







































A Pilot Study to Assess Benzene

Concentrations in the Vicinity

of Petrol Stations





���











A Pilot Study to Assess Benzene

Concentrations in the Vicinity

of Petrol Stations



Prepared By



��Dr Sally Uren





Authorised By�

Stephen Moorcroft

Stanger Science & Environment

Lansdowne Building

Lansdowne Road

Croydon CRO 2BX��Prepared For�Dr Trudie McMullen

Air Quality Division

Department of the Environment

Romney House

43 Marsham Street

London SW1P 3PY��

�date \@ "d MMMM yyyy"�4 March 1999�







	Our ref	241/5375/95

	Your ref	-

	Document ref	SSE/AQ/1085



�Contents	Page



	Executive Summary	(i)

1	Introduction	1

2	Review of Previous Studies	3

3	Air Quality Standards for Benzene	8

4	Monitoring Methodology	9

4.1	Selection of Sampling Locations

4.2	Sampling and Analysis Techniques



5	Results	11

5.1	Diffusive Sampling

5.2	Continuous Sampling



6	Discussion	18

6.1	Benzene Levels at Forecourt and Pump Sites

6.2	Benzene Levels at Roadside Sites

6.3	Influence of Road Traffic Emissions on

Forecourt Benzene Levels

6.4	Comparison with Air Quality Standard

6.5	Calculation of Personal Exposure

6.6	Influence of Stage I and II Controls

6.7	Comparison with Other Studies

6.8	Assessment of Seasonal Variation



7	Conclusions	25

8	Recommendations for Further Study	26

9	References	27

�Tables



1	Summary of Benzene Concentrations at Hydrocarbon Network Sites (January to December 1994)

2	Summary of Benzene Concentrations at Two Service Stations in Bristol

3	Mean Benzene Concentrations Measured around a UK Service Station

4	Summary of 24 Hour Benzene Concentrations at 12 Service Stations

5	Summary of Benzene Concentrations at a UK Service Station

6	Summary of Service Stations Selected for Study

7	Summary of Diffusive Sampling at each Service Station

8	Petrol Sales Data

9	Mean Benzene Levels Recorded at Forecourt and Pump Locations

10	Comparison Between BTX Analyser and Diffusion Tube

11	Estimated Contribution of Roadside Emissions to Forecourt Benzene Levels

12	Winter:Summer Ratios at National Hydrocarbon Network Sites

�Figures



1	Mean Benzene Concentrations at Each Station

2	Mean Benzene Concentrations at Each Station (Normalised Data)

3	Benzene Concentrations at Station H

4	Mean Benzene Concentrations Measured at Roadside Locations

�Appendices



1	Details of Service Stations Included in the Study

2	Analytical Procedures

3	Two Weekly Average Concentrations (Diffusive samplers)

4	Daily Means, One Hour Averages and Thirty Minute Averages (BTX analyser)

�	Executive Summary



(i)	The principal objective of this survey was to provide an indication of ambient levels of benzene in the immediate vicinity of petrol stations in the Greater London Area.  The study, which was intended as a pilot exercise, has been commissioned by the Department of the Environment in response to a requirement to assess the implications and effectiveness of a recommendation made by the House of Commons Select Committee for Stage II controls to be fitted ahead of the deadline proposed within the EU Directive.  The Stage II Directive covers VOC emissions during refilling of vehicles, which can be reduced by fitting recycling devices to petrol nozzles.



(ii)	The twelve petrol stations included in this study were chosen to provide a representative cross-section of retailer, station size, proximity to busy roads and type, if any, of VOC controls fitted.  A total of six sampling locations were identified at each station.  These included one site at the pumps, three sites at the sides and rear of the forecourt, and two sites at the adjacent roadside at a distance of approximately 100 metres to either side of the station.  Monitoring was conducted at each location using passive diffusion tubes filled with Chromosorb 106.  Diffusion tubes were exposed for six consecutive 2-week periods, for a total of twelve weeks.



(iii)	Continuous monitoring was also carried out at one of the stations using a Chrompack BTX analyser.  This analyser has been validated against the Chrompack VOCAIR system used in the UK Hydrocarbon Network.  The results indicated a reasonably good correlation with the diffusive samplers.



(iv)	Mean benzene concentrations at the roadside sites ranged from 1.6 to 4.7 ppb, whilst at the forecourt sites levels were higher and ranged from 1.6 to 8 ppb.  Concentrations were higher still at the pumps, with levels ranging 2.7 to 19.1 ppb.  The elevated benzene levels recorded at the forecourt and pump sites reflect the influence of emissions from a number of sources, whilst the higher levels measured at the pumps, are associated with emissions during refuelling.  



(v)	Elevated concentrations measured on the forecourt could not be directly attributed to specific emission sources such as the delivery tanks.  Spatial variation in forecourt levels at individual stations probably reflected the influence of a variety of emission sources and differences in the orientation of the samplers in relation to the petrol pumps and prevailing wind direction.  A simplistic approach to estimating the influence of road traffic emissions to measured forecourt levels indicated that, on average, road traffic emissions contribute approximately 44% to benzene concentrations measured at the front of the petrol station forecourt.



(vi)	The Air Quality Standard (AQS) for benzene published in the Consultation Draft of the UK National Air Quality Strategy (NAQS), which is set as 5 ppb as a rolling annual average, was estimated to be exceeded at nine of the twelve petrol stations, at a total of 15 monitoring sites.  Exceedances were only measured at locations remote from the fuel pumps at five of these stations, at a total of seven sites.  There were no exceedances of the AQS at any of the roadside locations.



(vii)	Exceedances of the AQS at the petrol pumps are of little significance with respect to personal exposure of the general public, as exposure will only occur over a relatively short period of time during refuelling of the vehicle.  Of greater concern are the estimated exceedances of the AQS measured at the forecourt locations.  A number of the petrol station forecourts were situated directly adjacent to residential housing, where longer term exposure of the public is likely.



(viii)	If it is assumed that emissions from the fuel pumps are the principal source of benzene emissions in the forecourt area, then the source strength will be proportional to the volume of petrol sales.  By normalising the measured benzene levels at each station with respect to total petrol sales, an assessment of the effects of Stage I and Stage II controls can be made.  This has indicated that Stage I controls are effective in reducing benzene concentrations within the forecourt area by up to 60%, although at some petrol stations fitted with Stage I controls, benzene levels in the forecourt area remained above the AQS.  Stage II controls resulted in a dramatic reduction in concentrations measured at both the forecourt and the pumps (90% and 200% respectively), and levels were significantly below the AQS.  However, only one Stage II station was included in the survey.



�1.	Introduction



	There are a number of sources of benzene emissions to the atmosphere in the UK.  The principal source of emissions is petrol engine exhausts, which account for more than 78% of the UK total�.  By contrast, emissions from the petroleum refining and distribution industry are relatively small, at around 3% of the UK total, but nonetheless these emissions are of potential concern in terms of exposure to members of the public who live and work in the vicinity of petrol filling stations.



	Emissions from petrol stations are associated with a number of sources:



Displacement of the headspace vapour from the underground storage tanks when road tankers are refilling the tanks.  The mass emission rate will be relatively high, but only during the short periods of refilling.



