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FOREWORD 

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL 
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, 
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED. 

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC- 
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR 
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY 
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER 
LOCAL, STATE, OR FEDERAL LAWS. 

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS 
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU- 

ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN 

ITY FOR I"GEMENT OF LETIERS PAENT. 

FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV- 

THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL- 

All rights resewed. No part of rhis work may be reproduced, stored in a retrieval system, or transmitted by any 
means, electronic, mechanical, photocopying, recording, or orhenvise. without prior wrirren permission from rhe 

publisher. Contact the publisher. API Publishing Services, 1220 L Street. N.W., Washington, D.C. 20005. 

Copyright Q 1997 American Petroleum institute 

iii 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ 
~ ~~ -~~ - 

STD.API/PETRO PUBL 4b44-ENGL 1997 .3 0732290 O5b11319 440 

ACKNOWLEDGMENTS 

THE FOLLOWING PEOPLE ARE RECOGNIZED FOR THEIR CONTRIBUTIONS OF 
TIME AND EXPERTISE DURING THIS STUDY AND IN THE PREPARATION OF 
THIS REPORT: 

API STAFF CONTAC T 

Paul Martino, Health and Environmental Sciences Department 

MEMBERS OF THE E &P MACT PROJECT GROUP 

Minam Lev-On, Arco 
Mike Miiliet, Texaco E&P 

Dan Van Der Zanden, Chevron 

TRJ Environmental would also like to thank Mark Weaver, who assisted in the statistical 
analyses and Mike Mccoy, who ran the screen model analyses. TRJ Environmental 
acknowledges the following two independent contractors assisting in this project: Mark 
Smith, who reformatted data received fiom the U.S. Environmental Protection Agency 
(EPA) to facilitate statistical analyses; and Joan Abernathy, who provided word process- 
ing. We also thank Mr. Mike Dusetzina of EPA's Risk and Exposure Assessment Group 
for providing dispersion modeling data for the analyses described in this report. 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



- 

STD.API/PETRO PUBL qb44-ENGL 1997 ü73229ü ü5b4320 Lb2  9 

TABLE OF CONTENTS 

Section Paqe 
EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . ES-1 

INTRODUCTION.. . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-1 

SCREENING ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-1 

1. 

2. 

3. AN EPA TEST RUN OF ISC2 USING 45 SELECTED 
METEOROLOGICAL STATIONS . . . . . , . . . . . . . . . . . . , . . . . . . . 3-1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-1 4. INITIAL MODEL DEVELOPMENT 

5. ESTIMATING INCREMENTAL BENZENE EXPOSURES AND ASSOCIATED 
CANCER RISKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5-1 

SIMRISK . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . , 5-1 

DEFAULT DISTRIBUTIONS FOR EXPOSURE FACTORS . . , . . . . . 5-2 

CALCULATION OF LIFETIME RISK . . . . . . . . . . . . . . . . . . . . . . . . 5-6 
6. A SIMPLIFIED METHOD FOR ESTIMATING 50th AND 95th 

PERCENTILE VALUES OF LIFETIME RISK . . . . . . . . . . . . . . . . . . 6-1 

DISCUSSION . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7-1 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . 8-1 

7. 

8. 
Appendix A 

INITIAL MONTE CARLO ANALYSES BY EPAS RISK AND 
EXPOSURE ASSESSMENT GROUP . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . A-1 

Appendix B 

348 METEOROLOGICAL STATIONS USED IN DISPERSION 
MODELRUNS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B-1 

Appendix C 
DESCRIPTIVE STATISTICS FOR AMBIENT BENZENE 
CONCENTRATIONS ESTIMATED BY APPLICATION OF ISC2 
DISPERSION MODEL TO 348 METEOROLOGICAL STATIONS . . . . . . . . . . . . C-1 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



~~ 

STD-API/PETRO PUBL qbLi4-ENGL 2797 E 0732270 05b432L UT7 

Fiaure 

4-1. 

4-2. 

5-1. 

5-2. 

6-1. 

6-2. 

6-3. 

LIST OF FIGURES 

Page 

Estimated Relationships Between 95th Percentile of Outdoor 
Benzene Concentration (pg/m3) and Distance (Meters) From 
Glycol Dehydrator for Specified Emission Conditions (Benzene 
Emission Rate = 1 ton/year, Vent Velocity = 2.93 Wsec, Vent 
Diameter = 2 inches) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4-1 1 

Log-Log Plots Showing Estimated Relationships Between 95th 
Percentile of Outdoor Benzene Concentration (pg/m3) and 
Distance (Meters) From Glycol Dehydrator for Specified 
Emission Conditions (Benzene Emission Rate = 1 ton/year, 
Vent Velocity = 2.93 Wsec, Vent Diameter = 2 inches) . . . . . . . . . .  4-1 2 

Estimated Frequency of Lifetime Risk When Distance to Glycol 
Dehydrator Equals 300 Meters (Benzene Emission Rate = 1 
ton/year, Vent Velocity = 2.93 Wsec, Vent Diameter = 2 inches, 
and Land Use = Urban) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5-10 

Estimate of the 50th Percentile of Lifetime Risk Versus Distance 
From Glycol Dehydrator (Benzene Emission Rate = 1 ton/year, 
Vent Velocity = 2.93 Wsec, Vent Diameter = 2 inches, and Land 
Use = Urban) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5-10 

Estimate of the 50th Percentile of Lifetime Risk Versus Distance 
(Meters) for Indicated Benzene Emission Rate (tondyear) and 
Urban Land Use (2 inches 5 Vent Diameter 5 4 inches, 3.21 Wsec 
< Vent Velocity 5 20.3 füsec) . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 
Estimate of the 50th Percentile of Lifetime Risk Versus Distance 
(Meters) for Indicated Benzene Emission Rate (tondyear) and 
Rural Land Use (2 inches 5 Vent Diameter 5 4 inches, 3.21 Wsec 
- < Vent Velocity 5 20.3 Wsec) . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Estimate of the 95th Percentile of Lifetime Risk Versus Distance 
(Meters) for Indicated Benzene Emission Rate (tondyear) and 
Urban Land Use (2 inches 5 Vent Diameter 5 4 inches, 3.21 Wsec 
< Vent Velocity 5 20.3 ft/sec) . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 

. .  

. .  

. .  

6-4 

6-5 

6-6 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



~ 

STD.API/PETRO PUBL 4b44-ENGL 1997 0732270 0564322  T 3 5  

LIST OF FIGURES (Continued) 

Fiqure 

6-4. 

6-5. 

6-6. 

6-7. 

6-8. 

Estimate of the 95th Percentile of Lifetime Risk Versus Distance 
(Meters) for Indicated Benzene Emission Rate (tondyear) and 
Rural Land Use (2 inches 1. Vent Diameter 5 4 inches, 3.21 Wsec 
< Vent Velocity 5 20.3 Wsec) . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 

Estimate of the Distance (Meters) Associated With the Indicated 
50th Percentile Lifetime Risk Versus Benzene Emission Rate 
(tons/year) for Urban Land Use (2 inches 5 Vent Diameter 5 4 
inches, 3.21 Wsec 5 Vent Velocity 5 20.3 ft/sec) . . . . . . . . . . . . .  

