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Description

TECHNICAL FIELD

[0001] Disclosed are methods and systems for determining the amount of carbon dioxide that can be sequestered
from the atmosphere by a portion of an ocean that has been nourished with nutrients.

BACKGROUND ART

[0002] The carbon dioxide concentration in the atmosphere has been rising, primarily as a result of fossil fuel burning.
The United Nations Framework Convention on Climate Change indicates that there is a need to reduce the CO2 content
of the atmosphere for climate and food security reasons.
[0003] A natural process by which carbon dioxide in the atmosphere is converted into organic carbon is known.
Atmospheric carbon dioxide can dissolve in the ocean and exist in a dissolved or ionic form. This "inorganic carbon" can
be converted into "organic carbon" by being taken into the bodies of marine phytoplankton through the process of
photosynthesis.
The phytoplankton produced by this conversion eventually perish through age or are eaten by other marine organisms.
The resulting dead or excreted biomass then falls to lower levels in the ocean. In this regard, a phenomenon is known
whereby organic carbon sinks from the surface ocean to the deep ocean (occurring over most of the ocean) and a
compensatory flux of carbon from the deep ocean to the surface occurs by upwelling and diffusion.
Whilst some of the organic carbon material is promptly exported to the deeper ocean, some is converted back into
inorganic material in the surface ocean. The recently converted inorganic material can be used by a next generation of
phytoplankton to form a new standing stock of organic material. This cycling of carbon in and out of the organic state
eventually leads to substantially all of the dissolved inorganic carbon initially converted to organic material being exported
from the surface ocean to the deeper ocean.
[0004] A process by which photosynthesis in the ocean is caused to increase may assist in decreasing atmospheric
carbon dioxide levels by increasing the conversion of inorganic carbon (i.e. dissolved carbon dioxide) to organic carbon
(i.e. phytoplankton vegetable matter).
[0005] In this respect, the conversion of carbon dioxide dissolved at the surface of the ocean to organic carbon during
the sunlit periods is often limited by the availability of specific nutrients, for example, the macronutrient nitrogen or the
micronutrient iron. Accordingly, a process of nourishing the ocean can be used to increase the mass of carbon in transit
in the deep ocean by providing nutrients that are in short supply to increase photosynthesis and thereby convert a greater
amount of inorganic carbon (i.e. dissolved carbon dioxide) to organic carbon.
[0006] Methods are known that involve the addition of nutrients such as nitrogen or iron to a body of water in order to
increase photosynthesis and cause more carbon dioxide from the atmosphere to dissolve in the ocean. When carbon
stored in the deep ocean is supplied by the atmosphere, the process is termed carbon dioxide sequestration. Related
sequestration methods in this respect are disclosed in US 5,992,089, and by Jones (1996) in "Enhanced carbon dioxide
uptake by the world’s ocean" (Energy Convers. & Mgmt, 37, 1049-1052) and Jones and Young (1997) "Engineering a
large sustainable world fishery" (Environmental Conservation, 24, 99-104). JP 2003 134958 discloses a method for
increasing growth of phytoplankton populations using inorganic nutrient salts contained in granular or small lump iron
and steel slag to reduce the concentration of CO2 in the surface layer water of the sea and, in turn, absorb and fix CO2
in the air. The methods of JP 2003 134958 rely on empirical experiments and the Redfield ratio to provide rough
estimations of the amounts of the inorganic nutrient salts to be added and for calculating the amount of carbon dioxide
that can be sequestered from the atmosphere.

SUMMARY OF THE DISCLOSURE

[0007] In a first aspect, there is provided a method for determining an amount of carbon dioxide that can be sequestered
from the atmosphere by a portion of an ocean. The method comprises the steps of:

(a) analysing a water sample and a phytoplankton sample taken from a photic zone of the portion to determine the
stoichiometric ratio of carbon to other chemical elements in the water and in the phytoplankton;
(b) determining which one or more of the other chemical element or elements would, when added to the photic zone
of the portion, cause growth of a phytoplankton population in the portion;
(c) calculating a quantity of the one or more chemical elements determined in step (b)whereby substantially all of
the element or substantially all of at least one of the elements added would be consumed by the additional phyto-
plankton grown; and
(d) calculating the amount of carbon dioxide that can be sequestered from the atmosphere using the quantity of the
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chemical element or elements determined in step (c) and the stoichiometric ratio of carbon to other chemical elements
in phytoplankton determined in step (a).

The method described above may readily be used to quantify the amount of carbon dioxide that can be sequestered
from the atmosphere by adding a known quantity of a nutrient containing a specific element or elements to the ocean.
[0008] The amount of carbon dioxide that can be sequestered from the atmosphere is calculated using the quantity
of the chemical element or elements determined in step (c) and the Redfield ratio. However, the exact ratio of chemical
elements in phytoplankton may vary slightly from the Redfield Ratio in different regions of the oceans. Such embodiments
can therefore only provide a "rough" indication of the quantity of carbon consumed by the additional phytoplankton grown
and hence the amount of carbon dioxide that can be sequestered, which may be adequate for certain purposes.
[0009] Accordingly, the present invention provides for a more precise determination of the amount of carbon dioxide
that can be sequestered from the atmosphere. The amount of carbon dioxide that can be sequestered from the atmosphere
may be calculated using the quantity of the chemical element or elements determined in step (c) and a measured
stoichiometric ratio of carbon and the one or more chemical elements in phytoplankton in the photic zone of the portion.
[0010] By using the actual stoichiometric ratio of elements present in phytoplankton in the portion (i.e. the "local Redfield
Ratio") instead of the actual Redfield Ratio, the amount of carbon consumed by the additional phytoplankton grown, and
hence the amount carbon dioxide that can be sequestered, can be more precisely calculated.
[0011] The chemical element or elements may, for example, be selected from the group consisting of nitrogen, phos-
phorous, silicon and iron.
[0012] The method of the first aspect may further comprise the step (e) of adding to the photic zone of the portion the
quantity of the chemical element or elements required to cause growth of the phytoplankton population determined in
step (c).
[0013] As phytoplankton growth is limited in some 80% of the ocean by the lack of the macronutrient nitrogen, nitrogen
is typically the only chemical element added to the photic zone.
[0014] The nitrogen would typically be added in the form of a nitrogen containing compound, for example, urea or
ammonia.
[0015] In some embodiments, it may be necessary for step (d) to include a factor to compensate for inorganic carbon
in the photic zone which is not replaced from the atmosphere, for example, in a situation where the nourished water is
subducted away from contact with the atmosphere before the carbon consumed by the phytoplankton can be replaced
from the atmosphere.
[0016] In some embodiments, it may be necessary for step (d) to include a factor to compensate for loss of chemical
element or elements which are added to the photic zone but escape out of the photic zone before they can be consumed
by the additional phytoplankton grown.
[0017] As one skilled in the art will appreciate, many countries have established carbon markets. Basically, industries
which generate carbon dioxide (e.g. fossil fuel burning industries) are required (or in some countries given the option)
to offset their carbon emissions by purchasing offset credits (also referred to herein as "carbon credits"). The method
of the first aspect may be used to determine an amount of carbon credits from the amount of carbon dioxide calculated
to be or actually sequestered.
[0018] A method of producing carbon credits is disclosed. The method comprises the steps of:

(a) (a) analysing a water sample and a phytoplankton sample taken from a photic zone of a portion of an ocean to
30 determine the stoichiometric ratio of carbon to other chemical elements in the water and in the phytoplankton;
(b) determining which one or more of the other chemical elements would, when added to a photic zone of the portion,
cause growth of a phytoplankton population in the portion;
(c) calculating a quantity of the one or more chemical elements determined in step (b)whereby substantially all of
the element or substantially all of at least one of the elements added to the photic zone of the portion would be
consumed by the additional phytoplankton grown;
(d) adding to the photic zone of the portion the quantity of the chemical element or elements calculated in step (c);
(e) calculating the amount of carbon dioxide that will be sequestered from the atmosphere based on the quantity of
the chemical element or elements that was added to the portion in step (d) and the stoichiometric ratio of carbon to
other chemical elements in phytoplankton determined in step (a); and
(f) calculating the amount of carbon credits produced based on the amount of carbon dioxide that will be sequestered.

[0019] A carbon credit produced by embodiments of the method of the first aspect is disclosed.
In one aspect, there is provided a method for determining an amount of carbon dioxide sequestered from the atmosphere
by a portion of an ocean. The method comprises the steps of adding to a photic zone of the portion a nutrient or nutrients
that are consumable by phytoplankton to support photosynthesis by phytoplankton, and calculating the amount of carbon
dioxide that will be sequestered based on the quantity of nutrient(s) consumed and a measured stoichiometric ratio of
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carbon to a chemical element present in the nutrient(s) in phytoplankton taken from the photic zone of the portion before
the nutrient or nutrients were added.
[0020] The method of this aspect may be used to quantify the amount of carbon dioxide that can be sequestered from
the atmosphere in situations where it is possible to calculate the quantity of a chemical element essential for growth of
the phytoplankton population that will be consumed following addition of an excess amount of a nutrient.
The nutrient(s) are added to the photic zone in the local Redfield Ratio. Typically, the nutrient is a nitrogen containing
compound.
A system is disclosed, the system comprising:

(a) a chemical element analyser for determining the stoichiometric ratio of carbon to other chemical elements in
water and phytoplankton taken from a photic zone of a portion of an ocean;
(b) a chemical element determiner for determining which one or more of the other chemical elements would, when
added to the photic zone of the portion, cause growth of a phytoplankton population in the portion;
(c) a chemical element quantity determiner for determining a quantity of the chemical element or elements determined
in step (b) whereby substantially all of the element or substantially all of at least one of the elements added would
be consumed by the additional phytoplankton grown; and
(d) a carbon dioxide sequestration calculator for calculating the amount of carbon dioxide that can be sequestered
from the atmosphere based on the quantity of the chemical element or elements determined in step (c) and the
stoichiometric ratio of carbon to other chemical elements in phytoplankton determined in step (a).

The system may comprise a computer, computer system, personal computer, computer server, a data farm, an embedded
system or any other one or more suitable devices. The system may include a computer readable medium such as a
hard drive, RAM, ROM, EPROM, EEPROM, flash memory or optical disk or other having a computer program.

BRIEF DESCRIPTION OF THE FIGURES

[0021] In order to achieve a better understanding of the methods and systems set forth in the summary, embodiments
will now be described, by way of example only, with reference to the accompanying figures in which:

Figure 1 shows a block diagram of one embodiment of a system in accordance with one aspect;

Figure 2 shows a flow diagram of one embodiment of a method in accordance with one aspect; and

Figure 3 shows a block diagram of the architecture of one embodiment of the system of Figure 1.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0022] Specific embodiments of the methods and systems set forth in the summary will now be described.
[0023] The methods of the first and second aspects described above comprise the following steps:

(a) analysing a water sample and a phytoplankton sample taken from a photic zone of the portion to determine the
stoichiometric ratio of carbon to other chemical elements in the water and in the phytoplankton;
(b) determining which one or more of the other chemical elements would, when added to the photic zone of the
portion, cause growth of a phytoplankton population in the portion; and
(c) calculating a quantity of the one or more chemical elements determined in step (b), whereby substantially all of
the element or substantially all of at least one of the elements added to the photic zone of the portion would be
consumed by the additional phytoplankton grown; as well as: calculating the amount of carbon dioxide that can or
will be sequestered from the atmosphere using the quantity of the chemical element or elements determined in step
(c) (and added to the portion in step (d) of the method of the second aspect) and the stoichiometric ratio of carbon
to other chemical elements in phytoplankton determined in step (a).