Displacement of the headspace vapour from the tank of the car as it is refuelled.  The mass emission rate will be much lower than above but vapour will be emitted continuously throughout the period of opening.



Evaporative losses from the car fuel system whilst it remains parked.  These emissions are expected to be relatively low.



	In order to reduce emissions of VOCs, including benzene, at petrol filling stations, a number of initiatives have been introduced, or are time-tabled for implementation in the future.  The prevention of emissions during storage tank refilling is termed Stage IB Vapour Recovery, and employs systems to ensure that the displaced vapours are recycled back into the road tanker.  An EU Directive (94/63/EC) concerning Stage I controls was adopted on 1 January 1995, and is to be implemented in a staged fashion, with all new service stations being equipped with effect from 1 January 1996, and existing stations being retrofitted with controls according to a timetable up until 2005, depending upon the throughput of the station.



	An EU Stage II Directive is currently being prepared which covers emissions during refilling of vehicles, which can be prevented by fitting recycling devices to the petrol nozzle.  The House of Commons Select Committee on the Environment recently reported on Volatile Organic Compounds, and recommended that Stage II controls be fitted ahead of the deadline proposed within the EU Directive.  In order to assess the implications and effectiveness of this recommendation it is necessary to acquire a fuller understanding of benzene levels in and around petrol filling stations.  The requirement for such information forms the basis of this study which has been commissioned by the Department of the Environment.



	The objective of this study, which was intended as a pilot exercise, was to assess ambient levels of benzene in the immediate vicinity of selected petrol stations in the Greater London Area.  The results are compared with relevant air quality standards set in the Consultation Draft of the National Air Quality Strategy (NAQS), and measured levels are assessed in terms of implications for human health. The data are also compared with results previously reported within other studies

�2.	Review of Previous Studies



	There are, to date, few published measurements of benzene in ambient air, and even fewer data which relate to concentrations in the vicinity of petrol filling stations.  



	One of the earliest studies measured concentrations of benzene continuously for a period of one year, starting in 1991, at a roadside site on Exhibition Road in London, and reported an annual average concentration of 4.1 ppb.  Since this time, the Department of the Environment has established a national network of continuous hydrocarbon monitoring stations.  These monitoring stations are located at urban background sites i.e. located away from the immediate influence of roads or other local sources.  A summary of the annual average, and peak hour concentrations measured at each site during 1995 are given in Table 1.



	Table 1: Summary of Benzene Concentrations at Hydrocarbon Network Sites (January to December 1995)



Site�Annual mean (ppb)�Max. hour (ppb)��Birmingham East�1.0�34��Middlesborough�1.1�44��London UCL�1.7�19��London Eltham�1.0�15��Edinburgh�0.7�11��Belfast South�0.9�34��Cardiff East�1.2�24��Harwell Rural Site�0.4�5��

	Stanger Science and Environment have been monitoring benzene levels in the Greater London area since 1991 as part of the London Wide Environment Programme operated on behalf of the London Boroughs.  Benzene levels are measured using diffusion tubes packed with Chromosorb 106 which has an excellent affinity for benzene.  The diffusion tubes are exposed for two week periods although previous work has shown that the uptake rate for benzene on to Chromosorb 106 differs by less than 1% for exposure periods of one, two and four weeks�.  For most adsorbents uptake rates decline rapidly over the first 16 to 24 hours of sampling, after which rates tend to stabilise.  



	During 1995 a total of 80 sites were maintained, which included 44 roadside sites, 32 background sites and four petrol station sites (forecourt perimeter).  The petrol stations were fitted with neither Stage I or II controls.  Annual mean benzene concentrations ranged from 2 to 6 ppb at the roadside sites, 1 to 3 ppb at the background sites and 2 to 5 ppb at the petrol station sites �.  During 1995 duplicate tubes were exposed on 26 occasions and showed a coefficient of variation of less than 4%.



	Concentrations of benzene near to petrol filling stations in Middlesborough have been reported by Little and Cram (1995)�.  Monitoring was carried out at two petrol stations, neither of which were equipped with Stage I or II controls, during November and December 1994 using passive diffusion tubes with Tenax as the adsorbent .  Although a popular adsorbent for other VOCs, Tenax is not particularly suitable for benzene as it has a much lower specific surface area than Chromosorb 106; 35 m2/g compared to 750 m2/g respectively.  



	In the Middlesborough study diffusion tubes were exposed over six 48-hour periods at background, roadside, forecourt perimeter and pump locations. The highest levels were recorded at the pumps (12.8 ppb), with measured concentrations at the forecourt perimeter and roadside of 7.8 and 6.8 ppb respectively.  There was considerable variation in the measured data from one sampling period to the next.  Concentrations at the background sites were much lower (1.6 ppb) corresponding with data measured in a previous survey.



	A study to measure benzene levels around petrol stations is currently being co-ordinated by Bristol City Council, and has been ongoing since August 1995�.  Monitoring is being carried out using Chromosorb-filled passive diffusion tubes, exposed over two week periods, at two major petrol stations in the Bristol area.  Station A is described as ‘medium-sized’ with six service bays (four nozzles at each), whilst Station B is larger, with six service bays (six nozzles at each) and 24 hour opening.  There are no vapour recovery systems fitted at either station.  At each station sampling is being carried out at the station forecourt (close to the fuel pumps), and at two off-station sites at a distance of between 50 and 80 metres.  Limited sampling has also been carried out at the pump nozzle.  These data are shown summarised in Table 2 for the 24 week period between 22 August 1995 and 21 May 1996.



	The average concentration measured at the pumps of the larger station (Station B) is almost 3 times higher than at Station A, and is perhaps related to the greater number of nozzles and 24 hour operation at Station B, which will lead to much higher fuel sales.  Limited sampling at the pump nozzle has indicated much higher benzene concentrations than measured at the pump stand, but such levels are probably not indicative of public exposure.  Concentrations measured off-site were much lower than at the forecourt, and are likely to have been influenced by emissions from local roads rather than the petrol stations.





	Table 2: Summary of Benzene Concentrations at Two Service Stations in Bristol



Sampling Location�Concentration range

(ppb)�Average concentration 

(ppb)��Station A����forecourt�2.6 - 20.1�10.4��Off-site (1)�1.1 - 3.4�1.9��Off-site (2)�1.5 - 5.3�2.5��Nozzlea�10.4 - 23.4�18.1��Station B����forecourt�9.8 - 43.4�28.4��Off-site (1)�2.1 - 8.1�3.8��Off-site (2)�3.1 - 8.8�4.8��Nozzleb�-�66.8��

	Notes:

	(a) Sampling carried out for 3 periods only

	(b) Sampling carried out for 1 period only



	CONCAWE have produced several reports relating to measurements of benzene levels in and around petrol service stations.  A preliminary study was published in 1994� which reported the results of a pilot study which measured concentrations at a petrol station in the UK, and a main study which measured concentrations at twelve service stations in nine countries.  The methodology used in the pilot study involved active sampling onto Chromosorb 106, at nine fixed positions for consecutive three hour periods over 24 hours.  The precise location of the service station was not stated, although the forecourt was reported to be two miles from the nearest conurbation and in the vicinity of only one major road.  During the monitoring period, the wind direction was generally over the busy adjacent road, and the sampling positions included locations at the centre of the forecourt, upwind of the forecourt at the roadside and beyond, and downwind of the forecourt.  Mean benzene levels are summarised in Table 3.