Paqe 

. 6-7 

. . 6-8 

Estimate of the Distance (Meters) Associated With the Indicated 
50th Percentile Lifetime Risk Versus Benzene Emission Rate 
(tondyear) for Rural Land Use (2 inches 5 Vent Diameter 5 4 inches, 
3.21 Wsec 5 Vent Velocity 20.3 Wsec) . . . . . . . . . . . . . . . . . . . . .  6-9 

Estimate of the Distance (Meters) Associated With the Indicated 
95th Percentile Lifetime Risk Versus Benzene Emission Rate 
(tondyear) for Urban Land Use (2 inches L Vent Diameter 5 4 
inches, 3.21 ft/sec 5 Vent Velocity 5 20.3 Wsec) . . . . . . . . . . . . . .  6-10 

Estimate of the Distance (Meters) Associated With the indicated 
95th Percentile Lifetime Risk Versus Benzene Emission Rate 
(tondyear) for Rural Land Use (2 inches 5 Vent Diameter 5 4 inches, 
3.21 Wsec 5 Vent Velocity 5 20.3 Wsec) . . . . . . . . . . . . . . . . . . . .  6-1 1 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~~ 

~ 

STD.API/PETRO PUBL 4 b 4 4 - E N G L  1997 0732290  05b4323 9 7 1  

Table 

2-1. 

2-2. 

3-1. 

3-2. 

3-3. 

4-1. 

4-2. 

4-3. 

4-4. 

4-5. 

5-1. 

LIST OF TABLES 
Page 

American Petroleum Institute Specifications for SCREEN3 . . . . . . . .  2-2 

Benzene Concentration Estimates (pg/m3) From Dispersion 
Model Runs Which Applied SCREEN3 to Generic Glycol 
Reboiler Vents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2-4 

Meteorological Stations Representing 45 Geographical Areas 
Where Glycol Dehydrators Are Likely to be Located . . . . . . . . . . . .  3-2 

Specifications for the Test Run of ISC2 Applied 
to 45 Meteorological Stations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-4 

Descriptive Statistics for Estimated Benzene Concentrations 
(pg/m3) at Specified Distances From 45 Hypothetical Emission 
Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3-5 

Dispersion Model Output Files Received From the Risk and 
Exposure Assessment Group (Jan. 26 and Feb. 1, 1996) . . . . . . . . .  4-2 

Results of Stepwise Linear Regression Analysis Performed 
on the LNRATIO Parameter of a Lognormal Distribution Fitting 
Benzene Concentrations Estimated by Applying the ISC2 
Dispersion Model to 348 Meteorological Stations . . . . . . . . . . . . . . .  4-5 

Regression Equations for Estimating the Geometric Standard 
Deviation (GSD) of a Lognormal Distribution Fitting Benzene 
Concentrations Estimated by Applying the ISC2 Dispersion 
Model to 348 Meteorological Stations (Distance 2 30 Meters) . . . . . .  4-7 

Equations for Estimating LNRATIO and GSD Based on the 
Regression Results Presented in Tables 4-2 and 4-3 . . . . . . . . . . . .  4-8 

Procedure for Estimating Random Values of Outdoor Benzene 
Concentrations According to User-Specified Emission 
Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4-9 

Default Assumptions for the Exposure Factors Used in 
SimRisk Runs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5-3 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



EXECUTIVE SUMMARY 

The U.S. Environmental Protection Agency (EPA) is currently evaluating potential 

applicability criteria for glycol dehydrator air emission controls. To assist this 

evaluation, the American Petroleum Institute (API) commissioned TRJ Environmental, 

Inc. (TRJ) to develop a methodology to estimate benzene exposures and associated 

risks under representative emission conditions. 

The EPA assisted in this research effort by performing a series of dispersion model 

runs using emission parameters suggested by API and meteorological data 

representing 348 weather stations in the United States. TRJ performed a series of 

statistical analyses on the results of these runs which indicated that the distribution of 

ambient (outdoor) benzene concentrations produced by an operating glycol dehydrator 

unit could be estimated as a function of benzene emission rate, vent velocity, vent 

diameter, land use (urban or rural), and source-to-receptor distance. Equations based 

on the statistical analyses were incorporated into a spreadsheet model capable of 

plotting "outdoor concentration vs. distance" for specified emission scenarios and 

concentration percentiles. 

In addition to the spreadsheet model, a Monte Carlo routine for estimating lifetime 

cancer risk as a function of the estimated benzene concentration distribution was also 

developed. The entire process (spreadsheet program and Monte Carlo routine) was 

incorporated into a PC-based model called SimRisk. SimRisk generates a lifetime risk 

distribution that accounts for four factors that affect benzene exposure (residential 

occupancy period, time spent indoors and outdoors at the home location, 

indoor/outdoor ratio for benzene concentration, and breathing rate). The lifetime risk 

distribution is specific to benzene emission rate, vent velocity, vent diameter, land use 

(urban or rural), and source-to-receptor distance. 

ES-1 
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A simplified version of SimRisk was developed that can be used to estimate the 50th 

and 95th percentile values of lifetime risk solely as a function of benzene emission 

rate, source-to-receptor distance, and land use. This simplified risk model could be 

incorporated into control applicability criteria for glycol dehydrator vent emissions. To 

determine the applicability of controls to a specific unit, the analyst would use a simple 

graph or lookup table obtained from the model to determine the minimum source-to- 

residence distance associated with a specified lifetime cancer risk. If the actual 

distance from the glycol dehydrator unit to the nearest residence exceeds this 

minimum distance, the analyst could assume that the glycol dehydrator unit requires 

no further emission controis. If, however, the actual distance from the glycol 

dehydrator unit to the nearest residence is equal to or less than this minimum 

distance, then the source may be subject to additional controls. 

This model is applicable only to glycol dehydrators operating under a specific set of 

conditions and should not be used outside of the following ranges: 

30 meters I distance S meters 2000 meters 

2 inches 5 vent diameter 5 4 inches 

1 todyear 5 emission rate I 7 tons/year 

3.2 feet/sec I vent velocity 5 20.3 feetkec. 

ES-2 
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Section 1 

INTRODUCTION 

The U.S. Environmental Protection Agency (EPA) is currently evaluating potential 

applicability criteria for glycol dehydrator air emission controls. To assist this 

evaluation, the American Petroleum Institute (API) commissioned TRJ Environmental 

to develop a methodology to estimate benzene exposures and associated risks under 

representative emission conditions. 

This report is divided into seven sections. Section 2 describes preliminary risk 

assessment analyses performed by EPA prior to the startup of this project. The 

analyses included dispersion model runs using 348 meteorological stations and the 

application of Monte Carlo modeling techniques to the dispersion model results. 

Section 2 also summarizes a series of exploratory analyses in which the SCREEN3 
dispersion model was applied to eight emission scenarios identified as representative 

of typical operating conditions. The model produced an estimate of the maximum 

benzene concentration at each of 10 distances considered in the earlier EPA 

dispersion model runs. 

Section 3 presents the results of a special analysis in which Version 2 of the 

Industrial Source Complex dispersion model (ISC2) was applied to 45 meteorological 

stations selected by API as representative of areas where glycol dehydrators were 

likely to be located. After completion of the special analysis, API and EPA jointly 

developed a set of 24 emission scenarios to be used in subsequent dispersion 

modeling runs. Section 4 describes the 24 emission scenarios and presents the 

results of applying the ISC2 model to 348 meteorological stations under each 

scenario. Researchers statistically analyzed these results and developed a 

spreadsheet model for estimating outdoor benzene concentrations as a function of 

1-1 
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source-to-receptor distance and emission scenario. Section 4 describes the model 

and provides sample outputs. 

Section 5 describes development of a PC-based model incorporating the spreadsheet 

and a Monte Carlo routine combining the outdoor benzene concentrations with 

randomly generated exposure factors to determine lifetime risk distributions. Section 6 

presents a simplified method for estimating the 50th and 95th percentiles of these 

lifetime risk distributions. Section 7 discusses the limitations of the proposed modeling 

approach and provides recommendations for further research. Section 7 also 

describes a method by which model estimates can be used to determine whether or 

not a specific glycol dehydrator should be subject to controls for reducing benzene 

emissions. 

