shows the annual changes in carbon stocks for oceanic uptake measured in
GtC compared to the baseline for each experiment for both growth rates. It indicates that carbon
uptake is sufficiently larger in the years of fertilization than in the baseline, but at diminishing rates.
When fertilization stops, carbon uptake is smaller than in the baseline, but again at diminishing
rates through time. For further details about the OIF model experiments see Oschlies et al. (2009).

For the application of the different accounting methods we assume that each experiment starts in
2012 so that the permanence period lasts until 2112. We assume further that the first commitment
period is from 2012 until 2020, because in 2012 the first commitment period of the Kyoto Protocol
ends. A second commitment period with new reduction targets is currently negotiated and should
cover the period from 2012 to 2020 (e.g., European Union, 2009a). Following the literature we assume
from 2020 onwards commitment periods of 5 years until 2115 and a final commitment period of 7
years, which ends in 2112. For the discount method we assume a SRTP of 3 percent. For the
equivalence method as well as for the mixed method we use an impulse response function for the
time decaying abundance of CO2, F(COx(t)), with parameter values from the Revised Bern Model
(Fearnside et al., 2000):

F[COy(t)] = 0.175602 4 0.258868¢~0-292794¢ 1 () 24232 ~0-0466817¢ (1)
+  0.185762F 0014165t | () 137467, 000237477t

Based on these parameter values, we obtain an equivalence time of 45.7556 years for the MCW
approach (equivalence method) and consequently an equivalence factor of 0.0219.

Table 1 shows for each accounting method, for each experiment, and for both growth rates the
gross amount of carbon credits generated in the first commitment period (2012-2020) as well as the
caps, which take into account the release in later periods. The numbers are based on oceanic carbon
uptake according to Table A.1 in the Appendix. Table A.2 in the Appendix shows the corresponding
numbers based on the atmospheric carbon removal. Comparing the caps related to the net method
presented in Table 1 and A.2 indicates that most of the carbon stored in the ocean originates from
the atmosphere, roughly 9/10 of oceanic carbon uptake. Comparing the caps related to the net
method for the two growth rates in Table 1 indicates that for short-term OIF (experiments 1 to 3)
oceanic carbon uptake with low fertilization effectiveness is only 1/5 of oceanic carbon uptake with
high effectiveness. For long-term OIF (experiments 4 and 5) this ratio increases to 1/3.

Comparing the caps for the permanent credits in Table 1, the net method provides the lowest
cap for the short-term experiments, because all years are equally weighted. The other methods
assume a value of time and, therefore, weight later years less. They provide larger caps for the
short-term experiments, because later years with lower uptake than in the benchmark count less.
However, later years with higher uptake than in the benchmark count less as well. Therefore, for
the 100 year fertilization experiment, the net method provides the largest cap. For the short-term
experiments, the discount method provides the largest cap, followed by the average method and
the equivalence method with the Lashof Approach. Decreasing the SRTP to 1 percent, the cap of
the discount method is in the same order of magnitude as the two other methods, again for the
short-term experiments.
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Table 1: Caps and cumulative gross carbon credits in commitment period 2012-2020 based on additional oceanic carbon uptake in GtC

High fertilization effectiveness

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
1 year OIF 7 year OIF 10 year OIF 50 year OIF 100 year OIF

Accounting Cumulative Cumulative Cumulative Cumulative Cumulative

method Cap credits Cap credits Cap credits Cap credits Cap credits

2012-2020 2012-2020 2012-2020 2012-2020 2012-2020
net 3.33 3.33¢ 13.56 13.56% 17.96 17.96% 74.60 35.00 169.30 35.00
average 4.87 4.87¢ 18.54 18.54% 24.13 24.13¢ 77.44 35.00 104.69 35.00
discount 6.05 6.05¢ 21.26 21.26% 26.84 26.84% 63.68 35.00 76.26 35.00
equ-Lash. 4.56 0.54 17.62 1.36 23.05 1.38 78.90 1.38 114.84 1.38
equ-MCW 3.64 1.60 14.83 4.04 19.71 4.10 85.34 4.10 144.26 4.10
shorttemp no 8.06 no 32.22 no 35.00 no 35.00 no 35.00
longtemp 3.94 3.94° 16.03 16.03¢ 21.33 21.33% 95.90 35.00 122.40 35.00
mized no 5.22 no 24.43 no 27.21 no 27.21 no 27.21
Low fertilization effectiveness

net 0.61 0.61¢ 2.50 2.50% 3.53 3.53% 19.02 11.32 56.47 11.32
average 0.76 0.76% 4.06 4.06% 5.65 5.65% 23.43 11.32 34.92 11.32
discount 0.95 0.95¢ 5.14 5.14% 6.92 6.92¢ 20.08 11.32 25.34 11.32
equ-Lash. 0.72 0.09 3.74 0.41 5.24 0.42 23.33 0.42 38.31 0.42
equ-MCW 0.61 0.28 2.78 1.22 3.97 1.26 23.38 1.26 48.11 1.26
shorttemp no 1.21 no 9.58 no 11.32 no 11.32 no 11.32
longtemp 0.61 0.61¢ 3.09 3.09¢ 4.44 4.44° 28.10 11.32 40.94 11.32
mized no 0.72 no 7.17 no 8.91 no 8.91 no 8.91

& The amount of carbon credits is determined by the already binding cap.




Table 2: Gross carbon credits with equivalence method based on additional oceanic carbon uptake
and high fertilization effectiveness in GtC

FEquivalence method
Lashof Approach MCW Approach
Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3
1 year 7 years 10 years 1 year 7 years 10 years
OIF OIF OIF OIF OIF OIF