[0024] If a population of phytoplankton is not growing in a portion of an ocean, it is likely that the portion is deficient
in a chemical element essential for growth of the phytoplankton population. In the methods set out above, a sample of
water from the selected portion of the ocean can be analysed to determine which element or elements are deficient in
the selected portion (i.e. which nutrient(s) is/are limiting the production of phytoplankton in that portion). This analysis
would typically be made by analysing a water sample and a phytoplankton sample taken from the photic zone of the
portion. Such analysis techniques are well known in the art and may involve using a water receptacle to obtain a sample
of water from the photic zone of the portion and performing empirical experiments to establish which nutrient(s) are
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deficient in the water by measuring the chlorophyll response to the addition of various nutrients.
[0025] Often, it will be found that the portion is deficient in only one element (e.g. nitrogen, phosphorous or iron).
However, it may sometimes be necessary to add a combination of elements in order to cause growth of the phytoplankton
population (e.g. a combination of nutrients containing nitrogen and phosphorous).
[0026] In step (c), the quantity of the element(s) identified in step (b) to be added to the photic zone is calculated.
[0027] The quantity of the element(s) to be added must be carefully determined so that substantially all of the added
element(s) will be consumed by the additional phytoplankton grown. This is necessary so that an accurate calculation
of the amount of carbon dioxide that can be sequestered can be made based on the quantity of element(s) added.
[0028] In some embodiments, a specific quantity of the element(s) could be added in order to sequester a desired
quantity of carbon dioxide (e.g. if a specific number of carbon credits are desired). Alternatively, the quantity of the
element(s) to be added could be maximised such that both the added element and another element essential for the
growth of the phytoplankton population were consumed by the additional phytoplankton.
[0029] The element may be added to the photic zone in any form which enabled the element to be used by the
phytoplankton via photosynthesis. Typically, a nutrient (i.e. a compound or composition) containing the element would
be used.
[0030] In embodiments of one aspect, an excess amount of a nutrient or nutrients can be added to the portion. This
would cause the phytoplankton population to grow until all of one (or more) of the chemical elements essential for growth
of the phytoplankton population was consumed. The limiting chemical element may be present in the portion prior to
addition of the nutrient, or may be in the nutrient itself. The amount of carbon dioxide that can be sequestered can then
be calculated based on the quantity of the chemical element that will be consumed. Thus, in this aspect, the amount of
carbon dioxide sequestered is not necessarily calculated based on the quantity of the chemical elements present in the
added nutrient.
[0031] For example, many portions of the ocean contain sufficient macronutrients to sustain phytoplankton growth,
but are deficient in the micronutrient iron and therefore phytoplankton growth is limited in these portions (these portions
are referred to as "High nutrient, low chlorophyll zones"). However, if an excess of iron was added to the region, the
phytoplankton population would grow until one of the macronutrients (e.g. nitrogen) was consumed. The amount of
carbon dioxide sequestered could then be calculated based on the amount of nitrogen present in the photic zone of the
portion of ocean when the iron nutrient was added. This can be readily determined from a sample of ocean water taken
at the time of nourishment.
[0032] In some circumstances, it may only be necessary to roughly quantify the amount of carbon dioxide that could
be sequestered. In such circumstances, the amount of carbon dioxide that can be sequestered from the atmosphere
may be calculated using the quantity of the chemical element or elements determined in step (c) and the Redfield ratio.
[0033] The Redfield ratio can be used to describe the stoichiometric ratio of the elements C, N, Si, and P in phytoplankton
living in the ocean. The Redfield ratio is typically about 106:16:15:1 (C:N:Si:P). Recent research has resulted in an
expansion of the original ratio to include iron, where the ratio of C:N:Si:P:Fe is 106:16:15:1:0.001.
[0034] As a known quantity of the one or more elements has been added (at least one of which will substantially all
be consumed by the additional phytoplankton grown) and it is assumed that the ratio of carbon to that element in
phytoplankton grown will be in the Redfield Ratio, then the quantity of inorganic carbon that would be consumed by the
phytoplankton following addition of the one or more elements can be calculated. Subject to the efficiency factors discussed
below, substantially all of the inorganic carbon converted into organic carbon (i.e. phytoplankton) will be sequestered
from the atmosphere.
[0035] As will be appreciated, the Redfield Ratio may vary slightly between different regions of the ocean (i.e. the ratio
of C:N:Si:P in phytoplankton may not be exactly 106:16:15:1). The actual Redfield Ratio may therefore only provide a
"rough" indication of the amount of carbon dioxide sequestered, which may be adequate for certain purposes.
[0036] Thus, if it is necessary to more precisely determine the amount of carbon dioxide that can be sequestered from
the atmosphere (e.g. if an exact number of carbon credits needs to be produced), the amount of carbon dioxide that can
be sequestered from the atmosphere may be calculated using the quantity of the chemical element or elements deter-
mined in step (c) and a measured stoichiometric ratio of carbon and the one or more chemical elements in phytoplankton
in the photic zone of the portion.
[0037] In an embodiment of the present invention, the Redfield ratio is not used, but the stoichiometric ratio of carbon
to other element(s) in the phytoplankton in the portion is experimentally determined (i.e. a "local Redfield ratio" is deter-
mined). The stoichiometric ratio of carbon and the chemical element(s) in phytoplankton in the portion will indicate the
relative proportions of elements required by the phytoplankton in that specific portion of the ocean. If the stoichiometric
ratio of carbon to the selected chemical element(s) in phytoplankton taken from the portion is known, the amount of
carbon consumed by the additional phytoplankton grown may be calculated more precisely than if the Redfield Ratio
were used because the additional phytoplankton will have substantially the same stoichiometric ratio of elements to that
of the measured phytoplankton.
[0038] In some embodiments, a verification process may also be undertaken, whereby a sample of water from the
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portion is taken and cultured with a relative quantity (i.e. in proportion to the volume of the sample) of the chemical
element added to the portion to demonstrate complete uptake of the chemical element by the natural assemblages of
phytoplankton present in the sample.
[0039] The chemical element(s) for addition to the photic zone in accordance with the methods and systems set forth
in the Summary may be any element or combination of elements capable of causing the phytoplankton population to
increase via photosynthesis.
[0040] Typically, the chemical element(s) is/are one or more of the elements included in the Redfield ratio, i.e. nitrogen,
phosphorous, silicon and iron.
[0041] The chemical elements may be added to the photic zone of the portion in any convenient form. For example,
when the chemical element is nitrogen, a nitrogen containing compound such as urea or ammonia can be added to the
water in an appropriate stoichiometric amount.
[0042] It will be appreciated that depending on the nature of the surface currents where the chemical element(s) are
added, the location of the increased phytoplankton population may not be the same as where the element(s) were added,
but may be some distance down-current.
[0043] Whilst it will be necessary to actually physically sequester carbon dioxide in order to generate carbon credits,
the amount of carbon dioxide sequesterable (and thus the amount of carbon credits which may be produced) may well
need to be determined "on paper" before anything is added to the ocean. As such, not all of the methods or systems
set forth in the Summary require a step in which an appropriate quantity of the chemical element or elements required
to cause growth of the phytoplankton population is/are added to the portion.
[0044] For example, data may be available for specific portions of the ocean whereby the stoichiometric ratios of
specific chemical elements in phytoplankton, as well as the limiting chemical element(s) in that portion, are known. As
such, if a person wished to obtain a certain number of carbon credits, calculations could be made at any convenient
location (e.g. at that person’s workplace) based on the available data to determine the amount of what chemical element
(e.g. the amount of urea if the portion is deficient in nitrogen) that would need to be added to sequester an amount of
carbon dioxide sufficient to produce the desired number of carbon credits.
[0045] The appropriate amount of the limiting chemical element (e.g. nitrogen in the form of urea) could be added to
the portion at a later stage, optionally along with additional amounts of the element if other people had also purchased
carbon credits.
[0046] The appropriate quantity of the chemical element(s) (hereafter referred to simply as "nutrients") required to
cause growth of the phytoplankton population may be added to the portion using any method.
[0047] For example, a nutrient (e.g. a compound or composition) containing an available source of the chemical
element (e.g. superphosphate if the element is phosphorous, or urea or ammonia if the element is nitrogen) may be
delivered to the photic zone of the portion via a pipeline which terminates in the portion (e.g. as disclosed in US 5,992,089)
or from a floating vessel such as a ship located above the portion.
[0048] In some embodiments, it may be necessary to include an efficiency factor to account for situations where not
all of the nutrients added are immediately consumed by the additional phytoplankton grown, for example, in situations
where not all of the inorganic carbon converted into organic carbon and exported from the photic zone is replaced from
the atmosphere, and where not all of the carbon exported from the photic zone is sequestered for a significantly long
period in the deep ocean.
[0049] In embodiments where the chemical element added to the photic zone is nitrogen (which is added in the form
of a nitrogen containing compound such as urea or ammonia), an efficiency factor (Ef) taking into account the above
situations may be calculated using the following formula: 

