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ABSTRACT 

 

When shuttle tankers are loaded with oil from offshore installations, the atmosphere 

originally present in the empty cargo tanks will be evacuated as the oil is filled. The 

evacuated gas contains VOC-gas originally in the tanks prior to filling and VOC-gas 

that is evaporated from the loaded oil. A considerable effort has been made in 

reducing the possibility for such evacuated VOC-gas to be emitted to atmosphere. 

This has resulted in several technologies implemented for VOC treatments on the 

ships. Such active VOC treatment technologies include condensation and separation 

in order to retrieve the VOC-gas, and passive systems for reducing the amount of 

VOC-evaporation from the filled oil (KVOC). In the Norwegian sector about 20 ships 

are used. Each ship is equipped with a VOC treatment system. The selected system 

varies from ship to ship. 

 

In order to control the overall VOC emissions during offshore loading activities, 

Norwegian authorities have required that a measurement and calculation program is 

implemented for VOC emissions from shuttle tankers. The Norwegian industry 

cooperation VOCIC is responsible for this implementation, on behalf of the oil field 

operators. The program involves installation of metering systems on a representative 

selection of ships covering the various VOC treatment technologies and also covering 

the main oil fields. The present work describes the background, the challenges and 

the selected measurement program that is implemented on the selected ships. It will 

also discuss the implementation of the flow meters and quality measurements 

including some operational challenges.  

 

 

1 INTRODUCTION 

 

The emission of volatile organic compounds (VOC) is regulated by the Gothenburg 

Protocol. In addition, the Gothenburg Protocol also regulates a series of other 

emissions. The Protocol sets emission ceilings for 2010 for four pollutants: sulphur, 

NOx, VOCs and ammonia.  According to this protocol, Europe’s VOC emissions 

should be cut by 40% compared to 1990.    

 

The Protocol was amended in 2012 to include national emission reduction 

commitments to be achieved in 2020 and beyond. For Norway, the new emission 

commitments for NMVOC (Non-Methane VOC) are a 40 % emission reduction 

compared to the level in 2005. 

 

In 1990, the Norwegian emissions of NMVOC were according to Statistics Norway 

(Statistisk sentralbyrå) 292 600 tons, increasing from 173 800 tons in 1980. In 2000, 



31
st
 International North Sea Flow Measurement Workshop 

22 – 25 October 2013 
 

2 

the emissions had increased further to 380 200 tons. After 2000, the emissions have 

been reduced significantly, in 2012 down to 132 000 tons, which means a reduction of 

54.8 % compared to the 1990 emission data. 

 

Out of the 132 000 tons NMVOC emission in 2012, about 30 000 tons were related to 

the oil and gas production. Emissions from shuttle tankers are a significant part of this 

emission. 

 

In Section 2 of this paper, the background with respect to VOC emissions from shuttle 

tankers is given, including VOC handling equipment at the tankers, and the 

requirements with respect to emission limits and measurements. 

 

Section 3 outlines a new measurement and calculation program with respect to 

NMVOC emissions from shuttle tankers, and section 4 presents operational 

experiences with respect to this new program.  

 

 

2 BACKGROUND 

 

When a shuttle tanker is off-loaded on an on-shore terminal, the oil is replaced by 

inert gas (exhaust gas), in order to prevent the possible safety risk of the appearance 

of air (oxygen) in the tanks. This means that the oil tanks consists of a mixture of inert 

gas and remaining VOC gas from the previous deliverance, when the ship heads 

towards an off-shore installation with empty tanks for collection of a new load of oil. 

 

During loading of the shuttle tanker at the offshore installation, the gas originally in 

the tank (a mixture of inert gas and VOC gas) is evacuated as the oil is loaded. In 

addition, more VOC gas is generated during the loading process, from flashing due to 

pressure reduction as the oil is flowing into the shuttle tanker and due to evaporation 

from the oil on the tanks. VOC gas originating from of all of these three sources (from 

previous load, flashing and evaporation), represents a potential emission of VOC gas 

to the atmosphere. 

 

This means that the gas that is emitted is a mixture of inert gas (exhaust) and VOC 

gas. The inert gas consists typically of 80 % or more of nitrogen (molar fraction). 

Most of the remaining part of the gas is carbon dioxide. There are also small amounts 

of oxygen and carbon monoxide. The molar mass of the inert gas is typically close to 

30 g/mole. The major component of the VOC gas is propane. There are also much 

ethane and butane, in addition to smaller amounts (some per cents) of methane and 

C5+. The molar mass of the VOC gas is typically around 45 – 50 g/mol. In some 

cases it can be higher or lower.  