Cap 4.56 Cap 17.62 Cap 23.05 Cap 3.64 Cap 14.83 Cap 19.71

Commitment
period Carbon credits Carbon credits

2012 - 2020 0.5364 1.3583 1.3789 1.5994 4.0384 4.0992
2020 - 2025 0.2764 1.1031 1.4572 0.8065 3.2188 4.2515
2025 - 2030 0.2495 0.9942 1.3419 0.7153 2.8499 3.8465
2030 - 2035 0.2314 0.9231 1.2397 0.5160 2.5962 3.4866
2035 - 2040 0.2183 0.8726 1.1690 0 2.1309 3.2212
2040 - 2045 0.2085 0.8359 1.1182 0 0 0.8076
2045 - 2050 0.2017 0.8093 1.0818 0 0 0
2050 - 2055 0.1968 0.7901 1.0558 0 0 0
2055 - 2060 0.1922 0.7774 1.0373 0 0 0
2060 - 2065 0.1905 0.7716 1.0278 0 0 0
2065 - 2070 0.1899 0.7707 1.0259 0 0 0
2070 - 2075 0.1907 0.7756 1.0319 0 0 0
2075 - 2080 0.1929 0.7865 1.0456 0 0 0
2080 - 2085 0.1965 0.8026 1.0672 0 0 0
2085 - 2090 0.2019 0.8256 1.0976 0 0 0
2090 - 2095 0.2097 0.8580 1.1406 0 0 0
2095 - 2100 0.2214 0.9039 1.2012 0 0 0
2100 - 2105 0.2399 0.9781 1.2984 0 0 0
2105 - 2112 0.4128 1.6824 2.2291 0 0 0

For the equivalence methods, the Lashof Approach provides larger caps than the MCW Approach
comparing results for the short-term experiments. This is not intuitive as 46 years of storage is
sufficient to earn a full carbon credit under the MCW Approach, whereas a time-period of 100 years
is required under the Lashof Approach. It can be explained by the fact that applying the MCW
Approach not only higher uptakes but as well lower uptakes than in the benchmark for the years 0
to 54 count as full carbon credits.® Under the Lashof Approach only the change in carbon stocks
in the first year fully counts, because the time decaying abundance is integrated over the complete
permanence time period of 100 years. For all later years, the time decaying abundance is integrated
over a shorter period (less than 100 years) and neither full positive nor negative carbon credits are
generated.

Applying the shorttemp, longtemp, and mizred methods, a cap is required only for long-term
temporary credits. The other two require no cap. The cap is determined by the carbon stocks after
60 years (2072) and is therefore higher than the cap of the net method for experiments 1 to 4 and
lower for experiment 5. The amount of carbon credits for short-term OIF experiments is limited for
most methods by the binding cap. The only non-binding caps for short-term OIF experiments arise
for the equivalence methods, because they generate only a fraction of the actual carbon stocks due
to the inclusion of an equivalence measure. Table 2 shows the gross amounts of carbon credits for
the two equivalence methods for short-term OIF experiments but high iron fertilization effectiveness.

This is the permanence period of 100 years minus the equivalence time of 46 years
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Table 3: Gross short-term temporary carbon credits based on additional oceanic carbon uptake and
high fertilization effectiveness in GtC

Shorttemp method
Exp. 1 Exp. 2 Exp. 3
Commitment 1 year OIF 7 years OIF 10 years OIF
period Carbon Replace- Carbon Replace- Carbon Replace-

credits ment credits ment credits ment
2012 - 2020 8.06 0 32.22 0 35.00 0
2020 - 2025 6.99 1.07 27.86 4.36 37.81 0
2025 - 2030 6.28 0.71 25.03 2.83 33.69 4.12
2030 - 2035 5.76 0.52 22.99 2.04 30.83 2.86
2035 - 2040 5.34 0.42 21.40 1.59 28.65 2.18
2040 - 2045 5.02 0.32 20.13 1.27 26.92 1.73
2045 - 2050 4.77 0.25 19.09 1.04 25.52 1.40
2050 - 2055 4.52 0.25 18.19 0.90 24.30 1.22
2055 - 2060 4.31 0.21 17.44 0.75 23.25 1.05
2060 - 2065 4.15 0.16 16.80 0.64 22.38 0.87
2065 - 2070 3.99 0.16 16.23 0.57 21.60 0.78
2070 - 2075 3.94¢ 0.05 16.03 0.20 21.33 0.27
2075 - 2080 0 3.94 0 16.03 0 21.33

@Carbon credits issued only according to the stock change until 2072

Applying the Lashof Approach, carbon credit issuance extends until the final commitment period.
The cap is achieved in the final commitment period and therefore never binding. Applying the
MCW Approach, carbon credit issuance ends already after some commitment periods due to a
binding cap. Comparing the amount of credits, the MCW Approach provides much earlier larger
amounts of credits. Note, applying the Lashof Approach, the amount of carbon credits is first
decreasing but then slightly increasing over the commitment periods. One reason is the pattern
of carbon change for the short-term OIF experiments. Another is the non-linear time decaying
abundance of carbon in the atmosphere. The first years after a pulse of carbon to the atmosphere
show higher decay rates, followed by later years of slightly declining decay rates. Consequently, the
increase in ton-years is larger if e.g. the storage is extended from 80 to 90 years compared to an
extension from 50 to 60 years.

The shorttemp method provides the largest amount of carbon credits in the first commitment
period for OIF experiments 1 to 3. These carbon credits have to be replaced in the next commitment
period, either by new short-term temporary carbon credits or by other carbon credits, e.g. Assigned
Amounts. Table 3 shows the gross amount of short-term temporary carbon credits generated in each
commitment period over the crediting period of 60 years. It shows as well the necessary replacement
of credits in each commitment period by other carbon credits. In the commitment period 2075-2080
all short-term temporary credits from the previous commitment period have to be replaced by other
carbon credits. These amounts are equal to the caps for the long-term temporary carbon credits.

The amount of carbon credits in the first commitment period (2012-2020) for the long-term
OIF experiments is not limited by the caps. Therefore, all methods provide the same amount of
carbon credits within the first commitment period, expect for the equivalence method and the mizred
method (see Table 1). For the equivalence method the reason is given above. As they are based
on an equivalence measure they generate only a fraction of the actual carbon stocks as carbon
credits as carbon credits. For the mized method, the effect is not caused by an equivalence measure
but rather by a lower basis on which credits are generated. The basis is not determined by the
actual carbon stocks, but by calculating the time decaying abundance of atmospheric carbon for
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Table 4: Gross amount of carbon credits with mized method based on additional oceanic carbon
uptake and high fertilization effectiveness in GtC

