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ABSTRACT

In new European and national legislations, there is increased focus on the reporting of the emmissions related to
greenhouse gases from process plants. This includes reporting and documentation of uncertainty in the reported
emmissions, in addition to specific uncertainty limits depending on the type of emission and type of measurement
regime.

In a process plant like the Statoil Mongstad oil raffinery, there may be a huge number of measurement
points for mass flow. These measured mass flow rates have to be added in order to obtain the total emission for a
given source. Typically, orifice plates are used at many of the measurement points. These orifice plate meters are
ususally not equipped with individual densitometers. In stead, they are pressure and temperature corrected from a
common upstream densitometer. This will give correllations between the individual flow meters.

In the present paper, the flow meter set-up for Statoil Mongstad will be briefly addressed. thereafter, an
uncertainty model suitable for the CO, emission from the Statoil Mongstad oil raffinery will be presented, included a
practically method for handling the partial correllation between the uncertainty of the various flow meters. This
model will comply with the 1SO 5168 for measurement uncertainty. Various uncertainty contributions will be
reviewed, in order to work out an uncertainty budget for the specific emission sources. From these results and the
use of a specially developed calculation tool, improvements on the instrumentation have been suggested in order to
reduce the uncertainty, both in a short and a long time range. In particular, it is necessary to plan the flow metering
instrumentation so that the uncertainty is maintained also for the new gas flow regime that will appear when the new
gas power plant at Statoil Mongstad is ready.

1. INTRODUCTION

The refinery at Mongstad, north of
Bergen, Norway has a capacity of 12
million tons crude oil and condensate per
year. It is a medium complex refinery,
which is medium sized and with high
upgrading capacity. It is the largest
refinery in  Norway. The largest
production is petrol, diesel, aviation
petrol and other light petroleum products.
The production of petrol at Mongstad is
about one and a half time the total
Norwegian consumption. Most of the
production from the refinery is exported,
especially to Europe.

Fig. 1  Overview over the Statoil Mongstad oil refinery

National and European regulations

requires report of the CO, emissions from

e.g. Mongstad, within given uncertainties [MRG, 2007], [SFT, 2007]. The uncertainty of the
reported CO, emissions has to be documented. If the uncertainty is not within the requirements,
the authorities can give orders on specified improvements in order to reduce the uncertainty.

The uncertainty requirement is classified in Tiers. These put requirements to the uncertainty in
the reported values of activity data (mass consumption of fuel gas) and in carbon factor (quantity
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CO, produced when burning a given quantity if gas). Tier 4 is the highest tier-approach, and Tier
1 the lowest tier approach. For emissions larger than 500 000 ton/year, the highest Tier shall be
used for all major source streams. The reporting to the authorities are typically pr energy carrier.

The fuel gas at Statoil Mongstad is under Tier 4. The uncertainty limits under Tier 4 are different
depending on the type of gas. For fuel gas, Tier 4 gives an uncertainty limit of 1.5 % for activity
data, and 0.5 % for carbon factor, both with 95 % confidence level. The flare gas at Statoil
Mongstad is under Tier 3, which is the highest Tier for that gas type. Here the uncertainty limits
are 7.5 % for activity data, and 2.5 % for carbon factor.

The main part of this paper discusses the uncertainty in the activity data (Section 3 and 4). Some
considerations regarding the uncertainty of the carbon factor has also been given in Section 5.

2. INSTRUMENTATION AND REPORTING AT STATOIL MONGSTAD

The CO, emission at Statoil Mongstad originates from a variety of different sources. A variety of
mass flow measurements of fuel gas are carried out throughout the refinery. The CO, emissions
are calculated from the activity data and the carbon factor. For the reporting of the CO, emission,
the various fuel gas flows are grouped together in some groups (for 2006: five groups), based
mainly on energy carrier. The various sources thus have different gas composition in the fuel gas.

The various mass flows are measured by different flow metering principles. These include
e Orifice plates

Venturi meters

Annubar differential pressure meters

Coriolis meters

Ultrasonic flare gas meters

In addition, some small gas flows are estimated, and a fixed number is used. By far the most
commonly used mass flow meter principle at Statoil Mongstad is the orifice plate. The density is
typically measured far upstream the orifice plates, and calculations are carried out in order to
compensate for the pressure and temperature differences from the densitometer to the orifice
plate.