1-2 
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Section 2 

SCREENING ANALYSIS 

The work in this report extends research conducted in 1995 by the Risk and Exposure 

Assessment Group (REAG) of EPA (Appendix A). Briefly, REAG acquired 

meteorological data for the 348 U.S. sites listed in Appendix B from the National 

Climatic Center in Asheville, North Carolina. The sites included all U.S. meteorological 

stations for which data were available at the time of the REAG analysis. REAG 

applied the ISC2-LT (long-term) dispersion model to each of the 348 sites and 

produced estimates of ambient (outdoor) benzene concentration at each of 160 points 

on a receptor grid surrounding a hypothetical glycol dehydrator unit. The receptor grid 

was laid out in a polar pattern with ten concentric rings at distances of 10, 20, 30, 50, 

100, 200, 300, 500, 1000, and 2000 meters. These rings were intercepted by 16 

equally spaced radial arms extending from the emission source to produce the 160 

receptor points. The emission scenarios were defined according to the assumptions 

listed in Table A-1. 

REAG applied Monte Carlo modeling techniques to the dispersion model estimates to 

determine lifetime cancer risk probabilities for people residing at various distances 

from the hypothetical glycol dehydrator unit. The modeling approach explicitly 

accounted for variability in breathing rate, time spent away from home, residential 

occupancy period, and indoor/outdoor ratio. REAG provided API with an informal 

summary of the input assumptions for the Monte Carlo analysis and examples of the 

model’s output (personal communication, Mike Dusetzina, REAG, March 7, 1996). 

API reviewed these materials and directed TRJ to perform a series of screening 

analyses to determine the possible effects of varying the modeling assumptions 

concerning benzene emission rates, vent flow rates, and land use characteristics. 

EPA’s SCREEN3 dispersion model was applied to eight emission scenarios identified 

by API as representative of typical operating conditions. The model produced an 

2-1 
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Model specification 

Source type 

Stack height 

Stack diameter 

Stack gas exit temperature 

Air temperature 

Receptor height 

estimate of the maximum benzene concentration at each of 10 distances considered 

in the earlier EPA dispersion model runs. Table 2-1 lists the assumptions common to 

all runs. Table 2-2 presents the conditions specific to each run and lists the estimated 

concentrations at six selected distances. 

Value 

Point 

10 feet 

2 inches 

225 degrees F. 

293 degrees K. (default) 

2 meters 

Table 2-1. American Petroleum Institute specifications for SCREEN3. 

Building downwash calculation? 

Terrain 

Fumigation calculation? 

No 

Flat 

No 

II Modeled meteorological conditions I All stabilities and wind speeds II 

The results in Table 2-2 are grouped in pairs by benzene, toluene, ethylbenzene, and 

xylene (BTEX) concentration in natural gas and land use. Within each pair, the runs 

differ with respect to benzene emission rate and total gas exit velocity from the vent. 

When the values associated with a benzene emission rate of 7 tondyeat- are divided 

by the paired values associated with the 1 ton/year runs, the resulting ratios increase 

with distance. For example, the ratio under the assumption of BTEX concentration = 

550 ppmv in the natural gas and land use = urban is 4.90 for the 10 m distance and 

6.94 for the 2 km distance. These results suggest that the dispersion model estimates 

for maximum benzene concentration are not proportional to emission rate when 

distances are relatively small. 

2-2 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



~~ 

S T D - A P I / P E T R O  PUBL ' ib44-ENGL 1 9 9 7  M 0732290 05b4330  0 0 1  

The results listed in Table 2-2 also show that dispersion model estimates for rural 

locations tend to be higher over longer distances than corresponding estimates for 

urban locations. Consider, for example, the results associated with BTEX 

concentration = 550 ppmv in natural gas and benzene emission rate = 7 tons/year. 

Under these conditions, the maximum concentrations at 100 m and 500 m are 493 

and 40.84 pg/m3, respectively, for urban locations and 1204 and 289.5 pg/m3, 

respectively, for rural locations. This example demonstrates a projected 1 2-fold 

concentration decrease between 100 m and 500 m for urban locations with only a 4- 

fold decrease between 100 m and 500 m for rural locations. This difference in the 

"concentration vs. distance" patterns for urban and rural sites can be explained by the 

higher turbulence caused by the urban "heat island" effect. This turbulence tends to 

disperse airborne pollutants closer to the emission point, causing a more rapid 

decrease in concentration with distance. 

In summary, results of the screening analyses suggest that (1) dispersion model 

estimates of maximum outdoor benzene Concentration are not proportional to emission 

rate when distances are relatively small and (2) the dispersion model concentration 

estimates for rural locations tend to be higher over longer distances than 

corresponding estimates for urban locations. 

2-3 
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Section 3 

AN EPA TEST RUN OF ISC2 
USING 45 SELECTED METEOROLOGICAL STATIONS 

As discussed in Section 2, REAG applied the ISC2 dispersion model to data from 348 

meteorological stations in an initial analysis of risks associated with benzene emitted 

by glycol dehydrators. These sites were selected to represent all areas of the United 

States. A second application of ISC2 was performed using a subset of 45 

meteorological stations (Table 3-1) selected to represent areas where glycol 

dehydrators operating in oil and gas production fields were likely to be located. These 

stations are located in 17 states known to have operating glycol dehydrator units. 

REAG assisted API by performing a test run of ISC2 based on the conditions listed in 

Table 3-2. The run assumed that the exit velocity was 1.59 ft/sec, the benzene 

emission rate was 1 ton/year, and the land use was rural. The remaining conditions 

were identical to those used in the SCREEN3 runs described in Section 2. 

Table 3-3 provides descriptive statistics for the benzene concentration estimates 

according to distance from source. The statistics for each distance are based on 720 

individual benzene concentration estimates, one for each combination of 

meteorological station (45 possibilities) and compass direction (1 6 possibilities). 

As expected, the value for each statistic decreases as distance increases. The 

distributions are positively skewed with relatively long upper tails. Plots on semi-log 

paper suggest that the empirical distribution of benzene concentrations at each 

distance can be well fit by a lognormal distribution. This finding is consistent with the 

results of subsequent analyses described in Section 4. 
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I. 

State Location Site ID* 
AK Barter Island Airport 27401 
AK BarrowNV Post-W Rodgers 27502 
AL MobileNVSO Airport 13894 
CA Fresno Air Terminal 931 93 
CA Long BeachNVSO Airport 231 29 
CA Los Angeles international Airport 231 74 
CA Santa Barbara Airport 231 90 
CA Redd in a/Aaf 24257 

PA 
TX 
TX 
TX 
TX 

II OH 1 Toledo/Express Airport 1 94830 

Pittsburgt-dMacon Airport 94823 
Stephenville 03969 
VictoriaMIS0 Airport 1291 2 
Port ArthudJefferson City 12917 
Brownsville/lnternational Airport 12919 

II OK I Oklahoma City/Wiii Rodgers I 13967 
II OK I Tulsdlnternational Airport I 13968 

II TX I San Antonio I 12921 
II TX I Corpus Christie/lnt’l Airport I 12924 

(continued) 3-2 
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TX 

Table 3-1 (Continued) 

Abilene/Municipal Airport 13962 

Wichita Falls/Municipal Airport 13966 

Il 

I 

TX Midland/Regional Airport 
TX San AngeloNVSO Airport 

TX LubbocWRegional Airport 
WV Huntingtonmri-State Airport 
WV Beckley/Raleigh Co. Memorial 

I I  State I Location I Site ID* 

23023 
23034 
23042 
03860 
03872 

II TX I Houston Intercontinental I 12960 

WV 
WY 
WY 

Charleston/Kenawba Airport 13866 
24021 Lander/Hunt Field 

Rock Springs Airport 24027 

I I Terrain Flat 
Furniaation calculation? No 

'Site ID refers to the meteorological station STAR Site number (see complete listing of sites in Appendix 6). 