	Table 3: Mean Benzene Concentrations Measured Around UK Service Station (Pilot Study)



Sampling Location�Mean Concentration (ppb)��Centre of forecourt�15.1��Downwind (50m)�2.2 ��Downwind (100 m)�1.8��Upwind (roadside)�2.9��Upwind�0.4��

	Within the main survey, the sampling strategy was adapted to include two consecutive 12 hour samples, collected in both the summer and winter periods.  Of the 12 stations included, eleven were in residential areas, and one was a motorway service station.  Two stations were reported to be equipped with Stage II vapour recovery controls.  In this study, six sampling points were selected at the boundary of the service station and the adjacent road, but no samples were collected at the centre of the forecourt.  The results are summarised in Table 4 and show a considerable spread in the data, presumably related to the precise sampling locations, fuel sales, traffic flows on the adjacent roads etc.



	Table 4: Summary of 24 hour Benzene Concentrations at 12 Service Stations (Summer and Winter Periods)



Sampling Location�Concentration Range

(ppb)�Mean Concentration

(ppb)��Background 1�0.5 - 8.3�2.4��Background 2�0.7 - 11.7�2.6��Roadside (traffic only)�0.8 - 16.2�4.4��Downwind boundary

(traffic plus forecourt)�2.2 - 28.0�6.3��Boundary�0.5 - 36.6�5.0��Boundary (roadside)�0.9 - 17.8�4.5��

	Following completion of the preliminary study, CONCAWE commissioned a more detailed one-year survey of benzene levels around a single service station in the UK�.  The aim of the study was to determine long-term benzene-in-air concentrations, and to assess the contribution of the service station emissions to ambient levels.



	The selected service station was within a semi-rural environment, on a straight section of road, with no other benzene sources in the immediate vicinity.  The station was equipped with neither Stage I nor Stage II controls.  Sampling was carried out using passive diffusion tubes (filled with Chromosorb 106) at 4 locations around the service station. These locations included 3 sites at the sides and rear of the forecourt area, and one site on the opposite side of the adjacent road.  A further 4 samples were collected at a ‘green field site’ 300 metres away from the station in order to determine the influence of emissions from road traffic.  A ninth sample was collected at a site away from both the road and the service station, in order to reflect background benzene-in-air concentrations.  Sampling was carried out over 26 consecutive two-week periods during 1993 . The data are summarised in Table 5.�

	Table 5: Summary of Benzene Concentrations at a UK Filling Station (Main Study)



Sampling Location�Concentration Range

(ppb)�Annual Mean

(ppb)��Service station sites����Site 1�<0.3 - 3.2�2.1��Site 2�<0.3 - 2.6�0.7��Site 3�<0.3 - 2.9�1.1��Site 4�<0.3 - 1.7�0.5��Roadside control sites����Site 1�<0.3 - 0.8�0.4��Site 2�<0.3 - 0.8�0.3��Site 3�<0.3 - 3.2�0.5��Site 4�<0.3 - 1.1�0.4��Background sites����Site 1�<0.3 - 0.8�<0.3��

	The results of this study indicated that the major influence on data measured at each site appeared to originate from local activity i.e. within a few metres.  Consequently there was a correlation between the benzene concentrations measured within the forecourt and location of the connection points for deliveries and tank vents, with the highest values recorded at Site 1 located closest to the loading connections and tank vents.



	Analysis of the complete data set indicated that the service station activities contributed approximately 65% of the measured benzene concentrations at the service station, with 15% being derived from adjacent road traffic, and the remaining 20% from the local background.



	In addition to passive sampling with diffusion tubes the study also involved active sampling for twelve hour periods every thirtieth day.  Comparison of the two data sets showed that the diffusive monitoring results were lower than the results obtained through active sampling.  This was partly explained by the relative periods of time during which the service station was open; during the diffusion tube sampling the service station was open for 63% of the time whilst during the active sampling the service station was open for 83% of the time.  In addition the active data were more variable as the fuel throughput during sampling was more variable and the data were more influenced by short term emissions.





�3.	Air Quality Standards for Benzene



	The UK National Air Quality Strategy Consultation Draft �has set an Air Quality Standard (AQS) for benzene of 5 ppb as a running annual mean.  The standard was formulated on the basis of the recommendation made by the Expert Panel on Air Quality Standards (EPAQS) 1.  The EPAQS recommended standard was based upon a study of occupational data which estimated that exposure to a mean benzene concentration of 500 ppb over a working lifetime would lead to an increased risk of leukaemia which would be too small to detect. On the basis that a chronological lifetime is about 10 times a working lifetime it was considered that this should be reduced to 50 ppb for the general population. Furthermore, since occupational studies are based on healthy workers a further safety factor of 10 was incorporated to produce a value of 5 ppb, to allow for exposure to other groups of the population which might be more sensitive.



	In recommending an AQS of 5 ppb EPAQS ‘recognised that the current average concentrations of benzene to which the general public are exposed in the United Kingdom’s air (which rarely exceed this concentration) present an exceedingly small risk to health’. In recognition that benzene is a known carcinogen EPAQS also recommended the AQS ‘be reduced to the lower level of 1 ppb’. This recommendation ‘will ensure that ambient air is no longer the main source of individual exposure, even for non-smokers’.



	The World Health Organisation (WHO) have interpreted the occupational data in a different way in providing their air quality guidelines, by stating that there is no known threshold for benzene effects and hence no basis for setting a guideline. WHO also conducted a formal risk calculation which estimated the lifetime risk of leukaemia from exposure to 1 ppb to be about 12 x 10-6, that is there will be 12 cancers (incidences of leukaemia) per million people per 1 ppb benzene over a 70 year life time exposure.







�4.	Monitoring Methodology



4.1	Selection of Sampling Locations



	The principal aim of the study was to determine levels of benzene in and around petrol service stations.  As benzene levels are expected to be higher within urban areas as opposed to rural locations, monitoring was focused within the Greater London area, where the background concentration will be one of the highest in the UK.



	A total of 12 service stations were selected for the study, with the assistance of two major superstore retailers and the UK Petroleum Industries Association (UK PIA) who initially contacted the individual retailers and requested stations to be nominated for the study.  The stations were selected from an initial pool of 25 stations provided by PIA and eight supplied by the superstore retailers, and were chosen to give a representative cross-section of retailer, station size, proximity to busy roads, and VOC controls.  As traffic figures were not readily available at the time of site selection, a subjective assessment was made of the adjacent road, based upon two categories ‘busy’ and ‘non-busy’.  There were no other petrol stations within 100 metres of the selected sites.  A summary of the selected stations is given in Table 6, with a more detailed description provided in Appendix 1.



	Table 6: Summary of Service Stations Selected for the Study



�No Controls�Stage I Controls�Stage II Controls��Non-Busy Road�Station A

Station B�Station E

Station F���Busy Road�Station C

Station D�Station G

Station H

Station I

Station J���Superstore��Station K�Station L��

4.2	Sampling and Analysis Techniques



	A total of six sampling locations were identified at each service station.  These included four sites within the service station forecourt and two sites at the adjacent roadside at a distance of approximately 100 metres to either side of the station.  Roadside sites were included in order to provide some indication of the contribution of benzene emissions from road traffic to measured forecourt levels.  Of the four sites located within the service station forecourt one was located at the pumps in order to provide an indication of peak forecourt levels.  The three remaining sites were located at the forecourt perimeter in order to provide an indication of levels which may be expected at residential properties adjacent to petrol stations.  Two sites were located at either side of the forecourt and one site was located at the rear of the forecourt.  