3. UNCERTAINTY MODEL

The uncertainty model for a given source (group of mass flows) consists of the uncertainty model
for the various individual flow meters, and a model for the sum of the various flow meters. This
includes the evaluation of correlated and uncorrelated contributions between the different flow
meters. It should be mentioned that the final uncertainty model does not only depend on the type
of flow meters, but also on the operation of the various flow meters. This will be illustrated
below.

As an illustrating example, it is here chosen to show the uncertainty model for the sum of the
flow through two orifice plates. It is assumed in the example that upstream the two orifice plates,
the gas density is measured, in addition to the pressure and temperature. Downstream the
densitometer, the gas is split into two pipes, and orifice plates measure the flow through each of
them. The gas composition is thereby the same for the gas through both orifice plates. In order to
find the gas density upstream each of the two orifice plates, the pressure and temperature
upstream the two orifice plates is to be used. This is either measured or estimated by other means.
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The uncertainty model should cover both cases. It should here be mentioned that in the
calculation of density at upstream orifice conditions, ideal gas law is assumed. this is because of
the low pressure at similar installations at Statoil Mongstad.

The uncertainty model can be further extended to several orifice plates and to combinations of
various flow meter technologies, included correlations between some and not all the flow meters.

Orifice
meter 1

Densito-
meter,

—> temperature,
pressure

Orifice
meter 2

Fig. 2  Metering configuration for the illustrative example

3.1.  Oirifice plate uncertainty model

It is well known that in the flow-metering situation using orifice plates, measurement of
differential pressure over the orifice plate is carried out. In addition, pipe and orifice diameter,

discharge coefficient, expansibility factor and upstream gas density are needed. The functional
relationship for the mass flow rate is in this case:

C T
qm:—g—d21/2pMAP (1)

1-(d/D)* 4
where
Om mass flow rate
C discharge coeffisient
£ expansibility coeffisient
d orifice diameter, at line conditions
D pipe diameter, at line conditions
M density upstream the orifice plate
AP differential pressure over the orifice plate

In the example to be discussed here, the density is determined from the measured density at
densitometer conditions, and pressure and temperature corrections to the conditions upstream the
orifice plate:

PM TO
Pwm = Po P, (2)
where
o) density at densitometer conditions
To absolute temperature at densitometer conditions

3
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Po pressure at densitometer conditions
Twm absolute temperature upstream orifice plate
Pwm pressure upstream orifice plate

The relative standard uncertainty of the mass flow rate measured by an orifice plate, can now be
found using [ISO 5167] in addition to the extra terms from the temperature and pressure
calculations for the density from densitometer to orifice plate conditions:

u(g,) Zz(u(C)jz+(u(s)J2+ 25" Z(u(D)jz

a, C & 1-p* D
J{ 24] (u(d)jz+£(U(AP))2+£[u(po)j ‘)
1-8 d 4\ AP 4l p,
+l(u(PO)J2+£[U(TO)J2+£(U(PM)]Z+£(U(TM)J2
4 P, 40 T, ANEY 4T,

It should be mentioned that it here is assumed that all uncertainty contributions (from discharge
coefficient, expansibility coefficient, diameters, differential pressure, measured density, pressure
and temperature) are here assumed to be mutually uncorrelated.

3.2.  Correlations

A typical situation to be addressed when adding several mass flow rate measurements into a
single number is the issue of correlation between the various measured flow quantities. This is
briefly addressed in the EU guidelines [MRG, 2007], where the formulas for uncertainty for a
sum and a product are given, when the various terms/factors are either uncorrelated or fully
correlated. However, these models are too simple to be used in practice in a situation where
partial correlation between two or more measured flow rates exist. Therefore, two more extensive
methods that cover such situations will be presented here. These are the covariance method and
the decomposition method.