 

In order to reduce VOC emissions from shuttle tankers during loading, Norwegian 

authorities have required that the shuttle tankers have VOC treatment equipment for 

reduction of emissions. This has led to a significant reduction in the Norwegian VOC 

emissions from year 2000 when the emission was at maximum. On the industrial side, 

a Norwegian VOC Industry Cooperation (VOCIC) is established in order to handle 

the VOC issues on behalf of oil companies with interests in Norwegian oil fields. 
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Currently most of the shuttle tankers have either an active condensation system or a 

passive KVOC system. 

 

In the active condensation system, the VOC gas goes through a separator where 

hydrocarbons are condensed to condensate, and the remaining gas goes back into the 

tanks. When the condensation system is in function, there will be no emission of VOC 

gas to the atmosphere. Such a system is commonly denoted as VOC recovery unit 

(VRU). However, such a VOC system is expensive in CAPEX and OPEX. In 

addition, the condensate that is regenerated is not necessarily easy to deliver to 

onshore plants. 

 

In the passive KVOC system, the assumption is that most of the emitted VOC comes 

from the flashing process (with gas release from oil) in the flowing oil during loading. 

The inlet design is established so that the flashing should be minimized. This can also 

be combined with increasing the tank pressure from around 1.1 bara to maybe 1.6 

bara in order to reduce the amount of evaporation of VOC gas from the oil in the 

storage tanks. 

 

In addition to these VOC treatment methods, there are ships with VOC plants based 

on absorption or adsorption. 

 

From 2012, the Norwegian authorities changed the requirement from a specific 

requirement on VOC treatment equipment to a quantification of the VOC emission. 

This new requirement specified that the maximum emission of NMVOC should not 

be larger than 0.45 kg per standard cubic meter of loaded oil. The requirement is 

given per oil field. However, the agreed interpretation of this requirement is that if 

emission is 0.45 kg/Sm³ or lower as a total number for the whole Norwegian Sector 

over one year, the requirement is met. This means that for some ships or for some 

fields, the emissions may be higher as long as the emission limit is obtained in total. 

 

As a consequence of the new requirements, the Norwegian pollution authorities also 

required that VOCIC should initiate a new measurement and calculation program for 

NMVOC emissions from loading of oil on shuttle tankers in the Norwegian sector. 

This program shall establish the emissions from each emission point with sufficient 

accuracy and compare with the emission limit. It is not specified what sufficient 

accuracy (or sufficiently low uncertainty) means. In the work of developing the 

program, a sufficiently low uncertainty for the total annual emission for Norwegian 

sector as a whole is assumed to be about 10 - 20 % (relative expanded uncertainty 

with 95 % confidence level). 

 

 

3 MEASUREMENT AND CALCULATION PROGRAM 

 

3.1 Flow meter 

 

Prior to the development of a new measurement and calculation program for NMVOC 

emissions, selected ships carried out emission estimated based on a mass balance 

principle. There were several assumptions related to the mass balance estimate, and 

the uncertainty was expected to be higher than what could be accepted as sufficient. 

Therefore, in this work alternative methods were searched for. Focus in the 
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development of the measurement and calculation program was therefore to measure 

the emission directly (i.e. the outflow to the atmosphere) instead of a more indirect 

mass balance method. 

 

The flow conditions at the measurement point are typically as follows: 

 

 Pressure:   1 - 2 bara 

 Temperature:   0 - 40 °C 

 Molar mass of flowing gas: 30 - 50 g/mol 

 Flow velocity:   1 - 30 m/s 

 Some wetness (unspecified) of the gas can be expected 

 

As a part of the mass balance method, ultrasonic flare gas flow meters for 

measurement of the gas vented to atmosphere already were installed on selected ships, 

and operational experience with this type of equipment was already gained. After a 

short evaluation, it was decided to continue with this type of flow meters. 

 

3.2 Gas composition equations 

 

The gas flowing through the flow meter will be a mixture of inert gas and VOC gas, 

and will contain the following components: 

 

Inert gas: 

 Nitrogen,   molar mass mN2, molar fraction N2 

 Carbon dioxide,  molar mass mCO2, molar fraction CO2 

 Carbon monoxide,  molar mass mCO, molar fraction CO 

 Oxygen,   molar mass mO2, molar fraction O2 

VOC-gas: 

 Methane,   molar mass mC1, molar fraction C1 

 Ethane,   molar mass mC2, molar fraction C2 

 Propane,   molar mass mC3, molar fraction C3 

 Butane (both isomers), molar mass mC4, molar fraction C4 

 Pentane (all isomers),  molar mass mC5, molar fraction C5 

 Hexanes,   molar mass mC6, molar fraction C6 

 Higher alcanes,  molar mass mC7, etc molar fraction C7, etc 

 