	Monitoring was carried out at each location using Perkin Elmer passive diffusion tubes filled with Chromosorb 106 and fitted with diffusive heads.  The tubes were positioned at each sampling location within a rainproof shelter, at a height of approximately 2 metres.  Sampling was carried out over a period of six consecutive two-week periods from 2 April to 3 July 1997.  Following exposure, the tubes were analysed by gas chromatography/mass spectrophotometry (GCMS) following thermal desorption.  A description of the analytical procedures used is provided in Appendix 2.



	In addition, a period of continuous monitoring was carried out at Station H for a period of 4 weeks from 13 March to 12 April 1996, using the Chrompack BTX Analyser.  This analyser has previously been validated against the Chrompack VOCAIR system used in the UK Hydrocarbon Network.



�5.	Results



5.1	Diffusive Sampling



	The results of the diffusive sampling measurements for each site are shown summarised in Table 7.  For each service station, the following site descriptions have been used:



	Site 1:	Rear of forecourt

	Site 2:	Side of forecourt

	Site 3:	Side of forecourt

	Site 4:	Pumps

	Site 5:	Roadside (100 metres distance)

	Site 6:	Roadside (100 metres distance)



	Sites 1, 2 and 3 were located at varying distances from the petrol pumps along the forecourt perimeter, reflecting differences in forecourt size.  Approximate distances from pumps for each of the three forecourt sites are given in Table 7.



	There was considerable variation in the concentrations measured at each location from one period to the next.  This is consistent with other monitoring studies3 and is likely to reflect the influence of prevailing meteorological conditions.  The highest mean concentration measured (19.1 ppb) was at the pumps (Site 4) at Station J; the lowest mean concentration (1.2 ppb) was measured at a roadside site (Site 5) at Station L.



	The individual two-weekly average concentrations for each site are provided in Appendix 3.



5.1.1	Comparison with the Air Quality Standard



	A comparison between mean benzene concentrations recorded at each site with the Air Quality Standard of 5 ppb recommended in the Consultation Draft of the UK NAQS can be made by extrapolating the twelve weeks monitoring data to an annual average.  Extrapolation in this manner does not allow a strict comparison with the AQS but does allow estimates of exceedances to be made.   Such a comparison indicates that exceedances of the standard of 5 ppb were estimated to occur at nine of the 12 service stations, at a total of 15 monitoring locations.  Of these nine stations, exceedances were only estimated to occur at locations remote from the fuel pumps at seven sites (Site 3, Station A; Site 1, Station D, Site 2, Station E; Sites 1,2 and 3 at Station K and Site 3 at Station J).  There were no estimated exceedances of the AQS at any of the roadside monitoring sites.

5.1.2.	Comparison of Site Categories



	A comparison of concentrations measured at the roadside, forecourt and fuel pumps sites at each service station is shown in Figure 1.  For the purpose of this assessment the concentration at each sampling location has been determined from the mean of Sites 5 and 6 (roadside), Sites 1, 2 and 3 (forecourt) and Site 4 (pumps).  Figure 1 clearly shows that mean concentrations were generally lowest at the roadside sites and highest at the sites located at the pumps, with intermediate concentrations recorded at the forecourt sites.  At the roadside sites mean values ranged from 1.6 ppb (Station B, non-busy road with no controls) to 4.2 ppb (Station E, non-busy road with Stage I controls); at the forecourt sites values ranged from 1.8 ppb (Station L, a superstore site with Stage 2 controls) to 6.4 ppb (Station K, a superstore site with Stage I controls), and at the pumps values ranged from 2.7 ppb (Station B, non-busy road with no controls) to 19.1 ppb (Station J, busy road with Stage I controls).



5.1.3 	Spatial Variation at Individual Stations



	Table 7 indicates that at a number of the petrol stations there was considerable spatial variation in mean levels recorded at the forecourt sites, and no consistent pattern was identified.  For example at Station A, mean levels at the forecourt ranged from 4.8 ppb (Site 1) to 8.0 ppb (Site 3); similarly at Station E, mean levels ranged from 2.5 ppb (Site 1) to 6.0 ppb (Site 2).  At the four stations (A to D) where no Stage I vapour recovery systems were installed, the highest forecourt values were not necessarily measured at the sites located closest to the delivery tanks.  Furthermore, at stations fitted with Stage I controls, the highest forecourt values were sometimes recorded at sites located next to the delivery tanks for example at Station J.



	At a number of stations there was also considerable variation in mean values recorded at the two roadside sites.  For example at Station A mean values ranged from 2.2 to 4.3 ppb, whilst at other sites the roadside values were relatively similar, for example at Station H where mean values differed by only 0.3 ppb.  The variation between the measured values at the two roadside sites at some petrol stations was thought to be mainly attributable to local site conditions such as proximity of sampler to road junctions (Station C) and car parking areas (Station A).  In one instance, at Station L, differences between the two roadside locations reflected differences in traffic flows due to the configuration of the station; a mean of 1.2 ppb was recorded at the site located along the slip road to the station whilst a mean of 2.3 ppb was recorded at the second site on a major through road, where traffic levels were much higher.









	Table 7: Summary of Diffusive Sampling at Each Service Station



Site Location�Distance from Pumps

(m)�Concentration Range

(ppb)�Concentration Mean

(ppb)��Service Station A�����Site 1�5�3.8 - 5.7�4.8��Site 2�4�2.0 - 7.1�4.9��Site 3�3�6.1 - 9.2�8.0��Site 4�N/A�3.8 - 9.6�7.2��Site 5�N/A�1.2 - 2.8�2.2��Site 6�N/A�1.5 - 8.2�4.3��Service Station B�����Site 1�3�1.8 - 5.5�3.9��Site 2�4�1.0 - 2.5�1.6��Site 3�10�1.7 - 3.6�2.5��Site 4�N/A�2.0 - 4.0�2.9��Site 5�N/A�< 0.3 - 2.8�1.8��Site 6�N/A�1.0 - 1.7�1.4��Service Station C�����Site 1�10�1.5 - 4.3�2.7��Site 2�5�1.4 - 3.9�2.3��Site 3�5�1.8 - 3.9�3.0��Site 4�N/A�2.3 - 3.5�2.9��Site 5�N/A�1.2 - 5.9�2.7��Site 6�N/A�1.1 - 2.7�1.8��Service Station D�����Site 1�12�3.7 - 8.6�5.6��Site 2�15�2.1 - 6.4�3.8��Site 3�12�3.3 - 5.3�4.6��Site 4�N/A�10.0 - 20.4�15.6��Site 5�N/A�2.2 - 4.6�3.4��Site 6�N/A�1.8 - 3.9�2.9��Service Station E�����Site 1�12�1.7 - 3.7�2.5��Site 2�15�3.7 - 11.7�6.0��Site 3�5�1.6 - 3.6�3.0��Site 4�N/A�4.3 - 7.2�5.8��Site 5�N/A�2.6 - 7.2�3.8��Site 6�N/A�3.7 - 6.1�4.7��Service Station F�����Site 1�7�1.3 - 3.6�2.4��Site 2�12�1.4 - 4.7�3.1��Site 3�7�0.9 - 4.3�2.3��Site 4�N/A�2.0 - 18.0�8.2��Site 5�N/A�<0.3 - 3.0�1.6��Site 6�N/A�1.0 - 2.8�2.1���	Table 7 (contd.): Summary of Diffusive Sampling at each Service Station