Table 3-2. Specifications for the Test Run of ISC2 applied to 45 meteorological 
stations. 

II II Building downwash calculation? 

II Modeled meteoroloaical conditions I All stabilities and wind meeds II 

3-3 
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Mini- 
mum 

Table 3-3. Descriptive statistics for estimated benzene concentrations (pg/m3) at 
specified distances from 45 hypothetical emission sources.a - - 

25% 50% 75% 
Distance, Arith. Arith. 

Ring meters n mean S. D. 
1 10 720 19.68 11.97 

0.82 
0.44 

20 I 720 I 11.27 ] 6.76 Il i 
4.51 6.40 9.16 
2.49 3.55 5.09 

3 30 720 7.43 4.35 
1 4  50 720 4.12 2.44 
II 5 1 -  100 1720 I 1.66 I 1.01 

200 I 720 I 0.60 I 0.38 II i 
300 I 720 I 0.32 I 0.21 II ! 

il 8 I 500 I 720 I 0.140 I 0.091 

II 10 I 2000 1 720 I 0.015 I 0.010 

1.75 ~ I 11.75716.73 1 2 4 3 3  
1 .O3 I 6.76 19.62 113.97 

-0.17 I -0.98 11.41 12-07 
0.05 I 0.35 10.51 10.75 
0.03 I 0.18 (0.27 (0.41 
0.011 I 0.078 10.112 (0.179 

I .~ - 

0.003 1 0.025 10.038 10.058 
0.001 I 0.008 10.013 10.019 

Maxi- 
mum I 

92.44 

0.080 II 
"These data were obtained from an ISC2 dispersion model run performed by the Risk and Exposure 
Assessment Group, U.S. Environmental Protection Agency. Table 3-1 lists the 45 meteorological stations 
used in the runs. Emission conditions are described in Table 3-2. Each of the 45 sites produced 16 
concentration values for each of the 10 rings listed in the table above (45 sites x 16 values/ring = 720 
valuedring for all sites). 

Following the completion of the test run, API conferred with EPA concerning the use 
of the 45 stations in an analysis to estimate lifetime cancer risks associated with 
benzene emitted by glycol dehydrators. EPA recommended using the complete set of 
348 meteorological stations that were used in the initial EPA risk assessment 
(Appendix A). These stations were considered to provide a more complete range of 
potential exposure conditions. Section 4 describes model development using the 348 
meteorological stations. 
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Section 4 

INITIAL MODEL DEVELOPMENT 

After completion of the test run described in Section 3, API and EPA jointly developed 

a set of 24 emission scenarios to be used in subsequent dispersion modeling runs. 

These scenarios are listed in Table 4-1. Each scenario specifies benzene emission 

rate (1 or 7 tondyear), vent velocity (3.21 , 10.9, or 20.3 feevsec), vent diameter (2 or 

4 inches), and a land use (urban or rural). Conditions common to all scenarios are 

listed below: 

release height = 12 feet 

release temperature = 225 degrees F 

For each scenario, EPA ran the ISC2 dispersion model for each of the 348 

meteorological stations. The far-left column in Table 4-1 lists the names of the 24 

data files produced by these runs. Each data file contained 55,680 values of annual 

average outdoor benzene concentration: one for each combination of meteorological 

station (348 possibilities), distance from source (1 O possibilities), and compass 

direction (1 6 possibilities). 

Each of the EPA data files was reformatted into a new file suitable for statistical 

analyses. Tables C-1 through C-I2 in Appendix C provide descriptive statistics 

calculated from these files. Each table provides results for one combination of vent 

velocity, vent diameter, and land use. The results within each table are further 

stratified by distance and emission rate. The statistics in each table row are based on 

5,568 outdoor benzene concentrations (348 stations times 16 compass points). Each 

set of 5,568 values was referred to as a "scenario-distance data set" (SDDS). 

4- 1 
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Table 4-1. Dispersion model output files received from the Risk and Exposure 
Assessment Group (Jan. 26 and Feb. 1, 1996).a 

"Ali runs used 348 meteorological stations, Stack height = 12 feet. Release temperature = 225 degrees F. 

Analyses of the SDDS revealed that the lognormal distribution usually provided a good 

fit to the data. A lognormal distribution can be completely specified by its geometric 

mean (GM) and geometric standard deviation (GSD). If data are well fit by a 

lognormal distribution, the GM will closely match the median (Le., the 50th percentile 

value). Each pair of GM and median values listed in Appendix C match within 2 

percent. 
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The GM and GSD values listed for a particular SDDS can be used to estimate any 

percentile in the distribution of outdoor benzene concentrations associated with the 

SDDS. To estimate the benzene concentration corresponding to the P percentile 

[C,,,(P)], calculate the quantity 

C,,(P) = (GM)(GSD)' (1) 

where the area under the unit normal curve from zero to z is equal to P expressed as 

a fraction. Values of z for selected percentiles are listed below: 

percent i le 

5 

10 

25 

50 
75 
90 
95 
99 

z value 

-1.645 
-1.282 

-0.6745 
O 
0.6745 
1.282 

1.645 
2.326 

For example, the GM and GSD of the first SDDS listed in Table C-1 of Appendix C 
are 10.1 pg/m3 and 1.768, respectively. The 95th percentile can be estimated by the 

expression 

C,,,(95%) = (1 0.1)( 1 .768)1.645 = 25.8 1g/m3. 

The actual 95th percentile is 26.0 pg/m3, a difference of less than 1 percent. 

A series of exploratory stepwise linear regression (SLR) analyses was performed to 

determine whether the geometric means and geometric standard deviations listed in 

4-3 
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Appendix C could be estimated directly from the parameters defining the scenario 

(emission rate, vent velocity, vent diameter, and land use). The SLR analyses 

indicated that the geometric means could be estimated well at all distances between 

10 and 2000 meters, whereas the geometric standard deviations could be estimated 

well for distances between 30 and 2000 meters. 

The geometric means in Appendix C were found to be proportional to emission rate 

when other parameters were held constant. Researchers subsequently performed a 

series of followup SLR analyses on the quantity 

LNRATIO = In[(geometric mean benzene conc.)/(benzene emission rate)] (3) 

and found that LNRATIO could be estimated well at all distances between 10 and 

2000 meters. Regression results based on separate analyses of the urban and rural 

data are included in Table 4-2. 