Here, the sum of all molar fractions is one: 

1
1

222  


n

i

CiOCOCON   (1) 

 

The total molar fraction of inert gas will be 

 

222 OCOCONinert    (2) 

 

Similarly, the molar fraction of VOC ( VOC ) and NMVOC ( NMVOC ) will be 

 





n

i

CiVOC
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  (3) 
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and 
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  (4) 

 

The molar mass of inert gas ( inertm ), VOC gas ( VOCm ) and NMVOC ( NMVOCm ) gas are 

given as 
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The molar fractions of the various gas components will change over a loading. 

Typically, the four molar fractions related to the inert gas (nitrogen, carbon dioxide, 

carbon monoxide and oxygen) will be reduced and the molar fractions related to the 

VOC gas (methane, ethane, etc) will be increased, due to VOC generation from 

flashing and evaporation, during oil loading. This means that both the molar mass and 

the molar fraction of inert gas and of VOC and NMVOC gas can change over the 

loading period. 

 

3.3 VOC mass flow rate 

 

3.3.1 General 

 

When knowing the flow velocity (v) and the gas composition, in addition to line 

pressure (P), line absolute temperature (T) and inner diameter (d) of the pipe, the mass 

flow rate of NMVOC ( NMVOC

mq ) can be found as follows:  

 





n

i

CiCi

NMVOC

m m
RT

Pd
vq

2

2

4



 (8) 

 

In principle, the NMVOC emission could therefore be found if an online gas 

chromatograph was installed. However, this has been evaluated to be a costly solution 

(both CAPEX and OPEX). Therefore, more simplified solutions have been 

considered. In such a more simplified solution, it was decided first to measure the 

total VOC emission (including methane), and thereafter subtract methane from the 
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final results based on previous knowledge on how large percentage of the total VOC 

emission that is methane. 

 

The mass flow rate of VOC (including methane) ( VOC

mq ) can be found as follows: 
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 (9) 

 

By using Eqs. (3) and (6), the mass flow rate of VOC can be written as follows:  

 

VOCVOC

VOC

m m
RT

Pd
vq 


4

2

  (10) 

 

The challenge is then to establish the product of the molar fraction and the molar mass 

of VOC. In the evaluation, two different approaches were considered. These are based 

on (i) density measurement and (ii) measurement of the velocity of sound. Both these 

measurements are gas quality measurements and it is therefore possible to extract 

some information on the gas composition/gas quality from them. 

 

3.3.2 Density to determine VOC fraction 

 

If the density (  ) is measured, the molar mass (m) of the gas can be found as follows: 

 

d

d

P

RT
m


  (11) 

 

Subscript d for the pressure and temperature means here that the pressure and 

temperature is measured at the place where the density measurement is carried out. It 

should here be noted that within the uncertainty limits for this work, it is sufficient to 

use the ideal gas equation of state, instead of a more complex equation of state like 

e.g. the AGA 8 equation. 

 

From Eqs. (1), (2), (3), (5) and (6), the molar mass of the measured gas can be written 

as follows: 

 

  inertVOCVOCVOC mmm   1  (12) 

 

This equation can be turned into 
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In sum, this means that the VOC mass flowrate can be written as follows: 
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In order to apply this method, where flow velocity and density is measured, in 

addition to pressure, temperature and inner diameter, the molar mass of the VOC gas 

and the inert gas have to be quantified.  

 

3.3.3 Velocity of sound to determine VOC fraction 

 

As stated above, it has been decided to use ultrasonic flare gas meters for the flow 

measurement. Such flow meters also measure the velocity of sound of the gas. In an 

ordinary flare gas installation, it is usual to use this velocity of sound measurement in 

combination with pressure and temperature measurements to estimate the density of 

the flare gas. This is done using a vendor specific algorithm for calculation of the 

density from the velocity of sound.  

 

The principle of using the measured velocity of sound can also be applied here, for 

estimation of the molar fraction of VOC gas needed as input in Eq. (9). However, the 

algorithms implemented in the flare gas meters for calculation of the density cannot 

be used in the application presented here. The flare gas density algorithm is based on 

an assumption that the flare gas mostly consists of hydrocarbon gas. In addition, there 

may be either small amounts or a predefined amount of nitrogen and carbon dioxide 

in the flare gas in order to apply these vendor specific algorithms. Here, the 

relationship between the velocity of sound and the density is different, due to a 

changing content of inert gas in the gas mixture.  