Mized method
Exp. 1 Exp. 2 Exp. 3
1 year OIF 7 years OIF 10 years OIF

Commitment  Carbon Replace- Carbon Replace- Carbon Replace-

period credits ment credits ment credits ment
2012 - 2020 5.22 0 24.43 0 27.21 0
2020 - 2025 3.87 1.34 17.01 7.43 24.63 0
2025 - 2030 3.12 0.75 13.43 3.57 18.80 5.83
2030 - 2035 2.61 0.51 11.19 2.24 15.48 3.32
2035 - 2040 2.22 0.39 9.56 1.63 13.17 2.31
2040 - 2045 1.94 0.28 8.33 1.23 11.44 1.73
2045 - 2050 1.73 0.21 7.37 0.96 10.11 1.33
2050 - 2055 1.53 0.20 6.59 0.78 9.02 1.10
2055 - 2060 1.38 0.15 5.98 0.61 8.13 0.88
2060 - 2065 1.27 0.11 5.49 0.49 7.45 0.68
2065 - 2070 1.16 0.11 5.07 0.42 6.87 0.58
2070 - 2075 1.09 0.07 4.75 0.32 6.42 0.45
2075 - 2080 1.02 0.07 4.47 0.28 6.02 0.39
2080 - 2085 0.97 0.05 4.21 0.26 5.68 0.34
2085 - 2090 0.92 0.05 4.01 0.20 5.39 0.29
2090 - 2095 0.88 0.04 3.84 0.17 5.16 0.23
2095 - 2100 0.87 0.01 3.71 0.13 4.97 0.19
2100 - 2105 0.85 0.02 3.62 0.09 4.83 0.14
2105 - 2112 0.83 0.01 3.52 0.10 4.68 0.15

these carbon stocks. Therefore, the amount of carbon credits is lower, because the carbon uptake
in the years between 2012 and 2020 has already decayed to some extend. Similar to the short-
term temporary accounting method carbon credits have to be replaced in the following commitment
period. Table 4 shows for the mired method the amount of carbon credits generated and the
necessary replacement by other carbon credits. The mired method generates more carbon credits in
the first commitment period than e.g. the net method, but the fraction of these credits which turn
out to be permanent at the end of the permanence period is rather low (14 to 17 percent for the
short-term OIF experiments). Compared to the shorttemp method less carbon credits are generated
in the first commitment period, but the necessary replacement in the second commitment period is
larger due to the calculated decay of the underlying carbon stocks.

4.2 Leakage discount factors for N,O

We use discount factors to address offsets through emissions of other GHGs than carbon by deducting
the gross amount of carbon credits to a net amount which then can be used for compliance. Stipu-
lating vertical oceanic carbon transport by OIF influences the production of a range of trace gases,
in particular methane (CH,), nitrous oxide (N2O), and dimethylsulphide (DMS) (e.g., Fuhrman and
Capone, 1991; Jin and Gruber, 2003; Law, 2008). Enhanced CH4 and N2O emissions, both more
powerful GHGs than carbon, would offset the climate change mitigation potential of OIF (Fuhrman
and Capone, 1991). Enhanced DMS emissions would potentially contribute to climate change miti-
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Figure 1: Path of released N compared to the baseline (without OIF) for high fertilization ef-
fectiveness in Mt N, Nev03 and Su03 abbreviate calibration based on Nevison et al. (2003) and
Suntharalingam and Sarmiento (2000), respectively: a short-temp experiments (1, 7, and 10 years
OIF), b long-term experiments (50 and 100 years OIF)

gation by increasing the earth’s albedo (Law, 2008).% Recent coupled physical-biogeochemical ocean
models have shown that OIF might lead in particular to enhanced NoO emissions (Jin and Gruber,
2003). Changes in CHy emission are negligible (less 1 percent) and knowledge on changes in DMS
emission is rather limited, however the effect of changes in DMS emissions is expected to be positive
(Oschlies et al., 2009). For those reasons we focus on NoO emissions only when determining the
appropriate discount factors.

N2 O is relatively long-lived in the atmosphere and has a GWP 310 times that of COs (Forster
et al., 2007). To take this into account we use data from Oschlies et al. (2009) on the annual N
emissions relative to the baseline without fertilization, applying two calibrations for modeling N
emissions, Suntharalingam and Sarmiento (2000) and Nevison et al. (2003).

Figure 1 shows that if the calibration is based on Nevison et al. (2003), the N emissions are larger
during the fertilization period but decrease faster compared to a calibration based on Suntharalingam
and Sarmiento (2000). The plots indicate as well that with the calibration to Nevison et al. (2003)
the N emissions of experiments 1 to 4 are negative towards the end of the permanence time period.
For experiment 5 the N emissions are first decreasing, then increasing, reaching a peak after 84 and
92 years for the two calibrations, respectively, before starting decreasing again.

To account for the mitigation offset we convert the annual N emissions into NoO emissions and
use the relativ GWP for NoO to obtain the equivalent amount of annual COs emissions, which we

®Dimethylsulfide (DMS), that might be produced by stimulated OIF blooms, is the principal natural source of
sulfur to the atmosphere. It influences climate by its role in cloud formation and therefore changes the radiative
properties (Cullen and Boyd, 2008).
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Table 5: Range of discount factors with respect to overall NoO offset in percent
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
Accounting 1 year 7 years 10 years 50 years 100 years
method OIF OIF OIF OIF OIF
net 0.23 - 7.44 3.66 - 8.19 4.84 - 8.33 6.32 - 11.88 4.74 - 12.44
average 6.53 - 8.43 5.97 - 9.78 5.91 - 9.91 5.18 - 9.76 4.54 - 9.61
discount 5.48 - 8.24 4.63 - 8.51 4.60 - 8.55 4.31 - 8.43 4.10 - 8.42
equ-Lash. 6.17 - 7.76 6.21 - 9.64 6.17 - 9.85 5.45 - 10.05 4.62 - 10.11
equ-MCW 5.20 - 8.67 7.68 - 9.78 7.66 - 10.33 6.58 - 11.67 4.87 - 10.97
shorttemp 7.18 - 11.34 6.65 - 11.70 6.39 - 11.47 4.21 - 8.50 3.96 - 8.07
longtemp 8.05 - 10.29 8.58 - 13.10 8.40 - 13.26 6.14 - 11.74 4.84 - 9.53
mized 4.28 - 11.82 5.71 - 13.02 6.30 - 12.98 6.18 - 11.43 4.50 - 10.03

measure in C.” These emissions represent the annual carbon offsets induced by NoO emissions. We
subtract the annual carbon offsets from the annual oceanic carbon uptake, obtaining annual NoO
corrected oceanic uptake.