The covariance method is the classical way of treating partial correllation between quantities. It

is recommended in ”"Guide to the expression of uncertainty in measurement” [ISO, 1995]. In
short, it can be presented in the following way: Let

z=1(x,y) (4)

The standard uncertainty in u(z), is to be expressed by the standard uncertainties of x and y (u(x)
0g u(y)). The classical approach is as follows

u(z)’ =%u(x)} +(§yu(y>j 2r(x, y)%%u(x)u(y) (5)

where r = 0 if x and y are fully uncorrellated and r = 1 if x and y are fully correllated. In general, r
is a number between -1 and 1. By partial correllation, the r — value has to be determined. It may
be a challenging task to do this determination in an objective way.



25" International North Sea Flow Measurement Workshop, Oslo, Norway, 16-19 October 2007

The decomposition method is used in ISO 5168, Annex J. It is here assumed that the
contributions to the standard uncertainty in x and y originate from different sources of
uncertainty. Some of these contributions can be correllated (r = 1) and other can be uncorrellated
(r = 0) between x and y. in this way, the standard uncertainty in x and y can be written as

U(X)Z = U(Xc)2 + U(XU )2

(6)

u(y)? = U(YC)Z "'U(YU)2
where the indexes C and U denote the correllated and the uncorrellated contributions,
respectively. The correllated and the uncorrellated uncertainty contributions are treated
separately, with r set to 1 and O, respectively. Then, the following formula is obtaind for the
standard uncertainty in z:

u(zy? =(%u(xu)j +[%u(yu )j {%u(xc)%u(yc)j ™

The advantage of this formula is that it is not necessary to determine a value for r. However, the
various uncertainty contributions for x and y have to be studied and classified as either correllated
or uncorrellated between x and y.

In the NFOGM, NPD and CMR handbook for ultrasonic gas flow metering stations [Lunde and
Froysa, 2001] this formalism is derived from a formal decomposition:

X = Xe + X, @
Y=Yc+Yu

This decomposition is just formal, and does not represent a physical interpretation. The
correllated contributions to the uncertainty are there associated with xc and yc, and the
uncorrellated contributions with xy and yy. It can be showns that

a_a ot
X, %, OX
oo o ®
e Oyy Oy

Now r = 1 is set for the correllation between xc and yc, and r = 0 between all the other variables.
Then Eq. (7) is obtained.

It is possible to go do calculations from the decomposition method to the correlation method in
the following way. Eq. (7) can be re-written as

w2y’ :[%) (u(x,)? +u(xc)2)+[%] (u(yy )2 +u(ye)?)

of of (10)
+ Za_xau(xc)u(yc)



25" International North Sea Flow Measurement Workshop, Oslo, Norway, 16-19 October 2007

By using Eq. (6), this can be written

u(z)? = %} u(x)? {%} u(y)y +2%§yu(xc>u(yc) 11)

This can further be written as

o (A () u(xu(ye) of of
u(z) —(axj u(x) +[ay] u(yy + 220N Luiugy) 12

which is Eq. (5) with the following expression for r:

u(x)u(ye) _ u(x)u(ye)
uOAUCY)  Ju(x,)? +u(xe) yulyy)? +u(ye)?

r(x.y) = (13)

It is thereby shown that these two methods are equivalent. In addition, the decomposition method
provides a formula for calculation of r.

For the use in the example mentioned above with two orifice plates, each input uncertainty
contribution has to be evaluated with respect to correllation or not between the two orifice plates
in question. For this example, the following considerations have been made:

Discharge coefficient: Because the flow profiles are never quite the same in two independent
installations, the uncertainty contributions from the discharge coefficients are uncorrelated
between the two orifice plates.

Expansibility coefficient: Because flow profiles, pressure and temperatureare never the same in
two independent installations, the uncertainty contributions from the expansibility factor are
uncorrelated between the two orifice plates.

Pipe diameter: If the pipes at the two orifice plates are produced independently of each other (as
when the pipe dimensions are different between the two orifice plate installations, the uncertainty
contributions from the pipe diameter can be regarded as uncorrelated between the two orifice
plates. However, if they are produced in the same batch of pipes, it may be more correct to regard
them as being correlated. In the present work, they are considered to be uncorrellated.