Where:

A is the air-sea transfer efficiency =0.99
D is the denitrification factor =0.95
S is the sequestration factor =0.99
P1 is greenhouse gas produced by the ocean =0.99
P2 is the greenhouse gas produced by

chemical manufacture for ammonia =0.88

for urea =1.00
Alkal is the factor for change in

ocean alkalinity for ammonia =0.87
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[0050] The above factors can be determined by one skilled in the art for any particular region of the ocean and particular
chemical element(s).
[0051] In some embodiments, it may be necessary to include an efficiency factor to compensate for loss of the chemical
element or elements which are added to the photic zone, but which escape out of the photic zone and mixed layer (e.g.
by processes such as subduction or mixed layer retreat).before they can be utilised to increase the phytoplankton
population. Loss of such element(s) must be taken into account because they cannot be used in photosynthesis outside
of the photic zone.
[0052] As those skilled in the art will appreciate, a significant amount of mixing of water in the upper levels of the ocean
occurs daily as the result of wind surface currents. Provided its density is not too great, nutrients added to the mixed
layer of the ocean will be recirculated throughout the mixed layer for a period of at least days.
[0053] Typically, the mixed layer extends from the surface of the ocean to a depth of about 50 metres. However, the
mixed layer may extend to a depth of 100 metres or more. The actual depth of the mixed layer varies, and is dependent
upon a number of factors including wind strength and the loss of heat due to the temperature difference between the
oceanic surface waters and the lower atmosphere.
[0054] The photic zone extends to the depth that light penetrates into the ocean. It may be greater or less than the
mixed layer depth, however, should the nutrients fall out of the photic zone, provided they remain in the mixed layer they
will be recirculated back into the photic zone relatively quickly due to convective mixing throughout the mixed layer each
night.
[0055] Typically, the portion is located such that carbon dioxide is sequestered from the atmosphere for a significant
period of time (e.g. greater than 100 years). The deeper the dead phytoplankton and other derived organic matter sinks
out of the photic zone, the longer the carbon is kept away from the surface area of the ocean. Thus, in at least preferred
embodiments, the nutrient is delivered to the photic zone at a location where ocean currents will carry the nutrient and
phytoplankton to a region of the ocean having a depth sufficient to allow dead said phytoplankton and organic material
derived from the phytoplankton to fall from the mixed layer and enable carbon from the CO2 to be sequestered from the
atmosphere for a considerable time.
[0056] The portion may, for example, be located at the edge of a continental shelf, where the organic matter can sink
to a depth of 1000m or more.
[0057] A specific embodiment of the methods and systems set forth in the Summary will now be described, by way of
example only.
[0058] As noted above, it is thought that phytoplankton growth is limited in up to 80% of the ocean by the lack of the
macronutrient nitrogen. It is within the ability of a person skilled in the art to locate portions of the ocean deficient in nitrogen.
[0059] The amount of carbon dioxide sequestered from the atmosphere may be increased in such a portion (i.e. by
causing an increase in the phytoplankton population) by adding a source of nitrogen (e.g. ammonia and/or urea) to the
photic zone of the portion. Such activity is known as "Ocean Nourishment" (which is a trade mark of Earth, Ocean and
Space Pty Ltd), which is the purposeful introduction of nutrients to the upper ocean for the purpose of storing carbon
and enhancing the sustainable supply of marine protein.
[0060] The organic carbon produced by photosynthesis can be exported from the photic zone to the deep ocean and
retained there for some time. This occurs either by subduction of surface waters or by sinking of particulate organic
detritus out the upper ocean. It is believed that carbon dioxide may be sequestered from the atmosphere for at least
100 years, and possibly for up to 500 years or 1000 years, or even longer, depending on the location and ocean currents.
[0061] The urea or ammonia may be delivered to the photic zone by any manner, for example, from a ship or via a
pipeline.
[0062] For example, if 1 tonne of urea was added to the surface ocean (and nitrogen was the limiting nutrient) the
Redfield Ratio indicates that 2.65 tonnes of inorganic carbon will be taken from the surface ocean by additional phyto-
plankton grown.
[0063] If 2.65 tonnes of inorganic carbon was first added to the atmosphere (e.g. by burning fossil fuel), the atmosphere
after 100% efficient Ocean Nourishment with 1 tonne of urea, would return to its same concentration of carbon (if the
total alkalinity of the ocean did not change). This carbon uptake measure is known as the equivalent amount of carbon
emission avoided.
[0064] A more specific example is described below.
[0065] One can consider a design to store about 5,000 tonnes per day of carbon (5x109 g/d). With ample sunlight and
nutrients the concentration of phytoplankton grows exponentially. Let us assume the concentration doubles each day.
Then suddenly one nutrient is exhausted and growth stops. In this simple model half the phytoplankton mass is produced
on the last day of growth. [....+2+4+8 =16] Let us assume this growth is over a region 25 Km x 20 Km. The uptake of