In a next step, we use the corrected amount of oceanic uptake and apply again the various
accounting methods. We do this for low and high OIF effectiveness scenarios as well as for both
calibrations, Suntharalingam and Sarmiento (2000) and Nevison et al. (2003), obtaining four different
scenarios for carbon credits based on corrected oceanic uptake. By comparing the four scenarios
to the gross amount of carbon credits from Section 4, we are able to obtain the potential discount
factors, which reduce the gross amount of carbon credits to net carbon credits with respect to NoO
emissions. We obtain discount factors for the amount of carbon credits in each commitment period
as well as for the various caps. The first indicate the N5O offset through time, the latter indicate the
overall NoO offset. We refer to the first as the actual discount factors and to the second as the overall
discount factors. Two accounting methods exists that have no cap, the shorttemp and the mized
method. For both methods we calculate the average discount factors over the commitment periods
to obtain information on the overall offset. The average for the shorttemp method is calculated only
for the commitment periods until 2075, when the last credits are issued. Table 5 shows the range
of possible discount factors for each experiment and each accounting method. The lowest discount
factor is obtained for experiment 1 and the net accounting method, 0.23 percent, the largest discount
factor is obtained for experiment 3 and the longtemp accounting method, 13.26 percent, while the
average discount factor is 7.85 percent. The average range between the lower and upper bound for
the discount factors is 3.97 percent. The average range would be lower if the presentation would
be restricted to one effectiveness scenario; 3.5 percent for low and 1.91 percent for high fertilization
effectiveness,.

Overall, the net method shows lower values for the upper bound of discount factors for short-
term experiments, but larger values for long-term experiments compared to other methods which
generate permanent credits as well. The reason is again based on the fact, that the net method
does not distinguish between earlier and later years. All years are equally valued. Therefore, for
short-term experiments later years with negative NoO emissions count relatively more. The other
methods put a lower weight on later years. Therefore, later years with higher NoO emissions for
long-term experiments count less. The highest discount factors for the short-term experiments are
calculated for the longtemp method for which the carbon stocks after 60 years constitutes the cap
(see section 3.2 and 4) and, therefore, later years with low or even negative NoO emissions are not
taken into account. For the long-term experiments the longtemp method provides discount factors
in the same order of magnitude as the other methods.

"Converting N to N2O requires multiplying with 214114%327. Converting N2O to equivalent CO2 requires multiplying

with 310, which is the relative GWP of N2O to CO2. Converting CO2 to C requires multipling with %.
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Table 6: Range of discount factors corresponding to NoO emissions for the shorttemp method in

percent
Shorttemp method

Commitment Exp. 1 Exp. 2 Exp. 3

period 1 year OIF 7 years OIF 10 years OIF
2012 - 2020 3.87 - 7.76 2.44 - 5.43 2.22 - 5.00
2020 - 2025 5.05 - 9.88 3.96 - 8.12 3.48 - 7.27
2025 - 2030 5.94 - 11.56 5.06 - 10.02 4.67 - 9.38
2030 - 2035 6.66 - 12.44 5.92 - 11.40 5.59 - 10.94
2035 - 2040 7.24 - 12.74 6.56 - 12.30 6.29 - 12.01
2040 - 2045 7.69 - 12.71 7.02 - 12.85 6.80 - 12.71
2045 - 2050 8.00 - 12.61 7.42 - 13.23 7.22 - 13.17
2050 - 2055 8.31 - 12.32 7.73 - 13.42 7.55 - 13.42
2055 - 2060 8.58 - 11.84 8.09 - 13.59 7.83 - 13.48
2060 - 2065 8.59 - 11.32 8.43 - 13.61 8.20 - 13.62
2065 - 2070 8.22 - 10.57 8.59 - 13.34 8.38 - 13.42
2070 - 2075 8.05 - 10.29 8.58 - 13.10 8.40 - 13.26

Average 7.18 - 11.34 6.65 - 11.70 6.39 - 11.47

Table A.3 in the Appendix shows for experiment 5 and high fertilization effectiveness the evolve-
ment of discount factors for accounting methods which assign permanent credits. The results illus-
trate that for all methods the actual discount factors are lower than the overall discount factors for
the cap at least until the third commitment period (2025-2030). For some methods this holds true
even for a even longer period, for example the equivalence method with the Lashof Approach has
lower discount factors until the 14th commitment period (2080-2085). Using the overall discount
factor for discounting carbon credits ensures that already in early commitment periods sufficient
carbon credits are deducted to balance the overall offset, even though actual offset is lower in early
commitment periods. Applying the actual discount factors of the commitment periods would re-
sult in lower carbon credit deduction in the early commitment periods and higher carbon credit
deduction in the later commitment periods compared to applying the overall discount factor to the
cap. However, for the short-term experiments no difference exists among the accounting methods
for which the cap is already binding in the first commitment period. However, deducted permanent
carbon credits are not necessarily lost, but they can be retained within buffer accounts, from which
they could be released later, if leakage turns out to be lower than expected (Ellis, 2001). Conse-
quently, applying the overall discount factor ensures that sufficient carbon credits are stored in the
buffer account, if leakage turns out to be higher than expected.

The situation is different for temporary credits, which have to be replaced anyway. If leakage
turns out to be higher than expected, less carbon credits will be issued and a larger fraction of
existing temporary carbon credits has to be replaced. Consequently, temporary carbon credits might
be deducted by the actual discount factor in each commitment period than by the overall discount
factor. For the short-term experiments, this situation only applies for the shorttemp and mized
method. For the longtemp method the cap is already binding in the first commitment period. Table
6 shows for the shorttemp method and short-term OIF experiments the range of discount factors
through time until the final commitment period when credits are issued, 2070-2075. The range
is based again on scenarios for high fertilization effectiveness and both calibrations. Applying the
actual discount factors to the amount of carbon credits in each commitment period for the shorttemp
method would result in lower deductions of carbon credits in at least the first two commitment
periods. In turn, replacement by other carbon credits would be higher in the following commitment
periods.
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Considering all experiments and all accounting methods we find a maximum discount factor of
13.26 percent and an average value of 7.85 percent to address the offset by enhanced NoO emissions.
Additionally, implementing OIF leads to COs emissions during the fertilization period from opera-
tion, in particular from fossil fuel burning to power ships. Climos, a company proposing commercial
OIF, estimates the discount factor for this operating emission to be approximately 1 percent.® Con-
sequently, the appropriate average discount factor sums up to 9 percent and the maximum discount
factor to 14 percent. To include an additional buffer to account for the potential of enhanced CH4
emissions we set the maximum discount factor equal to 15 percent. However, the offset through
CH4 emissions might be overcompensated by the positive effect through enhanced DMS emissions.