Site Location�Distance from Pumps

(m)�Concentration Range

(ppb)�Concentration Mean

(ppb)��Service Station G�����Site 1�10�0.7 - 3.6�2.2��Site 2�25�0.7 - 3.2�2.1��Site 3�15�1.4 - 5.4�4.2��Site 4�N/A�1.1 - 11.7�7.9��Site 5�N/A�1.2 - 5.4�3.6��Site 6�N/A�0.9 - 9.6�4.7��Service Station H�����Site 1�7�1.3 - 2.2�1.7��Site 2�4�2.8 - 8.2�4.4��Site 3�13�1.5 - 3.4 �2.3��Site 4�N/A�5.0 - 13.6�7.9��Site 5�N/A�2.1 - 3.5�2.6��Site 6�N/A�1.3 - 5.0�2.9��Service Station I�����Site 1�5�1.4 - 6.4�3.8��Site 2�12�1.2 - 4.3�3.4��Site 3�20�1.2 - 3.9�2.9��Site 4�N/A�2.3 - 11.4�6.1��Site 5�N/A�0.4 - 4.6�2.7��Site 6�N/A�1.3 - 3.4�2.6��Service Station J�����Site 1�10�2.3 - 7.5�4.5��Site 2�12�3.2 - 9.3�7.0��Site 3�7�3.9 - 5.7�4.6��Site 4�N/A�9.9 - 26.6�19.1��Site 5�N/A�2.4 - 5.0�3.5��Site 6�N/A�1.7 - 4.6�3.1��Service Station K�����Site 1�12�3.6 - 12.5�6.6��Site 2�10�5.0 - 10.0�7.4��Site 3�5�3.9 - 7.1�5.2��Site 4�N/A�4.4 - 19.6�11.1��Site 5�N/A�2.1 - 3.9�3.1��Site 6�N/A�2.4 - 3.1�2.8��Service Station L�����Site 1�10�1.2 - 2.7�1.9��Site 2�10�1.2 - 2.7�1.9��Site 3�10�1.2 - 1.9�1.5��Site 4�N/A�2.8 - 5.9�4.8��Site 5�N/A�0.7 - 1.4�1.2��Site 6�N/A�1.5 - 2.8�2.3��



�5.1.4	Influence of Fuel Sales



	Details of fuel sales at each service station during the twelve week monitoring period are shown in Table 8.  There was considerable variation in total fuel sales at each station, ranging from 230,000 litres at Station C to 2,281,000 litres at Station K, a superstore outlet.  Generally the total sales reflect the number of pumps at each station, with six pumps operational at Station C, rising to 36 at Station K.



	Table 8 Fuel Sales (litres) for the Period 2.4.96 to 3.7.96



Station�Grand��ID�Total��A�338,000��B�489,000��C�230,000��D�1,727,145��E�425,000��F�1,189,261��G�1,750,000��H�935,860��I�830,032��J�1,402,688��K�2,281,000��L�1,916,000��





5.1.5	Normalised Benzene Concentrations



	It is difficult to directly compare measured concentrations between service stations, due to the wide range of station types included in the survey (ranging from 6 to 36 pumps).  If it is assumed that emissions from the fuel pumps are the principal source of benzene emissions in the forecourt area, then the source strength will be proportional to the volume of petrol sales, although it is recognised that this is a simplified approach.  In order to more fully compare benzene concentrations measured within the forecourt at each service station, the data have been normalised with respect to total sales of leaded and unleaded petrol, and expressed in terms of ppt/klitres.  These normalised values are illustrated in Figure 2 for the forecourt and pump sites, and shows a marked difference in the distribution with respect to Figure 1



5.1.6	Effects of Stage I and II Controls



	These normalised data can be used to indicate the effects of Stage I and Stage II controls on benzene levels measured at the forecourt and pump sites.  The normalised mean values for the forecourt and pump sites are described in Table 9, according to the type (if any) of controls fitted.



	Table 9 Normalised Mean Benzene Levels Recorded at Forecourt and Pump Locations (ppt/litre)



Controls Fitted�Forecourt�Pump��None�13.4�17��Stage I�4.8�9.9��Stage II�1.0�2.6��

	The measured benzene levels at forecourt sites fitted with Stage I controls were less than half of those recorded at sites with no controls.  The influence of Stage I controls in reducing forecourt concentrations can be further seen in Figure 2, which shows that the highest concentrations were recorded at Stations A and C, which have no controls fitted.  Measured benzene levels at the pump sites at stations fitted with Stage I controls were approximately 40% lower than at stations where no controls were fitted.



	The effects of Stage II controls are more dramatic, resulting in a 93% reduction in forecourt benzene concentrations, and an 85% reduction in concentrations at the pumps.  However, it must be emphasised that these results are based upon data collected from a single service station.



5.1.7	Influence of Road Characteristics



	Figure 3 illustrates the mean concentrations for the two roadside sites adjacent to each station.  There is no clear difference in concentrations between the ‘non-busy’ and ‘busy’ categories with an overall mean value of 2.7 ppb recorded for the ‘non-busy’ category compared to 2.9 ppb for the ‘busy’ roadside category.



5.2	Continuous Sampling



	Concentrations of benzene monitored at Station H are described in Figure 4 as 30-minute averages over the period of sampling.  The highest 30-minute concentration was 13.2 ppb, and the maximum hourly mean recorded was 9.4 ppb. An average concentration of 2.8 ppb was recorded over the four week monitoring period.  Daily means ranged from 1.7 ppb to 4.5 ppb.



	The inlet to the benzene analyser was located approximately 2 metres from the delivery pumps.  Petrol delivery dates are indicated on Figure 4 which shows no consistent relationship between delivery dates and peak concentrations.



	Full details of the daily, hourly and 30-minute averages are provided in Appendix 4.



5.2.1	Comparison with Diffusion Tube Data



	At Station H, benzene diffusion tubes were exposed at a location approximately 2 m from the inlet to the BTX analyser (Site 1).  Unfortunately concurrent data are not available, and as a result only an approximate comparison can be made between the data.  The data collected using both methods is summarised in Table 10 which indicates a reasonably good correlation between the two methods.



	Table 10 Comparison between BTX Analyser and Diffusion Tube



Method�Range (ppb)�Mean (ppb)��Diffusion Tube (2/4/96 - 3/7/96)�1.3 - 2.2�1.7��BTX (13/3/96 - 12/4/96)�-�2.8��

�6.	Discussion



6.1	Benzene Levels at Forecourt and Pump Sites



	Comparison of benzene levels measured within the three site types at each station (roadside, forecourt and pumps) illustrates the strong influence of petrol station emissions to measured benzene levels within the forecourt and at the pumps, with mean values recorded at these sites generally elevated above levels recorded at the roadside sites. The much higher levels of benzene measured at the pumps reflects the significance of emissions during refuelling, specifically the displacement of headspace vapour from car tanks.