(continued)

for urea =1.02
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carbon on the last day is 5x109 g/2x500 Km2 = 5gCm-2d-1. For a 50 m deep photic (mixed layer) zone, 5 gm-2d-1 of
carbon is 100 mgCm-3d-1 and needs 100/7 mgNm-3, divided by the molecular weight (14) =1mmoleNm-3d-1 or 1
mmoleL-1Nd-1. The total conversion of inorganic to organic carbon therefore is 10 gCm-2 and N required is 2 mmolar(mM).
The last figure comes from assuming the Redfield ratio of the constituents in phytoplankton.
[0066] In some embodiments, it may be advantageous to provide for all the nutrients (except carbon) used to produce
phytoplankton via photosynthesis (e.g. in the Redfield Ratio). Then a portion of the ocean, subjected to Ocean Nourish-
ment would, after the export of all new primary production (i.e. all additional nutrients added), return to much the same
state as it was before Ocean Nourishment. As noted above, in some aspects there are provided methods and systems
for producing carbon credits, and carbon credits produced using such methods and systems.
[0067] Many countries and other entities have established carbon markets. Industries which generate carbon dioxide
(e.g. fossil fuel burning industries) are required, or is some countries given the option, to offset their carbon emissions
by purchasing offset credits. Such credits can, for example, be obtained by planting trees or more relevantly by bio-
sequestration of carbon in the oceans through Ocean Nourishment. A calculation of the amount of carbon dioxide
sequested can be used to determine the quantity of carbon offsets issued. In this case, it is advantageous to have a
system that can calculate the amount of carbon dioxide sequestered through Ocean Nourishment. Such a system can
also be used to optimise an Ocean Nourishment operation before its undertaking, and also be used to calculate the net
benefit. Such a system can be used to determine the economics of an Ocean Nourishment operation, or used by financial
backers of or other interested parties investing in an Ocean Nourishment project.
A block diagram of one embodiment of such a system is shown in figure 1 and generally indicated by the numeral 1.
The system 1 comprises communicating components 10, 12 and 14. The system 1 has a chemical element determiner
10 for determining which chemical element or elements would, when added to a photic zone of a portion of an ocean,
cause growth of a phytoplankton population in the portion. The chemical element determiner 10 may, for example,
receive test results indicating the elemental composition of a water sample taken from the area that is intended to be
nourished, and from this determine any elemental imbalances or deficiencies that could be corrected to promote growth
of the phytoplankton population. Information generated by 10 is passed to a chemical element quantity determiner 12
for determining a quantity of the chemical element or elements to be added to the photic zone whereby substantially all
of the element or substantially all of at least one of the elements added would be consumed by the additional phytoplankton
grown. The information generated by 12 is passed to a carbon dioxide sequestration calculator 14 for calculating the
amount of carbon dioxide that can be sequestered from the atmosphere based on the determined quantity of the chemical
element or elements that would be added to the portion. The calculated information on the amount of carbon dioxide
sequested can then be used to determine the number of carbon offset credits issued. For example, if 10 MT of carbon
dioxide was calculated as being sequestered then 10 million offsets each capable of being spent against 1 tonne on
carbon dioxide emitted may be issued.
[0068] The system 1 may comprise a computer, computer system, personal computer, computer server, a data farm,
an embedded system or any other one or more suitable devices. The system may include a computer readable medium
such as a hard drive, RAM, ROM, EPROM, EEPROM, flash memory or optical disk or other having a computer program.
The computer readable medium may store a computer program comprising instructions for controlling the system 1 to
implement a method such as the example method shown in figure 2 and generally indicated by the numeral 20. As
shown in Figure 3, the computer program may run on a central processor 30 of the system 1 connected to the memory
32 and 34 over a bus, and also connected to input and output devices such as keyboards 36, monitors 38, printers, and
also network interfaces as required.
[0069] Of course the system 1 and method 20 can be modified to achieve any variation or combination of features
disclosed herein.
[0070] It is envisaged that the methods and systems disclosed herein, which could be used to sequester carbon dioxide
from the atmosphere for a significant period of time, could be a very cost effective way to offset an industry’s carbon
emissions.
[0071] A current method to sequester carbon involves capturing carbon dioxide from a stream of gas, compressing
the captured gas and then injecting it into porous rocks under the ground. As will be appreciated, this process is likely
to be more energy intensive that the methods and systems described above.
[0072] It will be appreciated by those skilled in the art that the methods and systems set forth in the Summary are not
intended to be limited by the specific embodiments described above.
[0073] A reference herein to a prior art document is not an admission that the document forms part of the common
general knowledge in the art in Australia or in any other country.
[0074] In the claims which follow and in the preceding description, except where the context requires otherwise due
to express language or necessary implication, the word "comprise" or variations such as "comprises" or "comprising" is
used in an inclusive sense, i.e. to specify the presence of the stated features but not to preclude the presence or addition
of further features in various embodiments.
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Claims

