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ESTIMATION OF CARBON CREDITS
INTRODUCTION
The world may soon be focusing international attention on processes and activities that
mitigate the release of CO2 to the atmosphere and, in some cases, may remove CO2
from the atmosphere. As we invest national resources to these ends, it is important to
evaluate options and invest wisely. How can we apply consistent standards to evaluate
and compare various CO2 sequestration technologies? A standard methodology that
considers all the carbon impacts is needed. This would be useful for policy makers to
understand the range of options and for technology developers and investors to guide
investment decisions. It would also serve as a source of information for calculations or
estimations of carbon credits in a future credit trading system.
Decisions on international policy and strategy for carbon management must take into
account a variety of factors dealing with economic, environmental, and social
impacts. Several of these issues are already pursued from a global perspective.
Traditional carbon accounting methods follow the approach for emissions accounting
that is proposed by the Intergovernmental Panel on Climate Change (IPCC). Similar
national accounting methods could be developed for carbon sequestration activities.
These methods account only for the annual carbon emission reduction represented by
sequestration activities. Carbon emissions that relate to energy use, transportation, raw
materials, etc., to accomplish the sequestration are accounted for by other industries
on a national basis. However, in order to compare different sequestration technologies,
a more complete assessment methodology must be developed to assist in future
decision-making processes. For example, if the operators of a coal-fired steam plant
are considering implementation of either an off-gas CO2 scrubbing technique or an
algal pond strategy to reduce CO2 emissions in order to get favourable treatment from
a regulatory agency, the evaluation approach may be considerably different from the
national accounting approach—especially if these sequestration technologies are
moderate in size and do not significantly influence, on an individual basis, the national
accounting calculations. Even if a national accounting strategy were used on a very
localized zone, no clear method exists by which sequestration technologies should be
compared regarding their effectiveness in achieving long-term sequestration. For
example, is a method that sequesters CO2 for an average of 200 years twice as good
as one that sequesters it for 100 years?
Ideally, we would like to evaluate each sequestration technology based on the global
impact on atmospheric CO2 levels or on global warming. This, however, may not be a
practical method for many activities. It is likely that short-term or more-limiting activities,

not globally implemented, will not significantly alter the result predicted by global
modeling efforts. Thus, we should develop a more generic approach that would be less
labour intensive and yet provide some indication of technology benefits. To assist in the
evaluation, we propose that a general object function can be used for a life-cycle
assessment of a proposed technology. The object function for the technology value
should look something like this:

(1)

where the variables V1, V2, etc., correspond to environmental, economic, and societal
effects, etc., over time. Currently, the scope of this project deals only with life-cycle
carbon flows. Thus, the metric we have developed is a simplified methodology that
later may be incorporated into a complete objective function. This paper outlines a
contribution to the set of tools available for carbon management analyses.
We describe a methodology for assessing the merit of technologies that sequester
carbon (and other greenhouse gases) according to a standard set of criteria that can
be applied to a wide variety of technologies for comparative purposes.

OBJECTIVE
Our objective was to develop a general methodology for evaluation of carbon
sequestration technologies.
We wanted to provide a method that was quantitative but that was structured to give
qualitative robust comparisons despite changes in detailed method parameters—that
is, it does not matter what “grade” a sequestration technology gets, but a “better”
technology should always get a better grade.
The performance objective for a sequestration technology is not necessarily zero
emission of CO2 but rather a reduction compared with the baseline of current practice.
To make sure that all carbon aspects are considered, care must be taken to ensure
that there are no hidden emissions when making an alteration from the baseline. The
fundamental question underlying an analysis of merit of a process or alteration of a
process is as follows:
How much CO2 is generated as a result of the operation (or change) of this process,
and what is its ultimate fate?
Both inputs and outputs must be considered to obtain a total picture. When we speak
of carbon sequestration in this manuscript, we refer to all greenhouse gas sequestration

measured in carbon dioxide or carbon equivalence (CE). The carbon dioxide
equivalence is also called the Global Warming Potential (GWP). A complete list of GWP
values has been prepared by IPCC.