 

This is illustrated in Figure 1, where the density is plotted as a function of the velocity 

of sound for an ethane-propane-mixture, with propane molar fractions from 0 % to 

100 % (blue curve). The calculations are carried out under a pressure of 1 bara and a 

temperature of 20 °C. This blue curve is typically how the flarge gas meters estimate 

density based on the velocity of sound. The red curve is the density as a function of 

velocity of sound for a mixture of propane and inert gas (87.5 % nitrogen and 12.5 % 

carbon dioxide), with propane molar fractions from 0 % to 100 %. These curves (red 

and blue) do not overlap except for at the left end, where both curves represent 100 % 

propane. This lack of overlap indicates that the standard density estimation from 

velocity of sound that is implemented in the flare gas meters cannot be used for the 

application in question here. 

 

In order to deal with this, a velocity of sound to density relationship valid for inert gas 

– VOC mixtures (0-100 % of VOC gas in the mixture), where the molar mass of the 

inert gas and the VOC gas are known, is established. This is used to estimate the 

molar fraction of the VOC gas for input into Eq. (9). 

 

In order to apply this method, where flow velocity and velocity of sound is measured, 

in addition to pressure, temperature and inner diameter, the molar mass of the VOC 

gas and the inert gas have to be quantified. This means that this method and the 

method where density is measured basically have the same assumptions.  

 

 

 

 

 



31
st
 International North Sea Flow Measurement Workshop 

22 – 25 October 2013 
 

8 

 
 

Figure 1 Density as a function of velocity of sound for hydrocarbon mixtures (ethan-

propane mixture), blue curve, and a mixture of propane and inert gas, red 

curve. Pressure of 1 bara and temperature of 20 °C. 

 

3.4 Uncertainty related to the methods in question 

 

Three methods for measurement of the VOC mass flow rate have been outlined 

above. They are all based on an ultrasonic flow meter, in addition to pressure and 

temperature measurements. In addition, measurements are needed for determining 

how much of the flow that is VOC gas. The rest will be inert gas. The three methods 

provides this information based on 

 

 Alternative 1: gas chromatography 

 Alternative 2: density measurement 

 Alternative 3: velocity of sound measurement 

 

As part of the evaluation process between the alternatives, an uncertainty analysis was 

carried out for each alternative. 

 

The basis for the uncertainty analysis was the synthetic, but realistic example of a 

mixture of a VOC gas with molar mass close to 45 g/mole and an inert gas with molar 

mass close to 30 g/mole. Pressure was selected to 1.3 bara and temperature to 20 °C, 

which also are realistic values. The details of the selected values are given in Table 1. 

The uncertainty of each variable where uncertainty is needed as input to the 

uncertainty analysis, is also given.  

 

For the gas components, a relative expanded uncertainty of 3 % for each component 

was selected. There is no detailed uncertainty analysis behind this number. Instead it 

is chosen based on an expected level of how large the uncertainty will be.  

 

The molar mass of VOC gas is an input when density or velocity of sound is used. In 

a blind situation (where no specific information on the VOC molar mass 

representative for the field in question is present), the uncertainty will be quite high. It 
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is here set to 10 % (relative expanded uncertainty with 95 % confidence level) as an 

illustrative example. The molar mass of inert gas does not change that much. 

Therefore, the relative expanded uncertainty with  

95 % confidence level is here set to 1.5 %. 

 

The relative expanded uncertainty with 95 % confidence level for the pressure, 

temperature, density and velocity of sound are all set to 1 %. These are expected to be 

realistic or conservative values for the measurements in questions. The volumetric 

flow rate from an ultrasonic flare gas is typically specified to 2 - 5 %. With this in 

mind, the relative expanded uncertainty with 95 % confidence level of the flow 

velocity is selected as 3 % in the example here. For the diameter, 0.2 % is selected, 

based on previous experience. 

 

Uncertainty models for the three alternatives have been developed, and the data from 

Table 1 have been applied. The results from this process are the uncertainty budgets 

in Table 2, Table 3 and Table 4. In Figure 2, Figure 3 and Figure 4 it is shown how 

large the contributions from each of the input uncertainties are on the total 

uncertainty. 

 

The uncertainty budget in Table 2 covers the case where an on-line gas 

chromatograph is used. That is not expected to be a realistic alternative, due to cost-

benefit issues. However, it can be viewed as a base-case that can represent the lowest 

possible uncertainty that realistically can be achieved. It is seen in that case that the 

flow velocity is the dominating uncertainty contribution. The total relative expanded 

uncertainty will be somewhat larger than the relative expanded uncertainty of the flow 

velocity, here 3 %. 