The geometric standard deviation (a dimensionless quantity) was found to be 

independent of benzene emission rate. Regression results for geometric standard 

deviation based on separate analyses of the urban and rural data are included in 

Table 4-3. Note that these regression analyses omitted dispersion modeling results 

for distances of 10 and 20 meters. TRJ did not find a regression equation that could 

provide a good fit to dispersion model estimates for all distances when these two 

distances were included. Consequently, the regression analyses were applied to data 

for distances of 30 to 2000 meters. TRJ found that the following equations could be 

used to estimate the geometric standard deviations for 10 and 20 meters as a function 

of the geometric standard deviation estimated for 30 meters: 

Urban: GSD(10 meters) = (1.020)[GSD(30 meters)] (4) 
(5) 

Rural: GSD(1 O meters) = (1.008)[GSD(30 meters)] (6) 
(7) 

GSD(20 meters) = (1 .O1 4)[GSD(30 meters)] 

GSD(20 meters) = (l.O04)[GSD(30 meters)] 

4-4 
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Table 4-2. Results of stepwise linear regression analyses performed on the LNRATIO 
parameter of a lognormal distribution fitting benzene concentrations 
estimated by applying the ISC2 dispersion model to 348 meteorological 
stations.”Sb 

‘LNRATIO = In[(geometric mean benzene conc.)í(benzene emission rate, tondyear)] 
bunits: geometric benzene concentration (pg/m3), benzene emission rate (tondyear), distance (meters), 
velocity (feeücec), diameter (inches). 

T h e  p value for each regression coefficient is less than 0.0001. 
dCoefficient of determination indicating fraction of total variance in LNRATIO explained by predictor 
variables. 

The regression results in Tables 4-2 and 4-3 are stated as equations for estimating 

LNRATIO and GSD in Table 4-4. These equations provide a means for determining 

the percentiles of the benzene distribution expected to occur under a specific emission 

scenario such that (1) the common set of conditions apply and (2) the distance, vent 

diameter, emission rate, and vent velocity fall within the following ranges: 

30 meters < distance I 2 0 0 0  meters 

2 inches I vent diameter I 4 inches 

1 tonlyear 5 emission rate 5 7 tons/year 

3.21 feet/sec I vent velocity 5 20.3 feet/sec. 

Equations 4 through 7 can be used to produce estimates of GSD for 10 and 20 

meters. Table 4-5 presents the entire estimation procedure as a series of six steps. 
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Land use 
urban 

Regression Cumulative R' value' 
Predictor variable coeff icientb 
constant 1.57788 0.0000 
Mdistance) 0.03743 0.891 9 

II I 

1 /[(distance)(velocity] l -6.83247 0.9695 ll -~ 

rural 

In(ve1ocity) 
In(diameter) 
distance/velocitv 

0.01 573 0.9840 
0.01 292 0.9885 
3.1 69E-5 0.9901 

constant 
In (dis tance) 
1 /(distance)' 
distance 
diameter 

'Units: geometric standard deviation (dimensionless), distance (meters), velocity (feeüsec), diameter (inches). 
"The p value for each regression coefficient is less than 0.0005. 
'Coefficient of determination indicating fraction of total variance in GSD explained by predictor variables. 

1.52967 0.0000 
0.05567 0.9613 
-47.0347 0.9740 
-1.933E-5 0.981 4 
-0.00355 0.9856 

Table 4-4. Equations for estimating LNRATIO and GSD based on the regression 
results presented in Tables 4-2 and 4-3. 

Urban land use: 
LNRATIO = 9.79478 - (2.08838)[ln(D)] - (30.6184)(1/D) + (2.693E-4)(D) 

GSD = 1.57788 + (0.03743)[ln(D)] - (6.83247)[1/(D)(V)J + (0.01 573)[ln(V)] 
- (O.O0447)(V) + (51 .4401)(1/D2) - (0.48561)(d/D) 

+ (0.01292)[ln(d)] + (3.169E-5)(DN) 
Rural land use: 

LNRATIO = 8.1999 - (1.63484J[ln(D)] - (26.4672)(1/D) - (0.1 1091)(V/D) 

GSD = 1.52967 + (0.05567)[ln(D)] - (47.8347)(1/D2) - (1.933E-5)(D) 
+ (65.2323)(1/D ) - (0.08316)[ln(d)] - (O.O0294)(V) 

- (0.00355)(d) - (7.41478)[1/(D)(V) 
The variables are defined as follows: 

LNRATIO = In[(geometric mean benzene conc.)/(benzene emission rate)] 
GSD = geometric standard deviation (dimensionless) 
D = distance from source (meters) 
V = vent velocity (Wsec) 
d = diameter of vent (inches). 

Units for LNRATIO: geometric mean benzene concentration (pg/m3), 
benzene emission rate (tondyear). 
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Table 4-5. Procedure for estimating random values of outdoor benzene concentrations 
according to user-specified emission conditions. 

Step 
1 

2 

3 

4 

5 

6 
- 

Explanation 
Specify land use, distance from source, benzene emission rate, vent velocity, and 
vent diameter. 
Use appropriate regression equation from Table 4-4 to estimate LNRATIO for land 
use, distance, vent velocity, and vent diameter specified in Step 1. 

LNRATIO is defined by the expression 

LNRATIO = In[(geom. mean benzene conc.)/(benzene emiss. rate)]. 
Estimate geometric mean by the equation: 

geometric mean = (e LNRATIO )(benzene emission rate) 

where the benzene emission rate is the value specified in Step 1. 
If distance is between 30 and 2000 meters, use the appropriate equation from Table 
4-4 to estimate geometric standard deviation for land use, vent velocity, and vent 
diameter specified in Step 1. If distance = 10 or 20 meters, calculate geometric 
standard deviation for 30 meters using Table 4-4 equation and then apply one of the 

following conversion equations: 

Urban land use 

GSD(1 O meters) = (l.O20)[GSD(30 meters)] 

GSD(20 meters) = (1 .Ol4)[GSD(30 meters)]. 

Rural land use 

GSD(10 meters) = (1.008)[GSD(30 meters)] 

GSD(20 meters) = (1.004NGSD/30 meterdl. 
Randomly select z value from unit normal distribution (Le., mean = O, standard 
deviation = 1). 
Calculate benzene concentration for random z value using equation: 

Co, = (GM)(GSD)'. 

where GM is the geometric mean determined in Step 3, GSD is the geometric 
standard deviation determined in Step 4, and z is the value of the normal variate 
determined in Step 5. 

The procedure presented in Table 4-5 was incorporated into a spreadsheet model that 

(1) calculates the distribution of outdoor benzene concentrations at 24 distances from 

10 m to 2000 m and (2) plots the results for user-specified percentiles. Figure 4-1 

presents sample graphs of outdoor benzene concentration (95th percentile) versus 

distance produced by the program. The specified conditions were benzene emission 

rate = 1 ton/year, vent velocity = 2.93 ft/sec, and vent diameter = 2 inches. Separate 
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graphs are provided for urban and rural land use. Figure 4-2 shows the same data 

plotted on a log-log scale. 

The reader should note that this model is based on the implicit assumption that the 

dispersion modeling results for the specified set of 348 meteorological stations provide 

an unbiased representation of the distribution of benzene concentration in the vicinity 

of a randomly selected glycol dehydrator unit. The reader should also note that the 

benzene concentration estimated by the model represents the incremental contribution 

of the glycol dehydrator to the total benzene concentration in the outdoor air. 

Section 5 provides a methodology for using outputs of the model to estimate 

incremental benzene exposures from glycol dehydrators and associated incremental 

cancer risks. 
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Section 5 

ESTIMATING INCREMENTAL BENZENE 
EXPOSURES AND ASSOCIATED CANCER RISKS 

SIMRISK 

The model described in Section 4 provides the parameters of a lognormal distribution 

for a specified distance and set of emission conditions. As previously noted, this 

distribution represents the incremental contribution of the glycol dehydrator unit to the 

total benzene concentration in the outdoor air. 

TRJ developed a Monte Carlo procedure that can be applied to the lognormal 

distribution to estimate the lifetime risk of cancer associated with exposure to benzene 

emitted by the glycol dehydrator unit. The entire process has been incorporated into a 

PC-based model called SimRisk. SimRisk consists of two basic modules: 

provides distributions of outdoor benzene 
concentrations at specified distances for a particular 
emission scenario (Le., benzene emission rate, vent 
velocity, vent diameter, and land use). 

provides distributions of lifetime cancer risks at 
specified distances based on the distribution of 
outdoor benzene concentrations and exposure 
factors. 