5 Discussion and conclusion

Our main objective was to address the question of how many carbon credits could be generated by
OIF and could be used for compliance, if OIF would be considered a mitigation option in the future.
Our results are based on OIF model experiments, which assume fertilization in the Southern Ocean
(south of 30°) for 1, 7, 10, 50, and 100 years.

Since carbon might not be stored permanently, we discussed the value of temporary storage. A
crucial aspect is if temporary storage changes the path of carbon emissions through time. Overall,
we pointed out that temporary storage can be beneficial, depending on the value of time and the
path of carbon prices through time.

For the determination of the amount of carbon credits generated, we applied all relevant carbon
accounting methods, grouped into three categories according to the kind of credit they issue. In
the first category we summarized accounting methods which issue permanent carbon credits: the
net method, the average method, the discount method, and the equivalence method (permanent
methods). Two equivalence methods exist (the Lashof and the MCW Approach) based on the
equivalence time. In the second category we summarized accounting methods which issue temporary
carbon credits: the shorttemp and the longtemp method (temporary methods). The carbon credits
issued are comparable to tCER and ICER for LULUCF projects under the KP. In the third category
we described a method which issues temporary carbon credits, which are replaced by permanent
carbon credits, if the carbon is stored for a sufficient period of time. The method is rarely discussed
in the literature, we referred to it as the mized method. Applying the various accounting methods
to OIF, we supplemented all but the shorttemp and mired method with caps. These caps ensure
that carbon credits are issued only up to an upper bound and no credits are required in commitment
periods with negative carbon emissions compared to the baseline. The shorttemp and mized method
do not require a cap, because these methods entail carbon credit replacement in each commitment
period.

For the short-term OIF experiments (1, 7, and 10 years of fertilization) the discount method
provided the largest amount of permanent carbon credits, using a SRTP of 3 percent. The average
and the equivalence method with the Lashof Approach provided the second and third largest amounts
of permanent carbon credits, respectively. However, with the equivalence method carbon credits are
spread out over a longer time period, providing only a fraction of the total credits in the first
commitment period. All other methods provided the full amount of permanent carbon credits in
the first commitment period, so that these are more beneficial from an economic perspective. The
shorttemp method provided the largest amount of temporary carbon credits, followed by the mized
method and the longtemp method. For the longtemp method the amount of carbon credits are
determined as well by the binding cap which is calculated on a shorter time period than the caps of
the permanent periods. Overall, the shorttemp method provided the largest amount of carbon credits
in the first commitment period. The short-term temporary carbon credits have to be replaced in
the next commitment period. However, short-term temporary carbon credits issued in the following

Shttp://www.climos.com/faq.php
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commitment period implied that just a fraction had to be replaced by other carbon credits. This
fraction was declining over the crediting period so that the stream of short-term temporary carbon
credits was constantly larger than the total amount of carbon credits provided by the net method.
Consequently, an amount of carbon credits, larger than the amount of permanent carbon credits
had not to be replaced until the end of the crediting period. Furthermore, the shorttemp method
provided additional temporary carbon credits during this period. Given constant or slowly increasing
carbon prices a sufficient high SRTP this might result in economic benefits which overcompensate
economic losses due to complete replacement after the end of the crediting period.

Increasing the duration of OIF, the gap in carbon credits between the net method and the other
methods decreased. Since the net method does not value time, late years have an equal weight
compared to early years. The remaining permanent methods value late years less. For a duration of
50 years the net method provided an amount of carbon credits in the same order of magnitude than
the other permanent methods. For a duration of 100 years the net method provided the largest
amount of carbon credits. The results for the application of the shorttemp and longtemp method
to long-term OIF are limited, because the crediting period for these methods was set to 60 years.
However, for a duration of 50 years the longtemp method provided the largest cap. The cap for
the longtemp method is equal to credit issue in the shorttemp method in the final commitment
period before the crediting period ends. Consequently, the shorttemp method provided again larger
amounts of carbon credits, even though temporary, than the permanent methods.

For the long-term experiments (50 and 100 years) the mized method led to a lower amount of
credits than most other methods, as it accounts for atmospheric carbon decay. Temporary carbon
credits within this method have to be replaced in each commitment period, however, the carbon
credits issued in the final commitment period are permanent. For the short-term experiments on
average only a fraction of 15 percent of carbon credits issued in the first commitment period were
permanent in the end. We assumed that the crediting period for this method is equal to the
permanence period. Decreasing the credit period would therefore increase the fraction of permanent
carbon credits which turn to be permanent. This method is rarely discussed in the literature and
we did not explore it in great detail but rather included it for completeness. Therefore analyses on
the effect of other assumptions regarding the crediting period is deferred to future research.

To answer the question of how many carbon credits can be generated potential leakage needs to be
accounted for. To address spatial leakage of carbon outside the enhancement region, we used global
data for oceanic carbon instead of local. To address leakage by other GHGs, we discussed discount
factors, which deduct the gross amount of carbon credits to the net amount. Only the net amount
can be used for compliance. Considering all experiments and all accounting methods we found a
maximum discount factor of 15 percent and an average value of 9 percent to address the offset by
enhanced GHG emissions other than carbon and operational emissions. The discount factors were
mainly determined by enhanced N20O emissions. The calculated discount factors correspond to the
overall amount of carbon credits. It is also possible to use the discount factors of each commitment
period. These discount factors were lower in earlier periods compared to the overall discount factors
and would, therefore, led to larger amounts of carbon credits in the beginning. However, applying
the overall discount factor ensures that a sufficient number of carbon credits is deducted in early
periods to balance the offset. An exemption is the shorttemp method, because the corresponding
carbon credits have to replaced in each commitment period. Therefore, if leakage would be higher
than expected, less new temporary carbon credits would be issued and a larger fraction of already
issued temporary carbon credits would have to be replaced.