Orifice diameter: The orifice plates are typically produced independently of each other. Often,
the orifice plates are of different size, and they are measured by independent measurements.
Therefore, they are regarded as uncorrelated between the two orifice plates. There may, however,
be a small correlation between the two orifice plates when the same measurement system is used
for measurement of the orifice diameter in the two plates. This is from the calibration of the
measurement system. In the work reported here, this correlated contribution has been evaluated
and found to be small enough to be neglected.

It should, however, be commented that there is a correlation between the pipe diameter and the
orifice diameter on each orifice plate, from the common temperature expansion. This will be the
case both if the temperature expansion is corrected for and if it is not. This is addressed in [Dahl
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et al, 2003], where the covariance method is applied. In the present work, the equivalent
decomposition method has been used.

Differential pressure: This quantity is measured by separate differential pressure transmitters for
the two orifice plates. This uncertainty contribution is therefore considered to be uncorrelated
between the orifice plates. However, due to common calibration facility for the two differential
pressure transmitters, there will be a small correlation between the two orifice plates. In the work
reported here, this correlated contribution has been evaluated and found to be small enough to be
neglected.

Density at densitometer conditions: The density measured by the densitometer is used as input to
both orifice metering stations. This uncertainty contribution is therefore correlated between the
two orifice plates.

Pressure at densitometer conditions: This quantity is used as input to both orifice metering
stations. This uncertainty contribution is therefore correlated between the two orifice plates.

Temperature at densitometer conditions: This quantity is used as input to both orifice metering
stations. This uncertainty contribution is therefore correlated between the two orifice plates.

Pressure at upstream orifice conditions: If this is measured with separate dedicated pressure
transmitters, they will be uncorrelated between the two orifice plates. However, due to common
calibration facility for the two pressure transmitters, there will be a small correlation between the
two orifice plates. In the work reported here, this correlated contribution has been evaluated and
found to be small enough to be neglected. In the case where the pressure is not measured, but just
estimated, the uncertainty may be correllated or uncorrelated between the two orifice plates,
depending on the process in question. In the work presented here, the uncertainty contributions
when the pressure is measured are considered as uncorrelated. This conclusion is supported by
measurements campains at the plant.

Temperature at upstream orifice conditions: If this is measured with separate dedicated
temperature transmitters, they will be uncorrelated between the two orifice plates. However, due
to common calibration facility for the two temperature transmitters, there will be a small
correlation between the two orifice plates. In the work reported here, this correlated contribution
has been evaluated and found to be small enough to be neglected. In the case where the
temperature is not measured, but just estimated, the uncertainty may be correllated or
uncorrelated between the two orifice plates. In order to account for both these cases, the model
will include both a correlated and an uncorrelated term for this quantity.

Based on the considerations above, the following uncertainty model can be specified for the
uncertainty for the sum of the two mass flow rates measured by the two orifice plates, included
correlations between the orifice plates:
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(14)

In this formula, the indexes U and C represent uncertainty contributions that are uncorrelated and
correlated between the two orifice plates, respectively. Index 1 and 2 corresponds to the two
orifice plates.

For simplicity, the terms handling the correlation between d and D due to temperature expansion
are omitted. However, in the calculation example presented in Section 4, this effect is included.

3.3.  Model for Source 1 at Statoil Mongstad

The total flow rate at each source at Statoil Mongstad is a sum of the measured flow rates at a
variety of flow metering points. Here, one of these sources (here denoted as “Source 1), with 16
orifice plates and one minor point where the flow rate is estimated, will be discussed. These 16
orifice plates have one common densitometer, similar to the situation discussed above. In Fig. 3,
some details on this source are given, regarding densitometer position (marked with “D”), flow
meter position (marked with “F”) and detailing of number of heaters and boilers.

A classification of correlated and uncorrelated contributions similar to the one carried out above,
has been done for this source. The discussion is similar as above, but the more detailed and
process plant specific details in the discussion will not be presented. Based on this discussion, a
full uncertainty model for the whole source is established. This is similar to the model for two
orifice plates discussed above, but extended to 16 orifice plates and one estimated point.
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Fig. 3  Overview over Source 1. “D” denotes the location of the densitometer, and “F” denotes a mass flow meter.
4. CALCULATION EXAMPLE

4.1. Input uncertainties

An important issue in the uncertainty analysis, is the specification of the input uncertainties.