	Elevated concentrations measured within the forecourt areas could not be attributed to specific emission sources such as the delivery tanks, and there was a wide spatial variation in measured levels at individual stations, reflecting the influence of a variety of emission sources and orientation of the diffusion tubes in relation to the prevailing wind direction.  Spatial variation in forecourt levels at individual stations also partly reflects differences in the location of the diffusion tube in relation to distances from the pumps, for example at Station A the highest forecourt mean of    8 ppb (Site 3) was recorded at a distance of approximately 3 m from the pumps, with a mean of 4.8 ppb recorded at a distance of approximately 5 m.  However due to the influence of other factors, such as wind direction, a clear relationship between distance from emission source and forecourt levels was not observed at all stations, for example at Station E a mean of 6 ppb was recorded at Site 2, located approximately 15 m from the pumps, compared to a mean of 3 ppb recorded at Site 3 which was located approximately 5 m from the pumps.



6.2	Benzene Levels at Roadside Sites



	Benzene levels measured at the roadside sites will be strongly influenced by traffic volumes.  However there was no clear difference in measured values between the ‘non-busy’ and ‘busy’ roadside categories, and in the absence of specific traffic flow data, it is not possible to examine this relationship in detail. The lack of any clear relationship may be partly attributable to differences in local site factors, such as sampler height and local meteorological conditions.  



6.3	Influence of Road Traffic Emissions on Forecourt Benzene Levels



	Road traffic emissions will contribute to measured benzene levels at the front of the petrol station forecourt.  This influence will decline with increasing distance from the kerbside, and data from previous monitoring studies suggests that there will be little effect beyond a distance of approximately 20 metres.



	Owing to the influence of a variety of factors on levels recorded at the roadside sites and the subsequent variability in the data, it is difficult to estimate the contribution of road traffic emissions to measured forecourt levels. Furthermore, in many cases, site layout dictated the positioning of the samplers with the result that the forecourt sites and roadside sites were not located at identical distances from the kerb.  However a very crude estimate can be made of the contribution to levels recorded at Sites 2 and 3 (located at the sides of the forecourt) by comparing the mean for these two sites with the mean value for the two adjacent roadside sites.  The complex configurations for Sites K and L meant that such that a simple comparison was not valid, and have not been included in this assessment.



	The data from Site 2 at stations C and H have been ignored as the traffic volumes past Sites 2 and 3 differed significantly owing to the presence of road junctions. Furthermore contributions from G and H are not included as the % contribution was a negative figure.  



	Table 11:  Estimated Contribution of Roadside Emissions to Forecourt Benzene Levels





Station�

Controls

Fitted�

Road

Type�

Roadside Mean 

(Sites 5 and 6)�

Forecourt Mean 

(Sites 2 and 3)�

% Contribution of Roadside Emissions��A�None�Non-Busy�1.7�5�34%��B�None�Non-Busy�0.1�1.3�8%��C�None �Busy�0.8�1.5 *Site 3 only�27%��D�None�Busy�1.7�3.2�53%��E�Stage I�Non-Busy�2.7�2.8�96%��F�Stage I�Non-Busy�0.4�1.3�31%��G�Stage I�Busy�2.6�0.7�N/A��H�Stage I�Busy�1.2�0.8 *Site 3 only�N/A��I�Stage I�Busy�1.2�2.1�57%��J�Stage I�Busy�1.8�4.3�42%��

	Note: A value of 1.5 ppb has been subtracted from all the above figures to take account of the ambient background concentration



	Table 11 indicates that the estimated contribution of roadside emissions showed considerable variation between the stations, ranging from 8% at Station B (no controls, non-busy road) to 96% at Station E (Stage I, non-busy).  Such variation may partly reflect differences in the diffusion tube locations relative to emission sources between the stations.  Given this fact and the crude manner in which the calculations have been made it is difficult to examine the data set for any differences in the contribution of roadside emissions according to station type.  Calculation of the mean contribution of roadside emissions at sites according to station type indicates that the estimated contribution was slightly higher at sites at which Stage I controls were fitted;  the mean contribution at sites with no controls by non-busy roads and busy roads and at sites with Stage I fitted by non-busy and busy roads was 21%, 40%, 63% and 50% respectively.  A higher contribution of roadside emissions to forecourt levels at sites at which Stage I controls are fitted may reflect observations that Stage I controls result in a reduction in benzene emissions to the forecourt area. 



	Across all ten stations at which calculations were made roadside emissions contributed approximately 44% to benzene levels measured at the front of the petrol station forecourt.  This is comparable with the results of the CONCAWE preliminary study which indicated that the contributions from traffic and forecourt activities to measured levels at the petrol station boundary were approximately equal.  The CONCAWE year long study, which followed the preliminary study, indicated, unsurprisingly, that the influence of road traffic emissions on benzene levels at petrol stations was less in semi-rural locations, contributing only 15% to the overall mean concentration at the service station.



6.4	Comparison with the Air Quality Standard



	A strict comparison of the data with the AQS recommended in the UK National Air Quality Strategy AQS cannot be made as the measurements recorded in this study only represent twelve weeks sampling.  The mean values can thus only be used to provide an estimate of any exceedances of the AQS.  



	Whilst the AQS of 5 ppb was exceeded at nine of the 12 stations, exceedances were only measured at locations remote from the immediate vicinity of the pumps at five stations.  Personal exposure to concentrations at the pumps will only occur over a relatively short period during refuelling; exceedances of the AQS at these sites are not as critical as at those locations where longer term exposure is likely.  Exceedances of the AQS were estimated to occur at seven forecourt sites.  Two of these sites were located adjacent to residential housing (Stations A and E), thus exceedances at these sites are therefore of much greater significance as residents may be exposed to such concentrations for significant amounts of time.  



	The forecourt sites at which exceedances of the AQS were recorded were located at varying distances from the pumps, at Station A levels exceeded 5 ppb at the site located approximately 3 m from the pump, whilst at Stations D, J and K exceedances were recorded at sites located at 12 m from the pumps.  



6.5	Influence of Stage I and II Controls



	The results indicate that Stage I controls are effective in reducing benzene concentrations by approximately 65% within the forecourt area, although at some stations (E, J and K) concentrations still remained above the AQS.  Stage I controls in combination with Stage II resulted in a much greater (approximately 93%) reduction in forecourt measurements, which were significantly below the AQS.



	Stage I controls were fitted at Station H where continuous benzene measurements were made in close proximity to the delivery tanks.  The lack of a causal relationship between short term peaks in benzene concentrations recorded at this site and delivery dates may be attributable to the operation of Stage I controls during delivery which would have caused recycling of displaced benzene vapour and prevented significant emissions to the atmosphere.  However, in the absence of information concerning wind speed and direction it is not possible to examine in detail the relationship between peak concentrations and the petrol delivery schedule.  For example, there may have been occasions when petrol was delivered and the prevailing wind was in the opposite direction to the inlet for the BTX analyser, thereby significantly reducing the likelihood of the analyser detecting any change in benzene levels associated with delivery.