 

The uncertainty budget in Table 3 covers the case where a densitometer is used. In 

this uncertainty analysis it is assumed that the same measurements of pressure and 

temperature can be used both for the density to molar mass calculation and for the 

conversion to standard volume. This means that in Eq. (14), we have assumed that Td 

= T and Pd = P. The dominating uncertainty contribution in this case is due to the 

fixed and pre-estimated value of the molar mass of the VOC gas. Altogether, the 

relative expanded uncertainty of the mass flow rate of VOC will be around 20 %. This 

is quite similar to the case where measurement of velocity of sound is used, see Table 

4. 

 

It should, however, be mentioned that for both methods (using densitometer or using 

measured velocity of sound) the relative expanded uncertainty will depend on the 

concentration of VOC in the flowing gas. The higher this concentration is, the lower 

is the uncertainty. As the VOC concentration typically increases over a loading 

period, this means that the relative expanded uncertainty will be reduced. However, 

the uncertainty analysis presented above with a relative expanded uncertainty of the 

mass flow rate of VOC is considered to be realistic as an average over a loading 

period.   
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Table 1 Input values and uncertainties for the uncertainty analyses for the three 

alternative ways of measuring mass flow rate of VOC. 

 Value Rel. expanded uncertainty 

(95 % confidence level) 

Molar fractions   

VOC-gas 45 %  

Methane 5 %  

Ethane 9 % 3 % rel 

Propane 15 % 3 % rel 

Iso-Buthane 6 % 3 % rel 

n-Buthane 5 % 3 % rel 

Iso-Pentane 2 % 3 % rel 

n-Pentane 2 % 3 % rel 

Hexane+ 1 % 3 % rel 

Inert gas 55 %  

Nitrogen 48.125 %  

Carbon dioxide 6.875 %  

Molar mass   

VOC-gas 45 g/mole 10 % 

Inert gas 30 g/mole 1.5 % 

Total gas 36.8 g/mole  

Other measurements   

Pressure 1.3 bara 1 % 

Temperature 20 °C 1 % of Kelvin temperature 

Flow velocity  3 % 

Density 1.98 kg/m³ 1 % 

Velocity of sound 280.4 m/s 1 % 

Inner pipe diameter 0.45 m 0.2 % 
 
 
  



31
st
 International North Sea Flow Measurement Workshop 

22 – 25 October 2013 
 

11 

 
 
 

Table 2 Uncertainty budget for the mass flow rate of NMVOC-gas, in the 

alternative where a gas chromatograph is in use. 

Uncertainty contribution Input uncertainty Combined uncertainty 

Rel. 

expanded 

uncertainty 

Confidence 

interval and 

distribution 

Rel. 

standard 

uncertainty 

Rel. 

sensitivity 

coefficient 

Rel. 

variance 

Flow velocity 3 % 95 % (norm) 1.5 % 1.0000 2.2500 %² 

Inner diameter 0.2 % 95 % (norm) 0.1 % 2.0000 0.0400 %² 

Pressure 1 % 95 % (norm) 0.5 % 1.0000 0.2500 %² 

Temperature 1 % 95 % (norm) 0.5 % 1.0000 0.2500 %² 

Molar fraction - C2 3 % 95 % (norm) 1.5 % 0.1390 0.0435 %² 

Molar fraction - C3 3 % 95 % (norm) 1.5 % 0.3399 0.2599 %² 

Molar fraction - iC4 3 % 95 % (norm) 1.5 % 0.1792 0.0723 %² 

Molar fraction - nC4 3 % 95 % (norm) 1.5 % 0.1493 0.0502 %² 

Molar fraction - iC5 3 % 95 % (norm) 1.5 % 0.0742 0.0124 %² 

Molar fraction - nC5 3 % 95 % (norm) 1.5 % 0.0742 0.0124 %² 

Molar fraction - C6+ 3 % 95 % (norm) 1.5 % 0.0443 0.0044 %² 

Sum of variances 3.2450 %² 

Combined relative standard uncertainty 1.80 % 

Relative expanded uncertainty (95 % confidence level) 3.6 % 

 
 
 
 

 

Figure 2 Uncertainty contributions to the mass flow rate of NMVOC-gas, in the 

alternative where a gas chromatograph is in use. 
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Table 3 Uncertainty budget for the mass flow rate of VOC-gas, in the alternative 

where a densitometer is in use. 