APPROACH
To address our objective, we have developed and elaborated on the following
concepts:
· All resources used in a sequestration activity should be reviewed by estimating the
amount of greenhouse gas emissions for which they historically are responsible. We
have done this by introducing a quantifier we term Full-Cycle Carbon Emissions (FCCE),
which is tied to the resource.
· The future fate of sequestered carbon should be included in technology evaluations.
We have addressed this by introducing a variable called Time-Adjusted Value of
Carbon Sequestration (TVCS) to weigh potential future releases of carbon, escaping
the sequestered form.
· The Figure of Merit of a sequestration technology should address the entire life cycle of
an activity. The figures of merit we have developed relate the investment made
(carbon release during the construction phase) to the lifetime sequestration capacity of
the activity. To account for carbon flows that occur during different times of an activity,
we incorporate the Time Value of Carbon Flows.
To demonstrate the methodology, we have decided to use a general example and
describe in steps how we approach the task of assigning an overall figure of merit to a
sequestration project. We gradually progress from an overall visual representation,
through detailed review of the individual parts, to the point at which all the information
can be consolidated to one or two figures of merit. The steps may be summarized as
follows:
1. First, we show the carbon flows occurring as part of an imagined sequestration
activity.
2. Then, we show how these flows would be estimated based on the resources used to
accomplish the sequestration.
3. This is followed by an inspection of the annual sequestration accomplishment and
assigning a value to the activity depending on future carbon flows (e.g., releases)
related to the sequestered carbon.
4. Lastly, we discuss how these carbon flows may be used in carbon credit calculations
and how to develop the overall figure of merit for the activity based on life-cycle
carbon flows.

The methodology we suggest does not rely on global atmospheric modeling efforts and
can be expanded to include financial, social, and long-term environmental aspects of
a sequestration technology implementation.

PROJECT DESCRIPTION
Assume that we have the pieces to construct a life-cycle carbon-flow diagram for a
particular sequestration activity. The timescale for the carbon flow should begin at
conception of the idea and end many years after completion of the activity. An
example of such carbon flows for an imagined activity may be seen in Figure 1.
To illustrate the carbon flows in Figure 1, we can visualize a sequestration project
beginning with research and development, releasing a little CO2 in the process. A few
years before the construction of the processing plant, we clear some land and burn the
tree stumps [2 metric tons of carbon (MtC) released]. In the year just before we open
our plant, we build on the land, generating 5 MtC in energy use and latent CO2
emission associated with the construction, capital equipment and structures. The plant
begins operation by ramping up the sequestration capacity over the first 8 years of
operation, and capacity then remains constant. During these later years, we sequester
a net amount of carbon (about 2 MtC) each year but we also have slow releases from
the captured carbon. During the processing plant’s last year (year 40), we must
decommission and demolish our facility, thus generating some carbon emission in the
process. In the out-years, there is a small annual net release from the sequestered
carbon. In our example, we assumed a release profile in which 25% of the sequestered
carbon is released during its first 50 years of sequestration. The remaining 75% will stay
sequestered “forever,” or longer than our target goal. In Figure 1, values above the xaxis correspond to a net flux of carbon being removed from the atmosphere by the
sequestering technology, while negative values correspond to a net release of carbon.

Figure 1: Life-cycle carbon flow for a sequestration activity, including anticipated releases from
the sequestered carbon.