Outdoor concentration: 

The outdoor concentration module determines the parameters of a lognormal 

distribution for each of 24 distances between 10 m and 2000 m. The parameters are 

estimated using regression equations (Table 4-4) fit to dispersion modeling results for 

selected emission scenarios applied to 348 meteorological stations. 

Lifetime risk: 

The lifetime risk module operates on the lognormal distributions provided by the 

outdoor concentration module. The module randomly generates an outdoor benzene 

concentration and an exposure pattern for each of n simulated persons, where n is a 

number (typically 1000+) selected by the model user. Each exposure pattern is 

defined by five exposure factors: 

5- 1 
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1. Residential occupancy period; 

2. 

3. 

4. 

5. Ventilation ratio. 

Number of hours per day spent at the residential location; 

Number of hours per day spent outdoors at the residential 
location; 

Indoor/outdoor ratio for residence; and 

The model randomly selects a value for each factor from a distribution specified by the 

user. The following subsection provides recommendations for these distributions. 

DEFAULT DISTRIBUTIONS FOR EXPOSURE FACTORS 

Residential occupancv period (YRop) is defined as the number of years between the 

date that a person moves into a new residence and the date that a person moves out 

of the residence or dies. SimRisk assigns a value of YRop to each simulated person. 

The YRop value determines the total number of years that the person has the potential 

for exposure to benzene emitted by the glycol dehydrator. Under default assumptions, 

the Y,,, value is randomly selected from a distribution considered to be representative 

of the general U.S. population (Table 5-1). This distribution was generated by 

applying Monte Carlo techniques to recent data on mobility and mortality for the 

general U.S. population. The procedure is described in a report by Johnson and 

Capel (1 992). 

SimRisk also assigns a value to each simulated person for the number of hours per 

day spent at the residential location (Hres). The model assumes that all exposure to 

benzene emitted by glycol dehydrators occurs at a person's residential location. 

Under default assumptions, the H,, value is randomly selected from a triangular 

distribution with a lower limit of 8 hours, a peak probability at 16.37 hours, and an 

upper limit of 24 hours. The lower and upper limits are based on the assumption that 

a person will spend at least 8 hours at home each day and no more than 24 hours. 

The peak probability value (1 6.37 hours) was obtained from a recent national survey 

of time/activity patterns (Robinson, 1996). The value is the sum of the average time 

durations for 16 home-based activities identified by Robinson. 
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r 

'Parameter 

"res 

Ho,t 
R,,O 

Rvent 

YROP 

Table 5-1. Default assumptions for the exposure factors used in SimRisk runs. 

Distribution 
triangular 

Point estimate 
triangular 

lognormal 
~ ~ 

histogram 

Value 
minimum = 8 h 
peak = 16.37 h 

maximum = 24 h 
l h  

minimum = 0.72 
maximum = 1.00 
GM = 0.9384 
GSD = 1.4391 

O years 
2 years 
4 years 
9 years 
16 years 
26 years 
33 years 
41 years 
47 years 
51 years 
55 years 
59 years 
87 years 

Cumulative percentage 
O 

52.3 
1 O0 

O 
1 O0 
50 

not applicable 
O 
10 
25 
50 
75 
90 
95 
98 
99 

99.5 
99.8 
99.9 
1 O0 

*H,,, = number of hours per day spent at the residential location. 
H, = number of hour per day spent outdoors at the residential location. 
R,, = ratio of indoor to outdoor benzene concentration for homes free of indoor benzene sources. 
R,,, = ratio of daily average ventilation rate (m3/day) of a particular person to average daily ventilation 

Y,,, = number of years between the date that a person moves into a new residence and the date that a 
rate of all people. 

person moves oui of the residence. 

The time spent at home (HJ is divided into indoor and outdoor periods by assigning 

each person a value for number of hours per day spent outdoors at the residential 

location (Hout). Data provided by Robinson (1996) suggest that the average person 

spends only 43 minutes per day outdoors in the vicinity of his or her residence. 

SimRisk uses a conservative point estimate of 1 hour per day as the default value 

of Hoa. 

Indoor/outdoor benzene ratio is defined as the long-term average ratio of indoor 

benzene concentration to outdoor benzene concentration for homes that are free of 

indoor benzene sources. Data for estimating this quantity are relatively scarce; past 
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studies have usually measured indoor/outdoor ratios in residences with known or 

suspected indoor benzene sources. In such cases, the calculated indoor/outdoor ratio 

usually exceeds 1 .OO. 

In preliminary EPA risk assessments, REAG represented the distribution of 

indoor/outdoor ratio by a triangular distribution with a lower limit of 0.38, an upper limit 

of 1.00, and a most probable value of 0.90. The lower limit (0.38) is based on 

statistical analyses of data collected by EPA in the Baltimore TEAM study (Johnson et 

al., 1993). This value is questionable, as it requires that a highly effective benzene 

removal mechanism be present within the residence. No such removal mechanism 

has been positively identified to date. The upper limit (1 .OO) is the maximum possible 

value for the indoor/outdoor ratio and corresponds to the complete absence of removal 

mechanisms. REAG has characterized the estimate of the most probable value (0.90) 

as an informed guess. 

Ms. Jill Mozier of IT Air Quality Services recently completed a survey of the scientific 

literature relating to indoor/outdoor ratios for benzene (Johnson et al., 1996). The 

survey identified only seven studies in which researchers measured indoor/outdoor 

ratios in homes considered to be free of benzene sources, two of which were 

conducted in Japan. Based on the limited data available from these studies, Ms. 

Mozier suggests that the indoor/outdoor ratio should fall between 0.72 and 1 .O0 with 

the most probable value being 1 .O0 (personal communication, March 6, 1996). These 

estimates are the basis of the default indoor/outdoor (R,,J distribution presented in 

Table 5-1. The distribution is a triangular distribution with a lower limit of 0.72, an 

upper limit of 1.00, and a most probable value of 1.00. 

According to the Integrated Risk Information System (IRIS), the inhalation unit risk 

estimate (URE) for benzene is 8.3 x (pg/m3)”. Although the value is based on 

occupational health studies of adult workers, EPA applies it to other population groups 

based on the assumption that cancer risk is independent of body size under average 
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ventilation conditions. According to Robert McCaughy of €PA (personal 

communication, March 8, 1996), it is reasonable to adjust the URE to account for 

variations in people's activities. To perform this adjustment, SimRisk multiplies the 

URE by ventilation ratio (Rvent). This parameter is defined as the ratio of the daily 

ventilation rate (m3/day) of a particular person to the average daily ventilation rate of 

all people, after all ventilation rates have been adjusted for body size. By definition, 

the ratio is greater than 1 for active people and less than 1 for inactive people. 

There have been few studies which have measured the ventilation rates of ordinary 

people for extended periods of time as they pursue typical daily activities. Four such 

studies have been conducted by a team directed by Dr. Jack Hackney. Each study 

used experimental subjects representing one of the following groups: elementary 

school students, high school students, outdoor workers, and construction workers. 

The pulse rate of each subject was monitored over a 16 to 24 hour period as the 

subject completed an activity diary. The minute-average pulse rates were converted 

to corresponding estimates of minute-average ventilation rate using a calibration curve 

specific to each subject. The calibration curve was developed by measuring pulse 

rate and ventilation rate simultaneously as the subject completed a graduated series 

of exercise tests. The ventilation rates were subsequently converted to equivalent 

ventilation rate (EVR) by dividing each ventilation rate value by the estimated body 

surface area of the subject. 

