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2. Uncertainty analysis using Monte-Carlo method. Practical analysis of

uncertainties in modeling of greenhouse gases emission processes.

The analysis with the Monte-Carlo method is particularly useful for a detailed evaluation
of uncertainty "from category to category" when the uncertainties are large, and are not normally
distributed, when density is described by complex functions, and (or) there is a correlation
between some inputs on the activities in the studied category, sector, emission factors, and more.

The essence of the Monte-Carlo method is to generate pseudo-random samples of input
data, according to the density of the probability distribution specified for each input variable.
The samples are called "pseudo-random" because they are generated by a particular algorithm,
called pseudo-random number generator. Therefore, as input data during such assessment we use
reproducible numerical series from a pseudo-random number generator (in accordance with input
probability distribution) that, have some specified characteristics. If the resulting uncertainty is
a function of two or more uncertain input variables, then the random samples are generated for
each of the input variables, and the random number obtained for each input parameter is inserted
into the mathematical model expression for calculation of the output value. This process is
performed many times to produce a set of output estimates in the model. This set of estimates is
a sample from the probability density of the output variable. Since the Monte-Carlo simulation is
a numerical method, an important element of its application is connected with the accuracy of
the results. To improve this accuracy, the number of iterations has to be increased.

Application of the Monte-Carlo method in modeling of the greenhouse gas emission
processes requires the knowledge of the distribution of the probability density for each parameter
in a complex mathematical model (i.e. for all the data connected with the consumed fuel,
calorific values of fuels used, emission factors, etc.). This is the first and very important step in
the simulation when using Monte-Carlo method. In the second step, the random values of all the
parameters of the mathematical model are generated, according to their probability density
functions. In the third step an evaluation of emission on the basis of the random variables,
generated in the second step, is carried out. The implementation of the second and the third steps
is repeated as many times, as needed to get the values of all investigated output parameters of the
mathematical model considered.

Thus, a major problem in the Monte-Carlo method is the modeling of random variables,
that correspond to the input parameters of the model. A proper assessment of the magnitude of
uncertainties of input parameters, their distributions and correlations are very important, since
each parameter has its own peculiarities and specific features. In the IPCC guidelines, the

integrated values of uncertainties for most emission factors are indicated. This can be used in
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absence of regional data, if they are normally distributed. However, the analysis of the emission
processes in the production of electricity and heat, as well as in many other categories of human
activity, shows that these assumptions cannot be used for all model parameters and for all
greenhouse gas emissions. Therefbre, the results of in-depth studies of individual model
parameters for a particular country, region, or company can give a more detailed assessment of
uncertainties and corresponding distributions.

Having analyzed all the causes of the uncertainty of the input parameters in emission
process models, a next important step is to collect the data relating to each parameter. Ideally, the
required information about the uncertainty of each input parameter should be obtained together
with the assessment or measurement of the most input data. However, in practice, it is usually
difficult or impossible to obtain them. Therefore, for a quantitative assessment of uncertainties of
input parameters the best available estimates should be used. These estimates are often a
combination of measurement results, published data, modeling results, and expert assessments.

Software for estimation of uncertainties. The process of analyzing uncertainty in spatial
inventory of greenhouse gas emissions from electricity and heat generation, as well as for other
categories, requires the use of corresponding software tools, adapted to this particular sector or
category of economic activity, with appropriate productivity.

For modeling and spatial analysis of the inventory results of greenhouse gas emissions the
appropriate software has been created, which makes it possible to investigate the uncertainty
values at any level (enterprise, region, country, etc.), and by major categories of the sector of
electricity and heat generation, the residential sector, and others.

The software is implemented using Delphi 7.0. Its main part consists of three tabs:

e "Generation data" (provides possibility to input the number of realizations, to choose
a greenhouse gas, for which the modeling will be held, to determine probability
distributions for each parameter, and visualization of the generated values in the
graph);

e "Generation results" (on the basis of the values generated on the first tab, a generated
series of output parameters is prepared and its basic characteristics data are displayed
in the appropriate fields, i.e.: the width of interval, the number of partitions, the
expected value, the lower and upper bounds of uncertainty range);

o "Histogram" (the histogram is created, using the generated series).

An important component of the program implementation is an Excel input file, obtained on
the basis of the georeferenced database created, of point- and area-type emission sources for
electricity and heat generation, as well as for other categories of activity. This file contains
information about the amount of fuel consumed by corresponding sources of emissions, the
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emission coefficients for greenhouse gases, net calorific values of the fuels, and the bounds of
the 95% confidence interval for each of the parameters used.
The developed software tool is based on the algorithm of modeling uncertainties of the

spatial inventory results of greenhouse gas emissions. It consists of the following main steps:

1) for each subcategory 1.A.1.a (in the IPCC Guidelines), and for all input parameters of
each emission source (point-type for power generation, and area-type for heat production, as an
example) determine the average values and individual distribution density functions;

2) for each source of emission, type of fossil fuel, and greenhouse gas, generate a random
value for each parameter, such as activity data, emission factors, and net calorific value of fuel,
within the sets of the distribution functions of random variables generated in the first step;

3) use the random values of input parameters, generated for each emission source, for
estimation of annual emissions, based on a mathematical model of the emission process,
i.e. a single value for each emission source in category under investigation is calculated;

4) calculate the total emissions for all sources included in the input Excel file;

5) calculate the expectation }i; and the uncertainty U; , using the results of all the previous
iterations of computing, where i/ is the number of iteration of resulting value (total emission) in
the current iteration;

6) repeat the steps 2-5, if ,ﬂi - /1,-_1| > Au or |U,- —U,-_1| > AU , where Ay and AU
are acceptable accuracies of the results. Otherwise stop.

The developed software tool is versatile for the analysis of inventory uncertainty of
greenhouse gas emissions. It is only required from the user to form an input file on the basis of
georeferenced database, and to specify the distribution law for each parameter of the

mathematical model.

Analysis of the required number of realizations. An important element of uncertainty
modeling of greenhouse gas inventories using Monte-Carlo method is to determine the required
number of realizations. The Monte-Carlo method enables the use of the well-known statistical

methods for evaluating the accuracy of the results.
As demonstrated in (Bun, 2009), the number of realizations must meet the condition

2
N>[2”_") , @1
7]
where ¢ is the bound of & =0,95 confidence interval for normally distributed values

@ =N(0,]), ie. P(-c <(I><C)=a, O is the standard deviation, @ is the width of the
interval, in which the estimate of mathematical expectation falls with probability & . However,
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in inventories of greenhouse gases from electricity and heat production, as well as in some other
categories, the variables are characterized by the distributions different than the normal one.
Therefore, the expression (2.1) is in general inapplicable to determine the number of realizations
in Monte-Carlo method.

For mathematical models, which include the values undergoing non-normal distributions,
the required number of realizations in the Monte-Carlo method can be determined
experimentally. To do this, first the experiments have to be conducted with a small number of
realizations to obtain the values for the lower and upper limits of the 95% confidence interval.
Next, the number of realizations should be increased, untill the value of the upper and lower
boundaries of the interval of uncertainty satisfy the required accuracy.
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