Our goal has been to develop an evaluation methodology that addresses life-cycle
metrics as well as the annual (carbon) value (or credit) of a sequestration activity. In a
carbon trading system, national or international, we must keep in mind that a credit
can only be assigned in a year in which sequestration activity occurs—in other words,
during the active life of the sequestration plant. Any emissions occurring outside this
time frame must be accounted for through another process. To do this, one may
choose to assess a “penalty” to account for future releases of carbon from the
sequestered form. The life-cycle evaluation methodology should take into account all
emissions in a process. To do this, we introduce a property we call Full-Cycle Carbon
Emissions, or FCCE. The FCCE is a value that is expressed in mass of carbon and
corresponds to historic and future emissions for a “stream.” When a sequestration
technology uses a resource such as energy, we are indicating that this results in
emissions somewhere in the world and that these emissions are occurring (or are
accounted for) at the same time we are carrying out the sequestration. The FCCE is
related to the amount of resource through the FCCE Factor. The FCCE factor is
analogous to standard emissions factors used in carbon accounting but specifically
addresses life-cycle emissions. For the waste and product streams, however, emissions
may occur in the distant future, depending on the fate of these streams. In order to
assign an FCCE to these streams, we propose to introduce the Time-Adjusted Value of
Carbon Sequestration, or TVCS. In addition to simply accounting for future emissions, we
would like this property to indicate that a technology that sequesters carbon and does
not rapidly release it for circulation in the atmosphere is more valuable than an
alternate technology that releases it after a short time. Ideally, a technology should
sequester the carbon indefinitely; however, it is clear that many of the proposed
technologies do not accomplish this.

RESULTS
Full-Cycle Carbon Emissions from Resource Use
One of the most obvious emissions in a proposed sequestration approach is related to
the energy used in sequestration activities and subsequent activities for keeping the
carbon sequestered. For the United States, which represents limited energy diversity, the
CO2 emissions factor for energy use in 1997 was 15.7 MtC/EJ [1.57×10–5 gC/J (grams of
carbon per joule)]. It includes sources other than fossil energy that do not have CO2
emissions. The use of fossil energy also generates other greenhouse gas emissions, such
as CH4, N2O, and CO. These should also be considered and have been quantified by
EPA. For example, the emission from fossil burning and losses (such as methane
generation in coal mining and natural gas flaring in oil recovery) amount to
approximately 91.2 MtC (based on GWP), which contributes an additional 6.2% to the
regular CO2 emissions. These emissions are all process-related— they do not take into
account factors such as constructing power plants and building infrastructures.

Attempts have been made to estimate what has been termed Full-Energy-Chain
(FECH) Emissions Factors of greenhouse gases appropriate for electricity use. These
emissions factors are in the range of 3.55·10–5 to 4.25·10–5 gC/J for electricity use from
mixed sources. Thus, it is important to accurately determine the amount and type of
energy that a sequestration activity requires and to apply the appropriate emissions
factors. The FECH Emission Factor has the same value as the FCCE Factor. A general
methodology to determine the FCCE in materials may be to divide this estimation into
four different categories of latent emissions that arise from using materials in the
process:
1. Process emissions related to the stream. For example, ammonia has been proposed
as a CO2 absorbent for combustion gas, producing a fertilizer. Thus, we would have to
account for CO2 generation from process methane used in ammonia production.
2. Indirect or direct emissions from the use of energy. For example, the energy
requirement for ammonia production is 29 MJ/g NH3.
3. Emissions from transportation fuel used to get the “stream” to or from our
sequestration location.
4. All other indirect emissions.
The fourth category is a catchall group, which includes the emissions related to
ammonia plant construction, etc. To estimate emissions represented in this group, a
possible method is to look at the market price of the raw material and assign an FCCE
factor for cost. In the case of ammonia, the cost in 1997 was $227/ton (short), not
including transportation , which translates to $2.5×10–4/g NH3. We can use this cost in
one of two ways:
4a. Assume that all of this cost will ultimately be applied to some type of energy use.
Then convert the cost to carbon emission by using the energy price in 1997 [adjusted
with gross domestic product (GDP) implicit price deflators], which was $8.99/MBtu
($8.52×10–9/J), and emissions factors for general energy use (1.062´1.57·10–5 gC/J). This
would give us an estimated cost emissions factor of 1960 gC per dollar.
4b. We can use the GDP and its correlation to carbon emission. In 1997 the United
States GDP was 8300×109 dollars, and the estimated emissions were 1800 MtC (1.8×1015
gC), including all greenhouse gases. This would lead to a cost emissions factor of 217
gC per dollar.
The first method will most likely result in an overestimation of latent emissions because
part of the cost of the materials includes energy (and sometimes transportation)
already accounted for in emissions type 2 above. We may thus refine our general FCCE
estimation methodology to the following:

1. Determine the process emission factor and calculate the greenhouse gas emissions.
Several sources (e.g., IPCC and EPA) provide relevant information.
2. Determine the energy use for the production and transportation of the raw material
to the sequestration plant. Convert the energy to carbon emissions using the
appropriate emissions factors for energy.
3. Determine the cost of the delivered product and subtract the portion related to
energy and transportation fuel. Use the GDP/emission relationship to estimate all other
indirect emissions.
As an alternative, we could use an even more simplified approach based on process
emissions and cost but not on the energy used for the materials production. Instead,
one could assume that the entire material cost is associated with energy use.
In addition to materials used in the process, the capital equipment, buildings, and other
items needed for carbon sequestration have associated FCCEs. Once the amount of
construction materials has been estimated, the same methodology developed above
for raw materials may be used. Some process emissions and energy intensities of
common building materials have been summarized by Van de Vate.

FULL – CYCLE CARBON EMISSIONS FROM SEQUESTERED CARBON
Future carbon emissions occurring from sequestered carbon should be considered
when evaluating different sequestration approaches. To determine the FCCEs for
streams that will cause carbon emissions in the future, we introduce the Time-Adjusted
Value of Carbon Sequestration (TVCS). One way to estimate this value is to employ our
global climate models to predict changes in atmospheric CO2 levels as a result of
sequestration and future release from sequestered carbon. This would be a laborintensive task. Moreover, if an individual sequestration effort is moderate, it will be
considered merely as noise in existing global models. We propose another approach—
to start by defining a sequestration duration goal that will serve as a metric for future
reference. For example, we may chose to use 100 years as our goal for sequestration. In
this scenario, if we sequester 2 megatons of carbon (2 MtC = 7.4 Mt of CO2) today and
are able to keep it sequestered for at least 100 years, we should receive full value
(100%) for the activity. If we have partial or full release in less than 100 years, we are not
doing as well and the value is less. The question is this; how do we evaluate different
carbon release profiles and determine their proper values?
Consider the graphs in Figure 2, in which several value curves have been constructed
based on the instantaneous release of 2 Mt of sequestered carbon sometime in the
future. We will later consider partial release over time. Figure 2a shows a scenario that
does not give any value (or credit) to a sequestration of less than 100 years. Figure 2b
takes a more gradual approach by applying a straight-line model. Here, if we

instantaneously release all the carbon at any time before 100 years (e.g., 75 years), we
would get fractional credit (e.g., 75/100×2=1.5 MtC). To give proportionally more credit
to longer sequestration periods, we can construct a curve as in Figure 2c. Here we
emphasize that there is increasingly more value in focusing on technologies that will
keep the carbon sequestered longer, thus discouraging activities with potential quick
release. It is clear that this third approach is very sensitive to prior knowledge about the
future release, especially for the years close to year 100. To counter this, we may
choose to use a fourth approach (Figure 2d) which suggests that we should consider
short-term solutions favorably while recognizing that future predictions are hard to
make. In all the cases, we have chosen to give full credit, or value, to sequestration
past 100 years (or whatever metric we select as a goal).

Figure 2: Several potential profiles for calculation of the time value of sequestration.

It should be pointed out that all the curves drawn in Figure 2 were constructed using the
same basic equation, namely