In earlier work, Ted Johnson analyzed the EVR data from the four Hackney studies to 

identify factors that could be used to predict EVR values in Monte Carlo simulations 

(Johnson and McCoy, 1995). As patt of the current study, Ted Johnson compiled 

daily average EVR values for the 74 subjects who participated in the four Hackney 

studies. These daily average EVR values were converted to "normalized" EVR values 

by dividing each individual value by the group mean (1 1.396 liters min" m-2). The 

resulting empirical distribution had an arithmetic mean of 1 .O000 and an arithmetic 

standard deviation of 0.3577. The empirical distribution was found to be well fit by a 
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lognormal distribution with a geometric mean of 0.9384 and a geometric standard 

deviation of 1.4391. This lognormal distribution is proposed as the default distribution 

for Rvent. The proposal is based on the assumption that the conversion of ventilation 

rate to normalized EVR removed all variability attributable to differences in body size. 

The remaining variability in the distribution of normalized EVR is assumed to represent 

person-to-person differences in activity levels. 

CALCULATION OF LIFETIME RISK 

As previously discussed, SimRisk constructs an exposure pattern for each simulated 

person. The exposure pattern can be used to estimate the total mass of benzene 

respired over the person’s lifetime using the following equation: 

The variables are defined as follows: 

Miiretime = total mass of benzene respired over the person’s lifetime (pg) 

Cout = outdoor benzene conc. at residential location (pg/m3) 

H,, = time per day spent at residential location (hours) 

Hou, = time per day spent outdoors at residential location (hours) 

R,,o = indoor/outdoor benzene ratio 

Va, = average daily ventilation rate (m3/day) 

Rvent = ratio of individual ventilation rate to average ventilation rate 

Y,,,, = residential occupancy period (years) 

Note that the variables C,,and Miiretime apply only to benzene emitted by the glycol 

dehydrator unit. 

The Mifietime value can be converted to a corresponding cancer risk probability by the 

equation: 

5-6 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ -~ 

STD.API/PETRO PUBL Lib44-ENGL 1 9 9 7  D 0732290  0 5 b 4 3 5 2  7 7 2  m 

in which 

Ilifetime = lifetime risk of cancer 

URE = unit risk estimate = 8.3 x (pg/m3)-' 

Niiletime = unit lifetime mass estimate (kg) 
The unit lifetime mass estimate (Niifetime) is defined here as "the respired benzene mass 

that produces a risk probability of 8.3 x 1 O6 in the average person." EPA estimates 

that the continual exposure of an average person to a benzene concentration of 1 

pg/m3 for 70 years will produce a risk probability of 8.3 x 

of Nlifetime can be calculated by the expression 

Consequently, the value 

Niifetime = (70 years)(365 days/year)(V,,,)( 1 pg/m3) 

in which 

Vavg = average daily ventilation rate (m3/day). 

Making the appropriate substitutions, Equation 9 can be expressed as 

SimRisk uses this equation to estimate the cancer risk of each simulated person. The 

residence of the simulated person is assumed to be located at a specified distance 

(1 O to 2000 meters) from the glycol dehydrator unit. The value of Co,, is determined 

by randomly selecting a value from the lognormal distribution determined by the 

procedure described in Section 4. Table 4-4 outlines the selection procedure. Note 

that the parameters of the lognormal distribution are functions of the specified 

distance, land use, and benzene emission conditions (benzene emission rate, vent 

velocity, and vent diameter). 
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SimRisk determines the value for each of the remaining variables in Equation 11 by 

either (1) randomly sampling a distribution specified for the variable or (2) using a 

specified point estimate. Table 5-1 provides defaults for these distributions and point 

estimates. 

A value of Ilifetime is determined for each of n simulated persons residing at a given 

distance. SimRisk performs the calculations for 24 distances between 10 and 2000 

meters. The following example shows how SimRisk calculated the cancer risk for one 

simulated person in one run of the program: 

Example SimRisk Calculation 

1. 

2. 

3. 

4. 

5. 

The user specified the following emission conditions: 
benzene emission rate = 1 ton/year 
vent velocity = 2.93 feet/sec 

vent diameter = 2 inches 
land use = urban 

distance to emission source = 300 m. 
Following Steps 1 through 4 in Table 4-4, the outdoor concentration module 
calculated the following parameter values for the lognormal distribution of Co, at 
distance = 300 meters (urban land use). 
Geometric mean = 0.1 16 pg/m3 
Geometric standard deviation = 1.81 3 (dimensionless). 
Following Steps 5 and 6 in Table 4-4, the SimRisk program randomly selected the 
value t = -0.970 to yield the value Co, = 0.065 pg/m3. 
The SimRisk program randomly selected the following values from the 
distributions listed in Table 5-1. 
H, = 13.54 hours 
Ho, = 1 hour 
R,,, = 0.936 
R,, = 0.874 
Y,,, = 37.45 years 
SimRisk used Equation 1 1  to calculate the following estimate of lifetime risk for 
one simulated person at distance = 300 m: 

= 1.34 x i 0-7. 
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SimRisk performs Steps 3 through 5 for each of n iterations to produce a simulated 

population of n persons residing at distance = 300 m. The risks assigned to these n 

persons provide a risk distribution for the specified distance (Figure 5-1). The entire 

process is repeated for each of 24 distances between 10 m and 2000 m. SimRisk 
plots these results as distribution percentiles versus distance. 

The graph in Figures 5-1 presents the results of a complete SimRisk run for the same 

emission scenario (Le., benzene emission rate = 1 ton/year, vent velocity = 2.93 ft/sec, 

vent diameter = 2 inches, and land use = urban). The SimRisk run produced 1000 

lifetime risk estimates for each of the 24 distances. Figure 5-2 plots the 50th 

percentile of the risk estimates at each distance. (Note that the distance scale is not 

linear for distances greater than 100 m.) 

Forecast: 300 m 

1,000 Trials Frequency Chart 3 Outliers 
,095 

.O7 1 

.- L. - 
E .o48 

n 
m 

2 ,024 

.o00 

O.OOE+O 2.50E-7 5.00E-7 7.50E-7 1.00E-6 

Figure 5-1. Estimated frequency of lifetime risk when distance to glycol dehydrator 
equals 300 meters (benzene emission rate = 1 toníyear, vent velocity = 
2.93 Wsec, vent diameter = 2 inches, and land use = urban). 
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3 WE-6 
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Figure 5-2. Estimate of the 50th percentile of lifetime risk versus distance from glycol 
dehydrator (benzene emission rate = 1 ton/year, vent velocity = 2.93 
ft/sec, vent diameter = 2 inches, and land use = urban). 
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Section 6 

A SIMPLIFIED METHOD FOR ESTIMATING 50TH AND 95TH 
PERCENTILE VALUES OF LIFETIME RISK 

The risk distributions produced by multiple runs of SimRisk were analyzed with the 

goal of developing a method for predicting the output of the model given only the input 

conditions. Such methods are designated "repro models" as they reproduce the 

results of a complex model without requiring that the complex model be run by the 

user. With respect to the SimRisk model, researchers desired a repro model that 

would estimate the 50th and 95th percentiles of the lifetime risk distribution at each 

distance without having to perform the Monte Carlo simulation. 