All the input uncertainty quantities should be documented based on vendor specifications or
considerations based on the process in question. In cases where there may be doubt about the

input specification, it is chosen to be on the conservative side, so that the uncertainty is not
underestimated. The following considerations have been carried out:
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Discharge coefficient: The orifice plates are installed according to 1SO 5167. The quantity and
the uncertainty of the discharge coefficient is therefore calculated according to 1ISO 5167.

Expansibility coefficient: The orifice plates are installed according to ISO 5167. The quantity
and the uncertainty of the expansibility coefficient is therefore calculated according to ISO 5167.
It should be mentioned that this quantity may be largely flow dependent, and should therefore be
recalculated when the flow rate is changing.

Pipe diameter: VVendor specification.
Orifice diameter: Vendor specification.

Differential pressure: The uncertainty of the differential pressure measurement is calculated
according to the Handbook [Dahl et al, 2003], with vendor specification and
installation/calibration specifications for the differential pressure transmitter in question. Also
this quantity may be largely flow dependent, and should therefore be recalculated when the flow
rate is changing.

Density at densitometer conditions: The uncertainty of the density measurement is calculated
according to the Handbook [Dahl et al, 2003], with vendor specifications for the densitometer in
guestion. Velocity of sound correction is not carried out, and contributes therefore to increased
uncertainty.

Pressure at densitometer conditions: This uncertainty is calculated according to the handbook
[Dahl et al, 2003], with vendor specifications for the pressure transmitter in question.

Temperature at densitometer conditions: This uncertainty is calculated according to the
handbook [Dahl et al, 2003], with vendor specifications for the temperature transmitter in
question.

Pressure at upstream orifice conditions: For some orifice plates, the pressure is measured. In
these cases, the uncertainty is calculated according to the Handbook [Dahl et al, 2003], with
vendor specifications for the pressure transmitter in question. For the other orifice plates, the
relative standard uncertainty is estimated to 5 % (10 % with 95 % confidence level), in order to
be sure not to underestimate this quantity.

Temperature at upstream orifice conditions: For three of the orifice plates, there is a common
temperature measurement. In this case, the correlated standard uncertainty of the temperature
estimate is set to 0.5 °C, due to specifications of the temperature transmitter. The uncorrelated
standard uncertainty is set to 1.5 °C in order to account for some uncorrected variation in
temperature between the orifice plates. For the other orifice plates, the temperature is estimated.
The standard uncertainty is here set to 5 °C correlated contribution and 5 °C uncorrelated
contribution. This uncertainty specification is based on 3 measurement campains during 2006 at
some orifice plates. The variation in temperature between the orifice plates, and over time give
some input for estimating the uncertainty. In addition, there is accounted for some extra variation.

4.2. Results for 2006

The results for the uncertainty of source 1 have been calculated according to the model and input
uncertainties described above. The results are shown in Fig. 4, where the uncertainty contribution

10
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from each of the 16 orifice plates and the one estimated flow are shown, in addition to the
relative expanded uncertainty for the source in total (for total flow measured from all the 17
measurement points). It can be seen that the relative expanded uncertainty is calculated to about
1.89 %. In Table 1, the r values for the correlation between the various flow meters are shown.
Note that these values are not actively used in the calculations, but are calculated afterwards from
the uncertainty results, using a generalised version of Eq. (13).

The calculated relative expanded uncertainty of 1.89 % is outside the requirement from the
authorities that in this specific case is 1.5 %. Therefore, it has been looked for corrections to the
instrumentation set-up in order to reduce the uncertainty. From Fig. 4, it is seen that orifice plate
no. 1 contributes most to the uncertainty for the total source. This is not because of especially
large uncertainty for the measured flow rate of that specific orifice plate. Instead it is because the
flow through that orifice plate is by far the largest for that source. Therefore, that orifice plate is
weighted more than the other orifice plates in the total uncertainty budget.