(2)

where i is the penalty interest rate, y is the number of years sequestered, and Y is the
sequestration goal (expressed in years). Equation 2 is of the same type as interest rate
functions but has been normalized by the expression in the denominator so that the
function takes a value of 1 (one) when y = Y. The different curve shapes constructed in
Figure 2 were obtained by changing the penalty interest rate from 500% to 0.01% to 3%
to –3% for Figure 2a, 2b, 2c, and 2d, respectively. We propose the following
abbreviated expression for the modifier:
(3)
where V is the Value of Carbon Sequestration and R is the Amount of Carbon Released.
The preceding discussion addressed instantaneous release of the entire amount of
sequestered carbon.
An example of this scenario is that of sequestered carbon stock that is suddenly being
used for fuel.
Other scenarios may need to address periodic release of small amounts of the
sequestered carbon. We can use a carbon release profile (Figure 3) to visualize this
phenomenon. The timescale begins when sequestration takes place. In this example,
we have chosen to sequester 2 MtC. According to our example (Figure 3), we
anticipate a release of 0.5 Mt in year 20, 0.2 Mt in year 60, and 0.1 Mt in year 80.

Figure 3: Example of periodic release of sequestered carbon.

To calculate the value or credit for this activity, we would simply add the individual
time-adjusted release values, realizing that 1.2 Mt of the sequestered carbon remains

unreleased for more than 100 years. The calculation will take the form of Equation 4, in
which we have chosen to use 100 years as the goal for sequestration (Y = 100):

(4)
Equation 4 can be simplified and generalized to yield Equation 5:

(5)
where the maximum sequestration value (SC = net amount of carbon initially
sequestered) is reduced (or penalized) by the value of the carbon released annually
until the year Y is reached.
The preceding example showed how to penalize (or discount) the maximum
sequestration value for discrete releases of the sequestered carbon; however, it is more
likely that future carbon release from an activity is predicted via a mathematical
expression (e.g., a half-life constant). In this case, Equation 5 is modified to yield the
integral form

(6)
which may, or may not, be solved analytically depending on the complexity of the
carbon release profile, R(y). An example of a case in which the carbon release profile
might be available is the ammonium carbonate fertilizer, which may partially
decompose with time in the soil.
We have discussed the future release of carbon from a sequestration activity. We
should also consider that energy and materials might be needed in the future for
“maintenance” to retain the carbon in its sequestered form. Intuitively, we can say that
the use of energy and materials in the future should be limited. Because we expect that
their use generates CO2, we need to incorporate this knowledge in the value of
sequestration. To keep with the approach that we have taken concerning TVCS, we
would value delayed use of energy more than early use. The easiest way to visualize this
it to realize that any maintenance in the future will generate CO2, and this amount
must be added to that potentially released from the sequestered carbon. Thus, Rj and
R(y) in Equations 5 and 6 represent the total CO2 (or CE) released in the future, whether

from captured CO2 itself or from any CO2-generating activity associated with the
captured carbon. Incorporating maintenance activities into the projected scenario
creates a situation that would cause some sequestration technologies to have a
negative value, indicating a poor carbon management strategy.
The FCCE of the waste and the sequestered carbon streams is the amount of carbon
equivalents of future emissions related to these streams. In introducing the TVCS, we
have acknowledged that emissions may occur in the future from the sequestered
carbon and we have also incorporated a projected value to address future releases.
Thus, the time-adjusted FCCE is the right-hand part of the expressions in Equations 5 and
6,

(7)
with Rj and R(y) as defined in the preceding section.

CREDIT FOR ANNUAL CARBON SEQUESTRATION ACCOMPLISHMENTS
In a carbon credit–trading scenario, carbon credits must be calculated. To
demonstrate what credits could be claimed, let us continue with our example. For the
sequestration scenario we have created, the carbon flows are listed in Table 1. For
example, in year 6, we anticipate that our industrial facility will remove 2 MtC from the
atmosphere but that it will have an annual activity of 1.8 MtC. (We sequester 2 MtC in a
product, but we emit 0.2 MtC to accomplish this.) The fair amount of carbon credit
(carbon flow) that could be claimed in that year is 1.56 MtC because of the
anticipated future release of some of the sequestered carbon.
We can assign a credit only during the active life of the operating plant; thus, the initial
releases do not factor into the credit calculations. However, values from these releases
should still be used in the evaluation of the life-cycle activity as described in the
following section. The initial releases may be seen as an investment in the technology—
we must emit CO2 in the early stages in order to capture more CO2 later in the overall
activity.