1. A method for determining an amount of carbon dioxide that can be sequestered from the atmosphere by a portion
of an ocean, the method comprising the steps of:

(a) analysing a water sample and a phytoplankton sample taken from a photic zone of the portion to determine
the stoichiometric ratio of carbon to other chemical elements in the water and in the phytoplankton;
(b) determining which one or more of the other chemical elements would, when added to the photic zone of the
portion, cause growth of a phytoplankton population in the portion;
(c) calculating a quantity of the one or more chemical elements determined in step (b), whereby substantially
all of the element or substantially all of at least one of the elements added to the photic zone of the portion
would be consumed by the additional phytoplankton grown; and
(d) calculating the amount of carbon dioxide that can be sequestered from the atmosphere using the quantity
of the chemical element or elements determined in step (c) and the stoichiometric ratio of carbon to other
chemical elements in phytoplankton determined in step (a).

2. The method of claim 1, wherein the other chemical elements are nitrogen, phosphorous, silicon and iron.

3. The method of claim 1 or 2, which further comprises the step (e) of adding to the photic zone of the portion the
quantity of the chemical element or elements calculated in step (c).

4. The method of claim 3, wherein nitrogen is the only of the other chemical elements added to the photic zone and
the nitrogen is added in the form of a nitrogen containing compound.

5. The method of claim 4, wherein the nitrogen containing compound is urea or ammonia.

6. The method of any one of claims 1 to 5, wherein step (d) includes a factor to compensate for inorganic carbon in
the photic zone which is not replaced from the atmosphere.

7. The method of any one of claims 1 to 6, wherein step (d) includes a factor to compensate for loss of chemical
element or elements which are added to the photic zone but escape out of the photic zone before they can be
consumed by the additional phytoplankton grown.

8. The method of any one of claims 1 to 7 when used to determine an amount of carbon credits from the amount of
carbon dioxide calculated to be or actually sequestered.

9. A system (1) comprising:

(a) a chemical element analyser for determining the stoichiometric ratio of carbon to other chemical elements
in water and phytoplankton taken from a photic zone of a portion of an ocean;
(b) a chemical element determiner (10) for determining which one or more of the other chemical elements would,
when added to the photic zone of the portion, cause growth of a phytoplankton population in the portion;
(c) a chemical element quantity determiner (12) for determining a quantity of the chemical element or elements
determined in step (b) whereby substantially all of the element or substantially all of at least one of the elements
added would be consumed by the additional phytoplankton grown; and
(d) a carbon dioxide sequestration calculator (14) for calculating the amount of carbon dioxide that can be
sequestered from the atmosphere based on the quantity of the chemical element or elements determined in
step (c) and the stoichiometric ratio of carbon to other chemical elements in phytoplankton determined in step (a).

10. A system of claim 9 for determining an amount of carbon dioxide that can be sequestered from the atmosphere by
a portion of an ocean, the system comprising:

(a) using a water receptacle to obtain a sample of water and phytoplankton from a photic zone of the portion;
(b) using the chemical element analyser to analyse the sample of water and phytoplankton to determine the
stoichiometric ratio of carbon to other chemical elements in the water and in the phytoplankton;
(c) using the chemical element determiner to determine which one or more of the other chemical elements
would, when added to the photic zone, cause growth of a phytoplankton population in the portion, and using
the chemical element quantity determiner to calculate a quantity of the one or more chemical elements whereby
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substantially all of the element or substantially all of at least one of the elements added would be consumed by
the additional phytoplankton grown; and
(d) using the carbon dioxide sequestration calculator to calculate the amount of carbon dioxide that can be
sequestered from the atmosphere based on the quantity of the chemical element or elements calculated in step
(c) and the stoichiometric ratio of carbon to other chemical elements in phytoplankton determined in step (b).

11. A method for determining an amount of carbon dioxide sequestered from the atmosphere by a portion of an ocean
comprising the steps of adding to a photic zone of the portion a nutrient or nutrients that are consumable by phyto-
plankton to support photosynthesis by phytoplankton, and calculating the amount of carbon dioxide that will be
sequestered based on the quantity of nutrient(s) consumed and a measured stoichiometric ratio of carbon to a
chemical element present in the nutrient(s) in phytoplankton taken from the photic zone of the portion before the
nutrient or nutrients were added.

Patentansprüche

1. Verfahren zum Bestimmen einer Menge an Kohlendioxid, die aus der Atmosphäre durch einen Teil eines Ozeans
sequestriert werden kann, wobei das Verfahren die folgenden Schritte umfasst:

(a) Analysieren einer Wasserprobe und einer Phytoplanktonprobe, die aus einer photischen Zone des Teils
entnommen wurden, um das stöchiometrische Verhältnis von Kohlenstoff zu anderen chemischen Elementen
in dem Wasser und in dem Phytoplankton zu bestimmen;
(b) Bestimmen, welches eine oder welche mehreren der anderen chemischen Elemente ein Wachstum einer
Phytoplanktonpopulation in dem Teil bewirken würden, wenn diese zu der photischen Zone des Teils hinzuge-
geben werden;
(c) Berechnen einer Menge des einen oder der mehreren in Schritt (b) bestimmten chemischen Elemente, wobei
im Wesentlichen das gesamte Element oder im Wesentlichen alle des mindestens einen der Elemente, die der
photischen Zone des Teils hinzugegeben werden, durch das zusätzlich gewachsene Phytoplankton konsumiert
würden.
(d) Berechnen der Menge an Kohlendioxid, die aus der Atmosphäre sequestriert werden kann, unter Verwendung
der in Schritt (c) bestimmten Menge des chemischen Elements oder Elemente und des in Schritt (a) bestimmten
stöchiometrischen Verhältnisses von Kohlenstoff zu anderen chemischen Elementen im Phytoplankton.