Uncertainty contribution Input uncertainty Combined uncertainty 

Rel. 

expanded 

uncertainty 

Confidence 

interval and 

distribution 

Rel. 

standard 

uncertainty 

Rel. 

sensitivity 

coefficient 

Rel. 

variance 

Flow velocity 3 % 95 % (norm) 1.5 % 1.0000 2.2500 %² 

Inner diameter 0.2 % 95 % (norm) 0.1 % 2.0000 0.0400 %² 

Pressure 1 % 95 % (norm) 0.5 % 4.2114 4.4341 %² 

Temperature 1 % 95 % (norm) 0.5 % 4.1697 4.3467 %² 

Density 1 % 95 % (norm) 0.5 % 5.2114 6.7898 %² 

Molar mass – inert gas 1.5 % 95 % (norm) 0.75 % 2.2566 2.8643 %² 

Molar mass – VOC gas 10 % 95 % (norm) 5 % 1.9417 94.2596 %² 

Sum of variances 114.98 %² 

Combined relative standard uncertainty 10.7 % 

Relative expanded uncertainty (95 % confidence level) 21.4 % 

 
 
 
 

 
 

Figure 3 Uncertainty contributions to the mass flow rate of VOC-gas, in the 

alternative where a densitometer is in use. 
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Table 4 Uncertainty budget for the mass flow rate of VOC-gas, in the alternative 

where a velocity of sound is used. 

Uncertainty contribution Input uncertainty Combined uncertainty 

Rel. 

expanded 

uncertainty 

Confidence 

interval and 

distribution 

Rel. 

standard 

uncertainty 

Rel. 

sensitivity 

coefficient 

Rel. 

variance 

Flow velocity 3 % 95 % (norm) 1.5 % 1.0000 2.2500 %² 

Inner diameter 0.2 % 95 % (norm) 0.1 % 2.0000 0.0400 %² 

Pressure 1 % 95 % (norm) 0.5 % 1.0000 0.2500 %² 

Temperature 1 % 95 % (norm) 0.5 % 2.6794 1.7948 %² 

Velocity of sound (VOS) 1 % 95 % (norm) 0.5 % 7.2507 13.1433 %² 

Model unc, VOS of inert 1 % 95 % (norm) 0.5 % 0.2266 0.0128 %² 

Model unc, VOS of VOC 1 % 95 % (norm) 0.5 % 0.4924 0.0606 %² 

Molar mass – inert gas 1.5 % 95 % (norm) 0.75 % 1.8374 1.8991 %² 

Molar mass – VOC gas 10 % 95 % (norm) 5 % 1.5693 61.5666 %² 

Sum of variances 81.02 %² 

Combined relative standard uncertainty 9.0 % 

Relative expanded uncertainty (95 % confidence level) 18.0 % 

 
 
 
 

 
 

Figure 4 Uncertainty contributions to the mass flow rate of VOC-gas, in the 

alternative where velocity of sound is used. 
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3.5 Recommended program 

 

Based on the evaluations presented above, it was recommended that the measurement 

program should be based on measured flow velocity, pressure, temperature and 

density. As a back-up-system, the emissions can also be found from the velocity of 

sound instead of the density. In this way, there is redundancy because two emission 

calculations can be compared, and it is possible to carry out a consistency test 

between the measured density and velocity of sound. 

 

This measurement system is recommended to be installed on 8 ships in this initiating 

phase. Based on the measurement on these ships, the emissions from the other ships 

(with no such measurement system) will be estimated using emission factors. The 

uncertainty of the measured emission from one single loading is then estimated to be 

around 20 % (relative expanded uncertainty with 95 % confidence level). The similar 

uncertainty for the total emissions from one ship under loading over a whole year will 

be reduced significantly. Similarly, combination of emission data from several ships 

will reduce the uncertainty further. This means that it is expected that the relative 

expanded uncertainty for the total emission from all ships over one year will be in 

around 10 – 12 %. 

 

 

4 OPERATIONAL EXPERIENCES 

 

The measurement system has in 2012 and 2013 been installed on 8 shuttle tankers. Of 

these, 3 are equipped with a condensation VOC recovery unit (VRU). These 3 ships 

have a double set of instruments, one for gas emission out of loading tanks and into 

the VRU and  one out of the VRU and out to the emission point to atmosphere. This 

double instrumentation is used in order to obtain more generic data for general use on 

the ships with no measurement system.  

 

Prior to full installations, components of the systems were tested on the ship under 

realistic harsh conditions, in order to ensure successful operation. Especially, the 

density measurements were tested. Some operational experiences with respect to this 

issue will be presented below. After installation of the total measurement system, a 

period of testing and qualifying the system was initiated. This phase is at present in 

the completion stage. 

 

All 8 ships are logging the measured data (flow velocity, velocity of sound, density, 

pressure, temperature, etc.) locally during loading. After loading, the logged data are 

transferred to a central data serve on shore. Thereafter, the emission flow rates and the 

accumulated amount of emission per loading are calculated and reported. 