FIGURE OF MERIT FOR CARBON SEQUESTRATION ACTIVITIES
To this point, we have proposed methods to estimate
· the net amount of carbon sequestered by taking into account both the actual mass
flow of carbon and latent emissions;

· the TVCS by assigning a function to account for early release and the use of
energy/material in the future to keep the carbon captured;
· the concept of carbon investment that occurs as a result of activities even before
carbon sequestration is realized; and
· the carbon flow concept, which addresses the life-cycle carbon flows and may serve
as basis for carbon credit calculations for a sequestration activity.
Table 1: Carbon flows on an annual basis.

What is needed to complete the methodology is an overall figure of merit for the
technology based on the carbon flow concept. We propose that the same approach
used in chemical plant economics is useful when evaluating sequestration activities.
Many of the most recently developed figures of merit (e.g., performance measures or
profitability) used in the evaluation of industrial processes are based on different types
of cash flow. Some of the measures include depreciation, with or without tax and with
or without discounting. In our case, carbon flow is analogous to cash flow.
The word “profitability” implies that we are now interested in how well our activity is
performing compared with the investments (analogous to pre-start-up releases) we

made. When we look at profitability, we can compare other investment alternatives.
When such alternatives are compared, it is very likely that the carbon flows for different
projects will be dissimilar, both in their magnitude and in the time they occur. When
flows occur at different times this detail is corrected by introducing the time value of
carbon. Discussions have arisen concerning carbon flows and whether the concept of
time value of carbon exists. The argument is that—for most cases—the time interval
often examined is too short for the flows to be time dependent. The time dependency
may exist if we look at flows in terms of millenniums but perhaps not on a decade or
even century basis. We have decided to treat the value of carbon flows as time
dependent to allow for a complete analysis. The methodology can easily be modified if
the time dependency is to be ignored.
The time value of carbon flows may be handled using the single payment compound
amount factor
(8)
where
(9)
where P is the present worth, F is the future worth, I is the discrete compound interest
rate, and n is the number of years between P and F. If the carbon flows are not time
dependent, I is zero and (P/F I, n) is always one. To determine the present worth of, for
example, 1.56 MtC in year 6 (Table 1) with a 10% interest rate, we can calculate as
follows:
(10)
One way to view this information is to say that we can either strive for a carbon credit of
0.88 MtC today or reach a carbon credit of 1.56 MtC in year 6—time is of the essence.
Two types of figure of merit that we propose are useful. In economic evaluations, these
are termed Present Worth Index and Annual Worth. To summarize, the first method looks
at the cumulative present worth of carbon flows over the life of the project and
compares this with the present worth of carbon flow by the initial carbon investment.
The second type compares the present-worth-corrected average sequestration of
carbon per year with the emissions from initial investment plus demolition, averaged
over the active sequestration plant life.

CONCLUSIONS
Our objective was to develop a general methodology for evaluation of carbon
sequestration technologies.
We wanted to provide a method that was quantitative but also structured to give
robust qualitative comparisons despite changes in detailed method parameters—that
is, it does not matter what “grade” a sequestration technology gets, but a “better”
technology should always achieve a higher score. We think that the methodology we
have begun to develop provides this capability. Our methodology can be defined by
“what it is” as well as “what it is not.” In some of our discussion groups, we have found it
useful to explain the scope of the methodology by reviewing both of these terms.

WHAT IT IS
· This is a methodology that will assist in evaluation and comparison of well-defined
sequestration activities.
· This is a methodology that should be used to address long-term merit prior to
engaging in an activity.
· This is a methodology that treats a sequestration activity as an engineering process of
which we have knowledge and control.
· This is a methodology that addresses carbon sequestration in life-cycle terms.

WHAT IT IS NOT
· This is not a global climate model.
· This is neither a model to predict sequestration impact on carbon dioxide levels in the
atmosphere nor an approach to estimate environmental impact.
· This is not a model that addresses a trading mechanism of carbon credit; however,
portions of the methodology may be used to determine a carbon credit value for a
sequestration activity.