2. Verfahren nach Anspruch 1, wobei die anderen chemischen Elemente Stickstoff, Phosphor, Silizium und Eisen sind.

3. Verfahren nach Anspruch 1 oder 2, welches ferner den Schritt (e) des Hinzugebens der in Schritt (c) berechneten
Menge des chemischen Elements oder Elemente zu der photischen Zone des Teils umfasst.

4. Verfahren nach Anspruch 3, wobei Stickstoff das einzige der anderen chemischen Elemente ist, die der photischen
Zone hinzugegeben werden, und der Stickstoff in Form einer stickstoffhaltigen Verbindung hinzugegeben wird.

5. Verfahren nach Anspruch 4, wobei die stickstoffhaltige Verbindung Harnstoff oder Ammoniak ist.

6. Verfahren nach einem der Ansprüche 1 bis 5, wobei Schritt (d) einen Faktor zum Kompensieren von anorganischem
Kohlenstoff in der photischen Zone, der nicht aus der Atmosphäre ersetzt wird, enthält.

7. Verfahren nach einem der Ansprüche 1 bis 6, wobei Schritt (d) einen Faktor zum Kompensieren des Verlustes eines
chemischen Elements oder Elemente enthält, die der photischen Zone hinzugegeben werden, aber aus der photi-
schen Zone entweichen, bevor sie durch das zusätzlich gewachsene Phytoplankton konsumiert werden können.

8. Verfahren nach einem der Ansprüche 1 bis 7, wenn verwendet zum Bestimmen einer Menge von Kohlenstoffgut-
schriften aus der Menge an Kohlendioxid, die als solche berechnet oder tatsächlich sequestriert wurde.

9. System (1), umfassend:

(a) einen chemischen Elementanalysator zum Bestimmen des stöchiometrischen Verhältnisses von Kohlenstoff
zu anderen chemischen Elementen in Wasser und Phytoplankton, entnommen aus einer photischen Zone eines
Teils eines Ozeans;
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(b) einen chemischen Elementbestimmer (10) zum Bestimmen, welches eine oder welche mehreren der anderen
chemischen Elemente ein Wachstum einer Phytoplanktonpopulation in dem Teil bewirken würden, wenn diese
der photischen Zone des Teils hinzugegeben werden;
(c) einen chemischen Elementmengenbestimmer (12) zum Bestimmen einer Menge des in Schritt (b) bestimm-
ten chemischen Elements oder Elemente, wobei im Wesentlichen das gesamte Element oder im Wesentlichen
alle von mindestens einem der hinzugegebenen Elemente durch das zusätzlich gewachsene Phytoplankton
konsumiert würden; und
(d) einen Kohlendioxid-Sequestrierungsrechner (14) zum Berechnen der Menge an Kohlendioxid, die aus der
Atmosphäre sequestriert werden kann, auf Grundlage auf der Menge des in Schritt (c) bestimmten chemischen
Elements oder der Elemente und dem stöchiometrischen Verhältnis von Kohlenstoff zu anderen in Schritt (a)
bestimmten chemischen Elementen in Phytoplankton.

10. System nach Anspruch 9 zum Bestimmen einer Menge an Kohlendioxid, die von der Atmosphäre durch einen Teil
eines Ozeans sequestriert werden kann, wobei das System umfasst:

(a) Verwenden eines Wasserbehälters, um eine Probe von Wasser und Phytoplankton aus einer photischen
Zone des Teils zu erhalten;
(b) Verwenden des chemischen Elementanalysators, um die Probe von Wasser und Phytoplankton zu analy-
sieren, um das stöchiometrische Verhältnis von Kohlenstoff zu anderen chemischen Elementen in dem Wasser
und in dem Phytoplankton zu bestimmen;
(c) Verwenden des chemischen Elementbestimmers, um zu bestimmen, welches eine oder welche mehreren
der anderen chemischen Elemente ein Wachstum einer Phytoplanktonpopulation in dem Teil bewirken würden,
wenn diese der photischen Zone hinzugegeben werden, und Verwenden des chemischen Elementmengenbe-
stimmers, um eine Menge des einen oder der mehreren chemischen Elemente zu berechnen, wobei im We-
sentlichen das gesamte Element oder im Wesentlichen alle von zumindest einem der hinzugefügten Elemente
durch das zusätzlich gewachsene Phytoplankton konsumiert würden; und
(d) Verwenden des Kohlendioxid-Sequestrierungsrechners, um die Menge an Kohlendioxid zu berechnen, die
auf der Grundlage der in Schritt (c) berechneten Menge des chemischen Elements oder der Elemente und des
in Schritt (b) bestimmten stöchiometrischen Verhältnisses von Kohlenstoff zu anderen chemischen Elementen
in Phytoplankton aus der Atmosphäre sequestriert werden kann.

11. Verfahren zum Bestimmen einer aus der Atmosphäre durch einen Teil eines Ozeans sequestrierten Menge an
Kohlendioxid, umfassend die Schritte aus Hinzugeben eines Nährstoffs oder Nährstoffe, die durch Phytoplankton
konsumiert werden können, zu einer photischen Zone des Teils, um Photosynthese durch Phytoplankton zu unter-
stützen, und Berechnen der Menge von Kohlendioxid, die auf der Grundlage der Menge des(der) konsumierten
Nährstoffs(Nährstoffe) und eines gemessenen stöchiometrischen Verhältnisses von Kohlenstoff zu einem chemi-
schen Element, das in dem(den) Nährstoff(en) in Phytoplankton vorhanden ist, der aus der photischen Zone des
Teils entnommen ist, bevor der Nährstoff oder die Nährstoffe hinzugegeben wurden.