The results indicate that overall, and from an economic perspective, the shorttemp method seems
most appropriate for short-term OIF. This method provided the largest amount of carbon credits
and allows the lowest discount factors at an early state. Also, the fraction which is permanently
provided until the end of the crediting period is larger compared to the other methods. From an
environmental perspective, the shorttemp method seems most appropriate as well as no additional
carbon emissions will be released, because all credits have to be replaced at some point in time.
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Instead, even permanently stored carbon has to be replaced so that the application of the shorttemp
method would provide extra climate benefits.

According to the scientific literature, the total effect of OIF is described by the net method. The
model experiments showed, that about 90 percent of the carbon sequestered in the ocean as result
of OIF originates from the atmosphere (and the rest from the terrestrial vegetation). However, it
should be noted that the remaining 10 percent imply in some sense leakage as well for which is not
accounted in current sink enhancement projects. The model experiments resulted in a large range
regarding the effectiveness of OIF. If the OIF effectiveness is high, the model experiments showed
an annual uptake of 1.69 GtC for fertilization duration of 100 years. If the OIF effectiveness is low,
the corresponding value is reduced to 0.56 Gt C.

Today, only small-scale experiments have been carried out with varying results on the effective-
ness. The results of our analysis are based on large-scale OTF model experiments. The knowledge on
the effectiveness of large-scale OIF is still limited, which we addressed by two rates of fertilization
effectiveness. OIF will only be considered a geoengineering option if the potential is large enough
compared to other options so that further research about its sequestration efficiency, its side effects
as well as the economic prospects is necessary. All this is deferred to future research.
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Appendices

A Appendix 1

Table A.1: Annual change in oceanic carbon stocks for both levels of fertilization effectiveness in
GtC

Carbon ocean

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

1 year OIF 7 years OIF 10 years OIF 50 years OIF 100 years OIF

year high low high low high low high low high low
1 8.91 2.10 8.91 2.10 8.91 2.10 8.90 2.10 8.90 2.10
2 1.58 -0.03 5.56 1.88 5.56 1.88 5.60 1.88 5.60 1.88
3 -0.44 -0.28 4.42 1.580 4.42 1.58 4.40 1.58 4.40 1.58
4 -0.51 -0.19 3.81 1.36 3.81 1.36 3.80 1.36 3.80 1.36
5 -0.46 -0.14 3.42 1.23 3.42 1.23 3.40 1.23 3.40 1.23
6 -0.39 -0.11 3.14 1.13 3.14 1.13 3.20 1.13 3.20 1.13
7 -0.33 -0.08 2.95 1.05 2.95 1.05 2.90 1.05 2.90 1.05
8 -0.30 -0.07 0.01 -0.75 2.79 0.99 2.80 0.99 2.80 0.99
9 -0.25 -0.06 -1.00 -0.76 2.65 0.94 2.70 0.94 2.70 0.94
10 -0.24 -0.05 -0.97 -0.59 2.54 0.90 2.50 0.90 2.50 0.90
11 -0.21 -0.04 -0.88 -0.46 -0.19 -0.86 2.40 0.86 2.40 0.86
12 -0.19 -0.04 -0.79 -0.39 -1.12 -0.86 2.40 0.84 2.40 0.84
13 -0.18 -0.03 -0.72 -0.33 -1.07 -0.67 2.30 0.80 2.30 0.80
14 -0.16 -0.03 -0.65 -0.28 -0.98 -0.54 2.20 0.77 2.20 0.77
15 -0.15 -0.03 -0.61 -0.26 -0.88 -0.46 2.20 0.75 2.20 0.75
16 -0.14 -0.02 -0.56 -0.22 -0.81 -0.40 2.10 0.73 2.10 0.73
17 -0.14 -0.02 -0.52 -0.21 -0.75 -0.35 2.00 0.70 2.00 0.70
18 -0.12 -0.02 -0.49 -0.19 -0.7 -0.31 2.00 0.69 2.00 0.69
19 -0.12 -0.02 -0.46 -0.17 -0.64 -0.29 2.00 0.67 2.00 0.67
20 -0.11 -0.02 -0.43 -0.15 -0.61 -0.25 2.00 0.65 2.00 0.65
21 -0.10 -0.01 -0.40 -0.14 -0.57 -0.23 1.80 0.64 1.80 0.64
22 -0.09 -0.01 -0.39 -0.14 -0.53 -0.22 1.90 0.63 1.90 0.63
23 -0.10 -0.01 -0.36 -0.12 -0.51 -0.19 1.80 0.62 1.80 0.62
24 -0.09 -0.01 -0.35 -0.11 -0.48 -0.19 1.80 0.61 1.80 0.61
25 -0.08 -0.01 -0.33 -0.11 -0.46 -0.17 1.80 0.60 1.80 0.60
26 -0.09 -0.01 -0.32 -0.1 -0.43 -0.15 1.80 0.61 1.80 0.61
27 -0.08 -0.01 -0.31 -0.09 -0.42 -0.14 1.70 0.60 1.70 0.60
28 -0.08 -0.01 -0.28 -0.08 -0.39 -0.14 1.70 0.60 1.70 0.60
29 -0.07 -0.01 -0.28 -0.08 -0.38 -0.12 1.70 0.58 1.70 0.58
30 -0.07 -0.01 -0.26 -0.08 -0.36 -0.12 1.60 0.58 1.60 0.58
31 -0.06 -0.01 -0.25 -0.07 -0.34 -0.11 1.70 0.57 1.70 0.57
32 -0.06 -0.01 -0.24 -0.07 -0.33 -0.10 1.60 0.55 1.60 0.55
33 -0.06 -0.01 -0.24 -0.06 -0.32 -0.11 1.60 0.55 1.60 0.55
34 -0.06 -0.01 -0.22 -0.06 -0.3 -0.09 1.60 0.53 1.60 0.53
35 -0.06 -0.01 -0.22 -0.07 -0.3 -0.10 1.50 0.53 1.50 0.53
36 -0.05 -0.01 -0.21 -0.07 -0.28 -0.09 1.60 0.52 1.60 0.52
37 -0.04 0.00 -0.20 -0.06 -0.27 -0.09 1.50 0.52 1.50 0.52
38 -0.04 0.00 -0.19 -0.05 -0.25 -0.08 1.50 0.52 1.50 0.52
39 -0.05 -0.01 -0.19 -0.06 -0.26 -0.08 1.50 0.50 1.50 0.50
40 -0.06 -0.01 -0.19 -0.05 -0.25 -0.08 1.50 0.49 1.50 0.49
41 -0.04 -0.01 -0.18 -0.06 -0.24 -0.07 1.50 0.49 1.50 0.49
42 -0.05 -0.01 -0.17 -0.05 -0.24 -0.07 1.40 0.48 1.40 0.48
43 -0.05 -0.01 -0.17 -0.05 -0.23 -0.07 1.50 0.47 1.50 0.47
44 -0.05 0.00 -0.16 -0.05 -0.23 -0.07 1.40 0.47 1.40 0.47
45 -0.05 -0.01 -0.16 -0.06 -0.21 -0.06 1.40 0.46 1.40 0.46
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Table A.1: continued