In Fig. 5, the various uncertainty contributions for the flow measurement using orifice plate 1 are
shown. It can be seen there that by far the largest uncertainty contributions are from temperature
at the orifice plate. This is because the temperature at the orifice plate is estimated, and not
measured. It was therefore recommended to install a temperature measurement upstream this
orifice plate. In August 2007, this new temperature measurement was set into operation. The
uncertainty analysis was thereafter re-calculated with the reduced uncertainty contribution from
the temperature upstream the orifice plate appearing after installation of the temperature
measurement. The results from that calculation are shown in Fig. 6. It can be seen that the
uncertainty contribution from orifice 1 to the uncertainty of the total flow in the source is
significantly reduced compared to Fig. 4. The relative expanded uncertainty for the total flow in
source 1 is now well within the requirement of 1.5 %. This illustrates how the uncertainty model
and analysis can be used as a documentation of the uncertainty as per today and also as a tool for
planning modifications of the instrumentation in order to reduce the uncertainty.

Finally it should be mentioned that it is not only new instrumentation that can change the
uncertainty. Significant changes in flow rates, both in total and individually between the orifice
plates will also affect the uncertainty results, even when the instrumentation is unchanged. There
are several reasons for that, e.g. the following:

e The uncertainty of the differential pressure measurement is flow velocity dependent

e The uncertainty of the expansibility factor is flow velocity dependent

e The weighting of the uncertainty between the different orifice plates is changed when the

flow rates are changed.

This means that when there are significant changes in the flow rates in a process plant, the
uncertainty should be re-calculated. For Statoil Mongstad, this will be the case when the new
energy plant (gas power plant) will be opened.

11
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Uncertainty budget for source 1 - fuelgas
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Fig. 4  Uncertainty budget for Source 1, 2006 results
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Fig.5 Uncertainty budget for orifice plate no. 1 in Source 1, 2006 results.
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Uncertainty budget for source 1 - fuelgas - Instrumentation pr August 2007
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Fig. 6 Uncertainty budget for source 1, 2006 results, but with an extra temperature sensor installed at orifice plate

Table 1

no. 1.

r-value implicitly used for the covariance between the uncertainty of the various flow measurements
in Source 1.
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S. CARBON FACTOR

The carbon factor is a factor that specifies the quantity of CO, that is obtained from burning a
specified quantity of fuel gas. It can e.g. be given in kg CO; pr kg fuel gas. This carbon factor can
be calculated from the fuel gas composition.

The carbon factor is determined in several ways depending on the actual situation at the process
plant in question. Some examples are:

e Online GC for the fuel gas.

e Online GC for a fuel gas that is close to but not equal to the fuel gas in question.

e Regular sampling and laboratory analysis of the gas composition e.g. on a daily, weekly
or monthly basis.

e Some few sampling and laboratory analyses for giving an indication of the carbon factor.

e In cases of mixing of various flows of various known gas qualities to a final gas:
assumption of the mixing ratios in this mixing.

The uncertainty of the carbon factor depends heavily on the method chosen for determination of
the carbon factor. The uncertainty study can thus include issues like the uncertainty of the GC-
analysis, uncertainty due to GC measurements on a slightly different gas type, uncertainty due to
sampling procedures, sampling period and laboratory analysis, and uncertainty due to unknown
mixing. In the present work, details will not be given on procedures and uncertainty estimations
for a specific installation.

6. SUMMARY AND CONCLUSIONS

In the present paper, a project regarding documentation of the uncertainty of the CO, emissions
from the Statoil Mongstad oil refinery has been presented. The national and European regulations
for this uncertainty reporting have been briefly described. Uncertainty limits have there been set
for activity data (accumulated fuel gas mass) and carbon factor (number of kg CO, produced
from the burning of one kg fuel gas). In this work, uncertainty of the activity data has been the
main focus.

After description of the instrumentation at Statoil Mongstad, a simplified uncertainty model
including the correlation between various measurements has been presented. Here, two
approaches for treatment of correlation have been presented: the covariance method and the
decomposition method.

The decomposition method has thereafter been used on uncertainty calculation for a specific
source including 16 orifice meters and one estimation point, at Statoil Mongstad. It is shown that
the uncertainty can be improved by suggesting new instrumentation based on the uncertainty
budgets worked out in the present work. Based on these results, a new temperature measurement
has been installed and is now in operation.

Finally, some considerations regarding the uncertainty of the carbon factor are given.
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