Revendications

1. Procédé de détermination d’une quantité de dioxyde de carbone qui peut être séquestrée de l’atmosphère par une
portion d’un océan, le procédé comprenant les étapes de :

(a) analyser un échantillon d’eau et un échantillon de phytoplancton prélevés dans une zone photique de la
portion pour déterminer le rapport stoechiométrique du carbone vis-à-vis d’autres éléments chimiques dans
l’eau et dans le phytoplancton ;
(b) déterminer lequel ou lesquels des autres éléments chimiques causeraient, lors de leur ajout à la zone
photique de la portion, la croissance d’une population de phytoplancton dans la portion ;
(c) calculer une quantité de l’un ou des plusieurs éléments chimiques déterminés dans l’étape (b), de sorte
qu’essentiellement tous les éléments ou essentiellement tout l’au moins un élément ajoutés à la zone photique
de la portion seraient consommés par le phytoplancton additionnel cultivé ; et
(d) calculer la quantité de dioxyde de carbone qui peut être séquestrée de l’atmosphère en utilisant la quantité
de l’élément ou des éléments chimiques déterminée dans l’étape (c) et le rapport stoechiométrique du carbone
vis-à-vis d’autres éléments chimiques dans le phytoplancton déterminé dans l’étape (a).

2. Procédé selon la revendication 1, dans lequel les autres éléments chimiques sont l’azote, le phosphore, le silicium



EP 2 176 657 B1

12

5

10

15

20

25

30

35

40

45

50

55

et le fer.

3. Procédé selon la revendication 1 ou 2, qui comprend en outre l’étape (e) d’ajouter à la zone photique de la portion
la quantité de l’élément ou des éléments chimiques calculée dans l’étape (c).

4. Procédé selon la revendication 3, dans lequel l’azote est le seul des autres éléments chimiques ajouté à la zone
photique et l’azote est ajouté sous la forme d’un composé contenant de l’azote.

5. Procédé selon la revendication 4, dans lequel le composé contenant de l’azote est l’urée ou l’ammoniaque.

6. Procédé selon l’une quelconque des revendications 1 à 5, dans lequel l’étape (d) inclut un facteur pour compenser
pour le carbone inorganique de la zone photique qui n’est pas remplacé à partir l’atmosphère.

7. Procédé selon l’une quelconque des revendications 1 à 6, dans lequel l’étape (d) inclut un facteur pour compenser
pour la perte d’un élément ou d’éléments chimiques qui sont ajoutés à la zone photique mais qui s’échappent de
la zone photique avant de pouvoir être consommés par le phytoplancton additionnel ayant crû.

8. Procédé selon l’une quelconque des revendications 1 à 7 lorsqu’il est utilisé pour déterminer une quantité de crédits
de carbone à partir de la quantité de dioxyde de carbone calculée comme devant être ou étant effectivement
séquestrée.

9. Système (1) comprenant :

(a) un analyseur d’éléments chimiques pour déterminer le rapport stoechiométrique du carbone vis-à-vis d’autres
éléments chimiques dans l’eau et dans du phytoplancton prélevé d’une zone photique d’une portion d’un océan ;
(b) un déterminateur d’éléments chimiques (10) pour déterminer lequel ou lesquels des autres éléments chi-
miques causeraient, lors de leur ajout à la zone photique de la portion, la croissance d’une population de
phytoplancton dans la portion ;
(c) un déterminateur de quantité d’élément chimique (12) pour déterminer une quantité de l’élément ou des
éléments chimiques déterminée dans l’étape (b) de sorte qu’essentiellement tout l’élément ou essentiellement
tout d’au moins un des éléments ajoutés seraient consommés par le phytoplancton additionnel ayant crû ; et
(d) un calculateur de séquestration de dioxyde de carbone (14) pour calculer la quantité de dioxyde de carbone
qui peut être séquestré de l’atmosphère basé sur la quantité de l’élément ou des éléments chimiques déterminée
dans l’étape (c) et le rapport stoechiométrique du carbone vis-à-vis d’autres éléments chimiques dans le phy-
toplancton déterminé dans l’étape (a).

10. Système selon la revendication 9 pour déterminer une quantité de dioxyde de carbone qui peut être séquestrée de
l’atmosphère par une portion d’un océan, le système comprenant :

(a) utiliser un récipient d’eau pour obtenir un échantillon d’eau et de phytoplancton d’une zone photique de la
portion ;
(b) utiliser l’analyseur d’éléments chimiques pour analyser l’échantillon d’eau et de phytoplancton pour déter-
miner le rapport stoechiométrique du carbone vis-à-vis d’autres éléments chimiques dans l’eau et dans le
phytoplancton ;
(c) utiliser le déterminateur d’élément chimique pour déterminer lequel ou lesquels des autres éléments cau-
seraient, lors de leur ajout à la zone photique, la croissance d’une population de phytoplancton dans la portion,
et utiliser le déterminateur de quantité d’éléments chimiques pour calculer une quantité de l’un ou des plusieurs
éléments chimiques de sorte qu’essentiellement tout l’élément ou essentiellement tout d’au moins un des
éléments ajoutés seraient consommés par le phytoplancton additionnel ayant crû ; et
(d) utiliser le calculateur de séquestration de dioxyde de carbone pour calculer la quantité de dioxyde de carbone
qui peut être séquestrée de l’atmosphère basé sur la quantité de l’élément ou des éléments chimiques calculée
dans l’étape (c) et le rapport stoechiométrique du carbone vis-à-vis d’autres éléments chimiques dans le phy-
toplancton déterminé dans l’étape (b).

11. Procédé de détermination d’une quantité de dioxyde de carbone séquestrée de l’atmosphère par une portion d’un
océan comprenant les étapes d’ajouter à une zone photique de la portion un nutriment ou des nutriments qui sont
consommables par du phytoplancton pour soutenir la photosynthèse par du phytoplancton, et calculer la quantité
de dioxyde de carbone qui sera séquestrée basé sur la quantité de nutriment(s) consommés et un rapport stoe-
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chiométrique mesuré du carbone vis-à-vis d’un élément chimique présent dans le(s) nutriment(s) dans le phyto-
plancton prélevé dans la zone photique de la portion avant que le nutriment ou nutriments soient ajoutés.
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