 

4.1 Data quality control 

 

The fact that it is also possible to calculate the VOC emission based on the velocity of 

sound of the emission gas and the volumetric flow measurements means that this can 

be used as a quality check of the density based VOC emission estimation.  

 

One way of checking the result is to compare the measured velocity of sound (VOS) 

and molar mass with expected values as shown in Figure 5. Here the green dots 



31
st
 International North Sea Flow Measurement Workshop 

22 – 25 October 2013 
 

15 

represent measurements out of loading tanks and into the VOC recovery unit (VRU) 

and blue dots represents measurements out of VRU. The violet, red and blue lines 

represent the expected VOS as a function of the molar mass of the emission gas for 

different molar masses of the VOC gas. In the case shown here, the measurements of 

density and velocity of sound out of the VRU (green dots) appear to be consistent. 

However, the measurements of density and velocity of sound into the VRU (green 

dots) appear to be inconsistent. In this case either the measured velocity of sound or 

the measured density is too high (or both). Subsequently, calibrations have to be 

performed on the instruments in question. 
 

 

 

 

Figure 5 Velocity of sound vs. molar mass of emission gas out of loading tanks (into 

VOC recovery unit (VRU)) and out of VRU. 

 

 

4.2 Operational challenges 

 

4.2.1 Pipe geometry 

 

Normally, there is an installation requirement of 20 diameters of straight length of 

pipe upstream a flow meter to ensure a fully developed flow profile at the flow meter. 

This proved to be difficult without a major redesign of the piping onboard the ships. 

To overcome this problem, all flow meters were installed with a perforated plate flow 

conditioner upstream in order to reduce the effect of bends and other installation 

conditions generating asymmetric and transversal flow.  

 

4.2.2 Liquid droplets in gas flow 

 

In the first installation the densitometer was mounted with measurement head into the 

process pipe. However, during the initial testing of the measurement system it became 

apparent that the densitometer did not perform as expected. After analyzing the setup 

it was discovered that in contrast to the initial expectations, significant amounts of 
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liquid droplets were present in the gas flow (mostly water). The densitometer, being 

very sensitive to liquid, could therefore not be installed directly into the process pipe. 

 

The solution to this problem was to install the densitometer in a bypass line with 

appropriate gas drying measures. To adjust the density to process condition a pressure 

and a temperature measurement had to be included at the densitometer. This, 

however, added some uncertainty to the estimation of VOC emission, since the 

uncertainty of the extra pressure and temperature measurement at the densitometer 

location, must be accounted for. 

 

4.2.3 Velocity limitations of flow meter 

 

During the test and installation stage the flow meter on some of the ships had a 

significant drop out (reported measurement error). After careful investigation, the 

drop out was found to be correlated to a flow velocity in excess of about 25 m/s. For 

adjusting the loading tank pressure some of the shuttle tankers use an off and on 

regulation of the riser valve. The riser valve is then opened fully when the pressure 

rises to a certain level and then closed again when it falls below a second pressure. 

This lead to a series of shorter burst of gas with a flow velocity that is higher than 25 

m/s. Figure 6 shows the flow velocity measurement and Figure 7 the signal strength 

of the ultrasound transducers and error rate of the flow meter on a ship with an off and 

on regulation of the riser valve. 

 

In order to overcome this it was decided to regulate the pressure in a way that resulted 

in a more steady flow with a flow velocity lower than 25 m/s. First, this meant that the 

riser valve had to be controlled manually, but eventually the ships will switch to a 

continuous tank pressure regulation which will result in a more steady flow. 

 

 

Figure 6 Flow velocity from loading tanks when on-off regulated by a riser 

valve. 

 

 

Figure 7 Signal strength of ultrasound transducers and errors in flow meter. Same 

case as in Figure 6. 
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4.3 Verification tests 

 

During the spring and summer of 2013 a series of verification test were carried out on 

two of the ships having the VOC emission measurement system, one ship with VOC 

recovery unit (VRU) and one without such a unit. The tests were performed by 

SINTEF Marintek and were carried out by the use of a gas chromatograph for 

measuring the gas composition. The same flow meter was used by both the gas 

chromatograph measurement and the VOC emission measurement system. In total the 

verification tests were performed on five loadings, three on the ship without VRU and 

two on the ship with VRU. 