Carbon ocean
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
1 year OIF 7 years OIF 10 years OIF 50 years OIF 100 years OIF
year high low high low high low high low high low
46 -0.04 0.00 -0.15 -0.05 -0.21 -0.06 1.40 0.46 1.40 0.46
47 -0.04 0.00 -0.14 -0.04 -0.2 -0.05 1.40 0.46 1.40 0.46
48 -0.03 0.00 -0.14 -0.05 -0.2 -0.06 1.40 0.46 1.40 0.46
49 -0.04 0.00 -0.13 -0.04 -0.18 -0.06 1.40 0.45 1.40 0.45
50 -0.03 0.00 -0.13 -0.04 -0.18 -0.06 1.40 0.45 1.40 0.45
51 -0.03 -0.01 -0.13 -0.05 -0.18 -0.06 -1.30 -1.49 1.40 0.43
52 -0.03 0.00 -0.12 -0.03 -0.17 -0.06 -1.70 -1.25 1.30 0.46
53 -0.03 0.00 -0.13 -0.03 -0.16 -0.06 -1.70 -1.03 1.40 0.44
54 -0.03 0.00 -0.11 -0.03 -0.16 -0.06 -1.50 -0.90 1.30 0.44
55 -0.03 0.00 -0.12 -0.04 -0.17 -0.06 -1.30 -0.80 1.30 0.43
56 -0.04 0.00 -0.12 -0.03 -0.15 -0.05 -1.30 -0.72 1.30 0.43
57 -0.03 0.00 -0.11 -0.03 -0.15 -0.04 -1.30 -0.65 1.30 0.42
58 -0.03 0.00 -0.11 -0.03 -0.15 -0.04 -1.10 -0.61 1.30 0.43
59 -0.02 0.00 -0.10 -0.02 -0.14 -0.03 -1.10 -0.55 1.30 0.42
60 -0.03 0.00 -0.10 -0.03 -0.13 -0.04 -1.00 -0.52 1.30 0.42
61 -0.02 0.00 -0.09 -0.03 -0.13 -0.04 -1.00 -0.48 1.30 0.41
62 -0.03 0.00 -0.10 -0.03 -0.12 -0.04 -0.90 -0.45 1.20 0.43
63 -0.02 0.00 -0.09 -0.02 -0.13 -0.04 -0.90 -0.42 1.30 0.41
64 -0.02 0.00 -0.09 -0.03 -0.12 -0.03 -0.90 -0.41 1.30 0.41
65 -0.03 0.00 -0.09 -0.02 -0.13 -0.04 -0.80 -0.37 1.20 0.41
66 -0.02 0.00 -0.08 -0.02 -0.11 -0.04 -0.80 -0.36 1.30 0.40
67 -0.03 0.00 -0.09 -0.02 -0.12 -0.03 -0.70 -0.34 1.20 0.41
68 -0.02 0.00 -0.08 -0.03 -0.11 -0.04 -0.80 -0.32 1.30 0.39
69 -0.02 0.00 -0.09 -0.02 -0.11 -0.03 -0.70 -0.32 1.20 0.40
70 -0.02 0.00 -0.08 -0.02 -0.11 -0.03 -0.70 -0.29 1.20 0.40
71 -0.02 0.00 -0.08 -0.02 -0.1 -0.03 -0.60 -0.28 1.30 0.40
72 -0.02 0.00 -0.08 -0.02 -0.11 -0.03 -0.60 -0.27 1.20 0.40
73 -0.02 0.00 -0.08 -0.02 -0.1 -0.02 -0.70 -0.27 1.20 0.39
74 -0.02 0.00 -0.07 -0.02 -0.1 -0.03 -0.50 -0.25 1.20 0.40
75 -0.02 0.00 -0.08 -0.02 -0.1 -0.03 -0.60 -0.24 1.20 0.39
76 -0.02 0.00 -0.07 -0.01 -0.1 -0.03 -0.60 -0.24 1.20 0.38
7 -0.01 0.00 -0.07 -0.02 -0.09 -0.02 -0.50 -0.22 1.20 0.39
78 -0.02 0.00 -0.06 -0.02 -0.09 -0.03 -0.50 -0.23 1.20 0.39
79 -0.02 0.00 -0.07 -0.01 -0.08 -0.02 -0.50 -0.21 1.10 0.39
80 -0.01 0.00 -0.06 -0.02 -0.09 -0.02 -0.50 -0.20 1.20 0.38
81 -0.02 0.00 -0.06 -0.01 -0.08 -0.02 -0.50 -0.20 1.20 0.39
82 -0.01 0.00 -0.06 -0.02 -0.08 -0.02 -0.50 -0.20 1.10 0.38
83 -0.02 0.00 -0.06 -0.01 -0.08 -0.02 -0.40 -0.18 1.20 0.38
84 -0.01 0.00 -0.06 -0.01 -0.07 -0.02 -0.50 -0.18 1.10 0.39
85 -0.01 0.00 -0.05 -0.01 -0.08 -0.02 -0.40 -0.18 1.20 0.37
86 -0.01 0.00 -0.06 -0.01 -0.07 -0.02 -0.40 -0.17 1.10 0.38
87 -0.01 0.00 -0.04 -0.01 -0.07 -0.01 -0.40 -0.16 1.20 0.38
88 -0.01 0.00 -0.05 -0.01 -0.07 -0.02 -0.40 -0.16 1.10 0.38
89 -0.01 0.00 -0.05 -0.01 -0.06 -0.01 -0.40 -0.15 1.20 0.37
90 -0.01 0.00 -0.04 -0.01 -0.06 -0.02 -0.30 -0.15 1.10 0.38
91 -0.01 0.00 -0.04 -0.01 -0.06 -0.01 -0.40 -0.14 1.10 0.38
92 -0.01 0.00 -0.04 0 -0.06 -0.01 -0.30 -0.13 1.10 0.37
93 -0.01 0.00 -0.03 -0.01 -0.05 -0.01 -0.40 -0.13 1.10 0.38
94 -0.01 0.00 -0.04 -0.01 -0.05 -0.02 -0.30 -0.13 1.10 0.38
95 0.00 0.00 -0.03 0 -0.05 -0.01 -0.30 -0.11 1.10 0.38
96 -0.01 0.00 -0.03 -0.01 -0.05 -0.01 -0.40 -0.11 1.10 0.37
97 -0.01 0.00 -0.03 0 -0.04 -0.01 -0.30 -0.12 1.10 0.37
98 -0.01 0.00 -0.03 -0.01 -0.05 -0.01 -0.30 -0.10 1.10 0.38
99 0.00 0.00 -0.03 0 -0.04 -0.01 -0.30 -0.11 1.00 0.37
100 -0.01 0.00 -0.04 -0.01 -0.05 -0.01 -0.30 -0.10 1.10 0.37
Sum 3.33 0.61 13.56 2.5 17.96 3.53 74.6 19.02 169.3 56.47
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Table A.2: Caps and cumulative gross carbon credits in commitment period 2012-2020 based on additional atmospheric carbon removal in GtC