6.6	Comparison with Other Studies



	Comparison of the data measured in this study with those reported for other petrol station sites is not straightforward as concentrations are influenced by the size of the station, fuel sales, traffic flow along adjacent roads and type of emission controls fitted.  Furthermore, differences in methodology, in particular exposure periods and types of adsorbent, means that only broad comparisons can be made.



	The range of values measured at sites located at the petrol pumps in the present study are consistent with previously reported data;  Little and Cram and CONCAWE reported mean values of 12.8 ppb and 15.1 ppb respectively; these compare with levels of 1.9 to 19.1 measured in this study.  



	In the study currently being conducted by Bristol City Council, benzene levels are being monitored at two stations using identical methodology to that employed in the present study.  The characteristics of the two Bristol stations, in terms of numbers of service bays, are similar to five stations (D, I, J, K and L) in this study.  Comparison of the data measured in the forecourt areas of these sites indicate that values for these stations were lower than those reported for the Bristol sites, e.g. a maximum forecourt mean of 8 ppb recorded in the present study compares with means of 10.4 and 28.4 ppb recorded at the two Bristol sites.



	Measured forecourt means in the present study were consistent with means of 4.5 to 6.3 ppb reported for boundary sites in the preliminary CONCAWE study although these data were collected over a period of 24 hours and thus may not be representative of more typical conditions.  When a more detailed one year study was undertaken using methodology identical to that employed in the present study benzene levels recorded at three sites at the sides and rear of a semi-rural petrol station were lower than in the preliminary study, ranging from 1.7 to 3.2 ppb.  Such a range of values is consistent with data reported for the majority of the stations in this study with the exception of Station A (4.8 to 8 ppb), D (3.8 to 5.6 ppb), J (4.5 to 7 ppb) and K (4.8 to 8 ppb).  Data in the present study are also consistent with levels reported by Stanger Science and Environment for site perimeters of petrol stations in the London Area (annual means ranging from 2 to 5 ppb).



	There are no reports in the literature of continuous real time measurements at petrol forecourts, although CONCAWE have previously used active sampling techniques to provide 12 hour and 24 hour  averages.  In these studies 12 hour means ranged from 1 to 99.12 ppb with 24 hour benzene concentrations ranging from 5.2 ppb to 387 ppb.  Although the methodology was different from that used in the present study, the peak values reported by CONCAWE were well in excess of both the 30 minute and daily averages reported here.  The range of daily means recorded by the BTX analyser in the present study (1.7 to 4.5 ppb) were also lower than the range of 8 to 13 ppb suggested by Little and Cram as being typical of ambient mean daily concentrations at petrol stations.

	

	Measured benzene levels at the roadside sites in the present study are generally consistent with previous data reported for similar sites in the vicinity of petrol stations.  For example average mean values recorded at four off-site roadside locations in the Bristol study ranged from 1.9 to 4.8 ppb, compared with the range of 1.2 to 4.7 ppb at the 24 roadside sites in the present study.  Similarly the mean value of 4.4 ppb recorded in the 12 service station CONCAWE study is within the range of values reported in the present study.  However, in the second CONCAWE study, which took place at a semi-rural station during 1993, mean roadside values were much lower than in the present study, ranging from 0.3 to 0.5 ppb.  These lower values are likely to be a reflection of the lower traffic volumes and hence lower benzene emissions characteristic of semi-rural locations.  Benzene concentrations recorded in the present study are also typical of values normally measured at roadside locations in the Greater London Area.  During 1995 measured benzene concentrations at 44 roadside sites varied from 2 to 6 ppb, consistent with the range reported in the present study.



	As would be expected mean benzene concentrations recorded within the petrol station forecourts and at the roadside sites are higher than measurements previously reported for urban background locations.  The overall mean for all roadside and forecourt sites of 2.8 ppb and 3.8 ppb compare with a mean of 2 ppb recorded using diffusion tubes at 32 background sites across London in 1995.  Similarly the mean benzene concentration measured by the BTX analyser of 2.8 ppb is higher than the range of 0.7 ppb to 1.8 ppb recorded as 1994 annual averages at the National Hydrocarbon Network sites which are situated at urban background locations, however this is only an approximate comparison as a strict comparison between a 3 month average and annual average is not possible. The maximum hourly mean of 9.4 ppb recorded by the BTX analyser is comparable with maximum hourly means recorded by real time analysers as part of the National Hydrocarbon Network during 1994 which ranged from 10.7 ppb to 44.6 ppb at the AUN stations



6.7	Assessment of Seasonal Variation



	Meteorological conditions which determine the dilution and dispersion of atmospheric pollutants generally result in higher ground level concentrations in winter months. Winter to summer ratios for benzene data collected in 1994 and 1995 at the sites in the UK Hydrocarbon Network are provided in Table 12 and clearly show winter months to be characterised by higher concentrations.  Such a seasonal difference is likely to be attributable to more stable atmospheric conditions in the winter months resulting in higher ground level concentrations.



	Table 12 Winter/Summer Ratios at the National Hydrocarbon Network Sites



Site Name

�1994�1995*��Birmingham East�1.8�1.4��Middlesborough �1.1�1.3��London UCL�1.3�1.3��London Eltham�1.3�1.5��Edinburgh�1.5�1.3��Belfast South�1.5�1.6��Cardiff East�1.6�1.3��

	Note - Summer represents the period from 1 April to 30 September and Winter represents the period from 1 October to 31 March

	* Data derived from the National Archive



	The influence of meteorological conditions on benzene levels at petrol stations is likely to be more complex than at the UK Hydrocarbon Network sites.  At petrol stations benzene levels are influenced by both vehicle exhaust emissions and evaporative emissions, whereas at the network sites levels will be predominantly influenced by exhaust emissions.  Consequently peaks in benzene levels may occur at petrol stations during both winter and summer months, the former being driven by stable atmospheric conditions and the latter by high temperatures causing greater evaporative emissions.



6.8	The Auto Oil Programme



	On the basis of only three months data, as obtained in the present study, it is not possible to assess any influence of prevailing meteorological conditions on temporal variation in the data set.  Previous studies6 in which benzene has been monitored at petrol station sites have shown ambient benzene levels recorded around boundary fences in winter to be twice as high as the corresponding concentrations in summer.

	

In response to European Directive 94/12/EC covering emissions from cars the European Commission, vehicle manufacturers and the oil industry embarked upon a collaborative programme known as Auto Oil.



The aim of this programme was to work out air quality targets for the next century, and the most cost effective way of achieving them.



The three year programme included:



a study of the nature and extent of likely future air quality problems in relation to WHO thinking on air pollution standards. This included modelling conditions in Athens, Cologne, the Hague, London, Lyon, Madrid and Milan;

the European Programme on emissions, fuels and engine technology, a research project to clarify the relationship between fuel and engine technology in determining emission levels, and the potential for improving one or both;

the contribution of better vehicle maintenance and more stringent annual inspections;

local initiatives to reduce the number of vehicles on the road and journey distances. 



The strategy that emerged from the programme in June 1996 included new air quality objectives as well as proposals for two technical directives on car emissions and fuel composition respectively.



In terms of benzene the Commission report that modelling results obtained as part of the Auto Oil programme have shown that by the year 2010 atmospheric benzene levels will be sufficiently low even without the application of additional measures. In light of this the Commission does not view it necessary to impose a limit of benzene in petrol below 2%.