 

The VOC emission measurement system has a relatively large uncertainty for 

measurements on single loadings, see Section 3.4. This is due to the fact that it uses 

an estimated average molar mass for all VOC-emissions on the Norwegian 

continental shelf. However, the uncertainty can be reduced for verification tests if the 

emission is calculated with mean molar mass from the gas chromatograph 

measurement for the same loading. In addition uncertainty contributions from the 

flow measurement can be ignored when comparing the two methods, since the same 

flow meter is used both for the gas chromatograph and the VOC emission 

measurement system. The remaining uncertainty contributions are then reduced to 

about 5 % (relative expanded uncertainty with 95 % confidence level). The gas 

chromatograph measurement has a relative expanded uncertainty with 95 % 

confidence level of 4 %, according to Marintek. 

 

The results from the verification tests are shown in Table 5. There the difference in 

estimated emissions between the method based on density and the reference method 

based on gas chromatography is shown. The emissions using the measured density are 

calculated both using the pre-estimated molar mass of VOC gas as input, and using a 

molar mass value measured by the gas chromatograph during loading. The deviation 

in estimated VOC emission is fairly large for the measurements out of the loading 

tanks, when using pre-estimated molar mass of VOC gas. The reason for this is that 

the pre-estimated molar mass of VOC deviates significantly from the similar molar 

  

Table 5 Deviations in measured VOC emission by measurement system based on 

density and a reference system based on gas chromatography. The molar 

mass of the VOC gas is either set to a pre-estimated value, or to a value 

measured by the gas chromatograph during the loading. 

  Difference from GC verification measurements 

    From loading tanks From VRU 

Vessel 

# 

Cargo 

# 

With pre-

estimated  

molar mass 

of VOC gas 

With molar mass of 

VOC gas measured 

by GC 

With pre-

estimated  

molar mass 

of VOC gas 

With molar mass 

of VOC gas 

measured by GC 

1 1 39,0 % 8,7 %   

1 2 23,2 % 3,6 %   

1 3 24,5 % 4,6 %   

  

 

      

2 4 21,0 % 3,3 % 1,4 % -0,8 % 

2 5 24,4 % 2,4 % 7,5 % -2,1 % 
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mass measured by the gas chromatograph. For the measurements out of the VRU, the 

pre-estimated molar mass of VOC matched much better with the one measured by the 

gas chromatograph. Therefore, the deviations were lower in this case. When the VOC 

gas molar mass measured by the gas chromatograph is used, the agreement with the 

verification measurements were within a few per cents, and thus within what can be 

expected taking the uncertainties into account. Therefore, these results are promising 

with respect to ensuring that the measurement system operates as expected under the 

harsh conditions on the ship.  

 

4.4 Estimation of average molar masses 

 

The estimation of average molar mass of VOC gas emission for the Norwegian 

continental shelf is based on historic gas chromatograph measurements from different 

production fields. An average field specific molar mass is estimated for each field and 

these are weigthed against produced volume for each field to estimate the average 

molar mass for the VOC gas emission for the Norwegian continental shelf. Since the 

produced volumes cannot be known exactly in advance the exact total emission from 

the Norwegian continental shelf cannot be reported officially until all production data 

are available. Another drawback when using an average molar mass of VOC gas 

emission for the whole Norwegian continental shelf is that the uncertainty for each 

individual loading is relatively high, as shown in chapter 3.4. A possible 

improvement, on the accuracy of measurements on individual loadings, could be to 

use field specific molar masses in the calculation of VOC emissions. An added benefit 

of this would be an increased accuracy in the reported VOC emissions before total oil 

production data is available. 

 

 

5 CONCLUSIONS 

 

In this paper, a new measurement and calculation program for VOC emissions during 

loading of shuttle tankers is presented. The background for the program is new 

requirements from Norwegian authorities motivated by the international agreements 

on reduction of VOC emissions.  

 

The measurements of the VOC emissions are based on an ultrasonic flare gas flow 

meter in combination with density measurements. As a back-up, the velocity of sound 

measurement from the ultrasonic flow meter is also in use. The molar mass of the 

inert gas and the VOC gas flowing through the ultrasonic meter has to be quantified. 

By using a pre-estimated value for the molar mass of the VOC gas, the relative 

expanded uncertainty with 95 % confidence level for the emission of VOC gas during 

one loading is in the order of 20 %. This can be reduced by using field specific 

coefficients. However, it is expected that the relative expanded uncertainty of the 

annual emission from the Norwegian Sector as a whole, will be in the range 10 –  

12 %.    

 

The system is now installed on 8 ships, and the first operational experiences are 

gained. After some initial challenges, the measurement systems are now stable. A 

verification program where the emission measurements are compared to a reference 

measurement using gas chromatography is now in its final stage. This indicates that 

the measurements are consistent. 
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