High fertilization effectiveness

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
1 year OIF 7 year OIF 10 year OIF 50 year OIF 100 year OIF

Accounting cumulative cumulative cumulative cumulative cumulative

method Cap credits Cap credits Cap credits Cap credits Cap credits

2012-2020 2012-2020 2012-2020 2012-2020 2012-2020
net 3.19 3.19¢ 11.91 11.91¢ 16.09 16.09¢ 67.10 29.59 154.20 29.60
average 3.72 3.72¢ 13.79 13.79¢ 18.14 18.14¢ 60.88 29.59 85.34 29.60
discount 4.57 4.57° 15.93 15.93% 20.26 20.26% 49.96 29.59 61.36 29.60
equ-Lash 3.57 0.46 13.31 1.20 17.61 1.22 62.80 1.22 95.14 1.22
equ-MCW 3.14 1.37 11.84 3.58 15.93 3.64 69.20 3.64 122.06 3.64
shorttemp no 6.11 no 26.85 no 29.59 no 29.59 no 29.60
longtemp 3.05 3.05% 11.64 11.64¢ 15.71 15.71¢ 72.61 29.59 96.80 29.60
mized no 3.711 no 19.96 no 22.70 no 22.70 no 22.71
Low fertilization effectiveness

net 0.51 0.51¢ 2.23 2.23% 3.25 3.25% 16.87 9.57 51.86 9.57
average 0.56 0.56“ 3.08 3.08% 4.23 4.23° 18.36 9.57 28.70 9.57
discount 0.70 0.70 3.85 3.85% 5.17 5.17¢ 15.73 9.57 20.53 9.57
equ-Lash 0.54 0.08 2.90 0.36 4.00 0.38 18.47 0.38 32.00 0.38
equ-MCW 0.48 0.24 241 1.08 3.34 1.12 18.79 1.12 41.02 1.12
shorttemp no 0.88 no 7.88 no 9.57 no 9.57 no 9.57
longtemp 0.45 0.45% 2.55 2.55¢ 3.39 3.39¢ 20.98 9.57 32.57 9.57
mized no 0.48 no 5.74 no 7.44 no 7.44 no 7.44

& The amount of carbon credits is determined by the already binding cap.
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Table A.3: Discount factors through time for net, average, discount and equivalence method based on experiment 5 with high fertilization
effectiveness in percent

net method average method discount method equiv. method (Lashof) | equiv. method (MCW)
Nev.(2003)% Sun.(2000)°| Nev.(2003)? Sun.(2000)°| Nev.(2003)? Sun.(2000)°| Nev.(2003)?] Sun.(2000)°| Nev.(2003)] Sun.(2000)°
in %

Cap 12.44 8.76 9.61 6.61 8.42 0.89 10.11 6.95 7.95 14.25
2012 - 20 4.60 3.49 4.60 3.49 4.60 3.49 4.35 2.46 2.89 4.46
2020 - 25 7.67 5.73 7.67 5.73 7.67 5.73 5.05 4.42 3.87 6.31
2025 - 30 8.86 6.46 8.86 6.46 8.86 6.46 5.40 4.03 4.35 7.46
2030 - 35 9.51 6.58 9.51 6.58 9.51 6.58 6.63 5.01 4.69 8.37
2035 - 40 10.27 6.80 10.27 6.80 21.36 12.60 6.66 4.88 4.95 9.10
2040 - 45 11.02 6.97 11.02 6.97 100.00¢ 100.00¢ 7.20 5.15 5.15 9.72
2045 - 50 11.74 7.25 11.74 7.25 0 0 7.68 5.32 5.33 10.23
2050 - 55 12.75 7.72 12.75 7.72 0 0 7.89 5.43 5.49 10.63
2055 -60 14.05 8.54 38.10 26.26 0 0 8.35 5.67 5.87 11.55
2060 - 65 14.83 9.25 0 0 0 0 8.74 5.83 6.99 14.68
2065 - 70 16.77 10.43 0 0 0 0 9.02 6.23 34.47 18.81
2070 - 75 17.65 11.84 0 0 0 0 9.61 6.28 100.00¢ 37.05
2075 - 80 18.57 12.45 0 0 0 0 10.00 6.74 0 100.00¢
2080 - 85 19.61 13.73 0 0 0 0 10.38 6.97 0 0
2085 - 90 20.16 14.62 0 0 0 0 10.80 7.27 0 0
2090 - 95 21.08 15.81 0 0 0 0 11.18 7.58 0 0
2095 - 00 21.22 16.56 0 0 0 0 11.58 7.92 0 0
2100 - 05 21.13 16.85 0 0 0 0 11.92 8.24 0 0
2105 - 12 21.16 17.49 0 0 0 0 12.29 8.60 0 0

@ The calibration is based on Nevison et al. (2003).

b The calibration is based on Suntharalingam and Sarmiento (2000).

¢ A discount factor of 100 percent for a commitment period indicates that the cap is approached in the previous commitment period if taking
into account NoO emissions.
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