�7.	Conclusions



The data show a strong influence of benzene emissions during refilling of vehicles on levels at both the petrol pumps and at the forecourt perimeter.  On average road traffic emissions were estimated to contribute approximately 44% to benzene levels measured at the front of the forecourt perimeter adjacent to the road.



The exceedances of the AQS which were estimated to occur at the petrol pumps are of only small concern with respect to public health as exposure will only occur over a very short time period during refuelling.  



Exceedances of the AQS which were estimated to occur at forecourt perimeter sites are of greater concern, as two of these sites were situated directly adjacent to residential housing where longer term exposure of the public is likely.  Such results may suggest that exceedances of the AQS are likely at other locations where petrol stations are located directly next to residential housing.



The results show that Stage I controls are effective at reducing benzene concentrations at the forecourt perimeter by up to 60%.  However, Stage I controls do not ensure compliance with the AQS, as at some stations fitted with Stage I levels remained above the AQS.  The results from the one station used in this study which was fitted with Stage II controls suggest that Stage I in combination with Stage II controls may be necessary to guarantee compliance with the AQS as Stage II controls provide significant additional abatement.



Benzene levels recorded at all the roadside sites were estimated to be below the AQS.

�8.	Recommendations for Further Study



The results of this study suggest that benzene levels at petrol station perimeters adjacent to residential housing may be of some concern with respect to human health.  More detailed monitoring at such locations is recommended in order to assess the scale of any problem and to accurately assess the relative contributions of emissions from the petrol station and from nearby road traffic. 



As a pilot study intended to provide a snap shot of levels of benzene in and around petrol stations, it has only been possible to draw broad conclusions on the efficacy of Stage I, and in particular Stage II, controls.  Sites have been compared which have different characteristics in terms of layout, number of bays and the volume of traffic using adjacent road networks.  It is recommended that in order to provide a more accurate analysis of abatement techniques monitoring is conducted at several petrol stations for a reasonable time period prior to the introduction of abatement techniques and for a similar period following installation of controls.  Such an experimental design would reduce the number of factors other than abatement technique which may operate to cause variation in measured benzene levels.  Sites being installed with both Stage I and II controls should be selected, particularly as the limited data from this study would suggest that Stage II controls may eliminate any problems associated with high benzene levels at site perimeters.
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Appendix 1.  Descriptions of Petrol Stations used in Study
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�������Station

ID�VOC

Controls �Road

Classification �No of Pump

Bays�No of Pumps�24HR ?��A�None�Non- Busy�4�12�Y��B�None�Non- Busy�2�11�N��C�None�Busy-Road�4�6�N���None�Busy-Road�6�32�Y��E�Stage I�Non- Busy�4�6�N��F�Stage I�Non- Busy�4�24�N��G�Stage I�Busy-Road�4�32�Y��H�Stage I�Busy-Road�4�32�Y��I�Stage I�Busy-Road�6�36�Y��J�Stage I�Busy-Road�6�36�Y��K�Stage I�Superstore�6�36�Y��L�Stage 2�Superstore�6�36�N���
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Appendix 2. Sampling and analytical methodology



�1.	Sampling



	Samples were collected by passive diffusion onto Perkin Elmer stainless steel tubes packed with Chromosorb 106, fitted with diffusive heads containing a silicone membrane.  Swagelok caps were fitted to both ends of each tube during transit and to the end opposite the diffusive head during sampling.



2.	Analysis



	Tubes were analysed by thermal desorption scanning gas chromatography mass spectrometry (GCMS) for benzene.  Benzene was determined by the internal standard technique with formal native compound calibration.



	Each sample was spiked with 2 (l of a 40 ng/(l internal standard spiking solution and then loaded into a Perkin Elmer ATD-50 automated thermal desorption system coupled directly to a DB-624 fused silica capillary column, and to the ion source of a VG 7070H mass spectrometer.  The mass spectrometer was operated in the repetitive scanning mode at 500 resolution (10% valley definition) in electron impact ionisation mode.



	The thermal desorption conditions were:



	Desorption temperature	225(C

	Desorb time	10 minutes

	Cold trap temperature	-30(C

	Trap desorption temperature	300(C



	The GC Conditions were:



	Head pressure	10 psi

	Initial temperature	40(C

	Hold time	4 minutes

	Program rate 1	6(C/minute

	Temperature 2	70(C

	Program rate 2	30(C/minute

	Final temperature	220(C



	The mass spectrometer conditions were:



	Resolution	500

	Trap current	500 (A

	Electron energy	70 eV

	Source temperature	250(C

	Interface temperatures	250(C

	Scan time	1 second per decade from 350 to 35 	daltons



	Benzene was initially identified by the generation of the appropriate mass chromatogram, and where a positive response was found, confirmed by a full comparison with a standard spectrum.



	Following analysis 10% of all tubes were checked for residual traces of benzene.  Any tubes containing greater than 10 ng of benzene were rejected and re-cleaned.  



3.	Calculation of Benzene Concentrations



	The mass of benzene collected in the diffusion tubes is expressed as an average airborne concentration (ppb) over the monitoring period. as shown below:

Average Benzene Concentration (ppb)	=	�EMBED Equation ����EMBED Equation ���

Where:



M is the amount of benzene adsorbed by each tube



T is the period during which the tube was exposed



Dc is the diffusion coefficient



Where:



Diffusion coefficient	=	�EMBED Equation ���



D(v)	=   uptake of benzene (ng)

F	=   3.25 = ppm to µg m-3 conversion factor at 20°C

T	=   Time in mins

C	=   Concentration (µg m-3)



1 ppb   =   3.25 µg m-³



	The diffusion coefficient is determined empirically as detailed below.



�4.	Determination of the Benzene Diffusion Coefficient



	Benzene tubes were exposed to a known benzene concentration in air generated using a permeation vial held at 50oC in a glass oven, in turn held in a thermostatic water bath. The purge flow of pure air was generated through a glass ball filled heat exchanger from an Aadco Model 737 Pure Air Generator at a rate of 1 litre/minute.



	The generated benzene/air mix was fed to a 30 cm diameter spherical glass reaction vessel. Diffusion tubes were mounted on a carousel turning at approximately 1.2 revs per minute.



	Tubes were exposed over a period of two weeks and benzene uptake was determined by thermal desorption and detection with FID using internal standards. The diffusion coefficient was calculated according to the equation shown in Appendix B. A Photovac PID GC was used to determine any losses of benzene in the diffusion coefficient test rig.



5	Quality Assurance and Control



	In order to validate the experimental method the recovery of benzene from diffusion tubes exposed in a standard atmosphere has been investigated.  Tubes are exposed (or ‘spiked’) for different time periods in a standard atmosphere to give a range of loadings.  These tests indicate good recovery of benzene on the exposed tubes, with a mean ratio of 0.9 between the benzene loaded and benzene recovered.



	Prior to each analytical run blank diffusion tubes are spiked with concentrations of 10, 20, 50, 100 and 200 ng benzene.  Recovery of benzene is excellent, achieving linearity over the range with a standard deviation of less than 5%.
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Appendix 3.  Two Weekly Average Concentrations
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Appendix 4.  Daily Means, One Hour Averages and Thirty Minute Averages Collected by the BTX Analyser
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