A review of SimRisk outputs indicated that the 50th and 95th percentile values for 

lifetime risk at each distance were highly correlated with GM, the geometric mean 

value of the outdoor benzene concentration determined for the distance. In addition, 

the relationships were relatively constant for distances from 10 m to 2000 m. The 

following equations were developed to represent these relationships: 

50th percentile lifetime risk ( 

Urban: I,ifetime-50 = (5.733 x 10-7)(GM) 

Rural: hfetirne-50 - - (5.724 x 10-7)(GM) 

95th percentile lifetime risk ( Ilifetime-g5) 

Urban: llifetimeg5 = (3.505 x 10-6)(GM) 

Rural: Ilifetimeg5 = (3.533 x 10-6)(GM) 

In the full SimRisk model, GM is estimated by the equation 

GM = (eLNRAT")(BER) 
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where BER is the benzene emission rate of the glycol dehydrator and LNRATIO is 

estimated by the regression equations listed in Table 4-4. TRJ found the following 

alternative set of regression equations could be used to estimate LNRATIO: 

Urban: LNRATIO = 7.84825 - (1.76785)[ln(D)] 

Rural: LNRATIO = 6.8461 1 - (1.45381)[ln(D)] 

Note that distance (D) is the only independent variable in each equation. Researchers 

found that vent velocity and vent diameter could be omitted from the regression 

equations with a negligible reduction in R2 value. (The R2 values for equations 17 and 

18 each exceeded 0.995.) However, it should also be noted that the regression 

analyses omitted distances of 10 m and 20 m, as the relationship between LNRATIO 

and in(D) was found to be non-linear when these values were included. 

Consequently, Equations 17 and 18 are not recommended for use with distances less 

than 30 m. 

Using the relationship in Equation 16, one can derive the following equations from 

Equations 17 and 18, respectively: 

Urban: GM = (2561)(BER)(D'1.76785) 

Rural: G M = (940.2) (BER) ( D-1.45381) 

With appropriate substitutions, Equations 12 through 15 can be expressed as follows: 

50th percentile lifetime risk ( 

Urban: hetime-50 - - (1.468 x 103)(BER)(D-1.76785) 

Rural: Ilifetime50 = (5.382 x 1 O-4)(BER)(D-1.45381) 

95th percentile lifetime risk (Ilifetimeg5) 

Urban: Iiifetime-Qo - - (8.977 x 1 0")(BER)(D-1.76785) 

Rural: IlifetimaQ5 = (3.322 x 1 O")(BER)(D*1.45381) 
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These equations provide a means for estimating the 50th and 95th percentile values 

of lifetime risk as a simple function of land use, emission rate, and distance. The 

graph in Figure 6-1 plots Equation 21 (50th percentile, urban land use) when BER = 1, 

3, 5, and 7 tondyear. Figures 6-2, 6-3, and 6-4 plot similar graphs for Equations 22, 

23, and 24, respectively. 

Solving Equations 21 through 24 for distance (D) yields the following equations: 

Distance associated with 50th percentile lifetime risk (D50) 

Urban: D50 = (('lifetime-50 )o( 1.468 x 1 O-3)(BER)]}-o.56566 

Rural: D50 = {(llifetime-50 )/[(5.382 x 1 0-4)(BER)]}-0.68785 

Distance associated with 95th percentile lifetime risk (D9J 

Urban: D95 = {(llifetime-gó )/[(8.977 x 1 0-3)(BER)]}-0.5"66 

Rural: D95 = {(liiietime-gs )/[(3.322 x 1 0-3)(BER)]}-0.68785 

The graph in Figure 6-5 plots Equation 25 when I,ifetime-95 - - 
Equations 26, 27, and 28 are plotted in Figures 6-6, 6-7, and 6-8, respectively. 

and 
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Section 7 

DISCUSSION 

Section 5 presented a model incorporating Monte Carlo procedures (SimRisk) for 

determining the distribution of excess lifetime cancer risks associated with benzene 

emissions from glycol dehydrators. The model provides risk estimates that are 

specific to source-to-receptor distance, benzene emission rate, vent velocity, vent 

diameter, and land use. The model is based on the results of statistical analyses 

performed on a database containing 1.3 million simulated outdoor benzene 

concentrations. This database was produced by dispersion model runs which applied 

24 emission scenarios to 348 meteorological stations. 

The SimRisk model is based on dispersion modeling data which represent the 

following ranges of distances and emission conditions: 

10 m 5 distance I2000 m 

2 inches 5 vent diameter I 4  inches 

1 ton/year I emission rate I 7 tondyear 

3.21 feeüsec 5 vent velocity 520.3 feetkec. 

The user should note that the model may not perform well outside of these ranges. In 

particular, the user is cautioned against using SimRisk (Section 5) for distances less 

than 10 m. The simplified method described in Section 6 should not be used for 

distances less than 30 m. 

The simplified method for estimating risk described in Section 6 could be used to 

develop applicability criteria for glycol dehydrator emission controls. The analyst 

would use Equation 25 or 26, depending on land use, to determine the source-to- 

receptor distance associated with a specified risk. This distance would be designated 

the "minimum-permitted separation distance" (MPSD). The MPSD would be compared 

to the actual distance separating the unit from the nearest residence, designated the 

"nearest-residence separation distance" (NRSD). If the NRSD exceeds the MPSD, the 
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glycol dehydrator unit is assumed to require no further controls. If the NRSD is equal 

to or less than the MPSD, the unit may be subject to additional controls. 

The following example illustrates the application of this method. A glycol dehydrator 

unit has an estimated benzene emission rate of 7 tondyear. The actual distance from 

the glycol dehydrator unit to the nearest dwelling in an urban area is known to be 

approximately 75 meters; ¡.e., NRSD = 75 meters. If regulators have determined that 

a risk level of 1 x (50th percentile) is an acceptable control applicability criterion, 

then Equation 25 can be used to determine a value for MPSD as shown below: 

MPSD = D50 = {(11ifëîim8-50 )/[(1.468 x 1 0-3)(BER)]}-0.56566 

MPSD = 50.5 meters. 

MPSD = ((1 x 10-5)/[(l.468 x 103)(7)]}- 0.56566 

Because the NRSD value (75 meters) exceeds the MPSD value (50.5 meters), no 

controls are necessary. 
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Appendix A 

INITIAL MONTE CARLO ANALYSES BY EPA'S 
RISK AND EXPOSURE ASSESSMENT GROUP 
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INITIAL MONTE CARLO ANALYSES BY EPA’S RISK 
ANDEXPOSUREASSESSMENTGROUP 

The work described in this report extends research conducted in 1995 by the Risk and 

Exposure Assessment Group (REAG) of EPA. REAG acquired meteorological data 

for the 348 U.S. sites listed in Appendix B from the National Climatic Center in 

Asheville, North Carolina. The sites included all U.S. meteorological stations for which 

data were available at the time of the analysis. REAG applied the ISC2-LT dispersion 

model to each of the 348 sites for four selected benzene emission rates (1, 2, 5,  and 

9 tons per year). In these runs, the ISC2-LT model was configured to produce 

estimates of ambient (outdoor) benzene concentration at each of 160 points on a 

receptor grid surrounding a hypothetical glycol dehydrator unit. The receptor grid was 

laid out in a polar pattern with ten concentric rings at distances of IO, 20, 30, 50, 100, 
200, 300, 500, 1000, and 2000 meters. These rings were intercepted by 16 equally- 

spaced radial arms extending from the emission source to produce the 160 receptor 

points. The emission scenarios were defined according to assumptions listed in 

Table A-1 . 

REAG created a file listing the maximum benzene concentration from the iSC2-LT run 

for each meteorological station. In addition, one meteorological station was selected 

at random to provide a file of benzene concentrations by distance and wind direction. 

A truncated normal distribution was fit to the benzene concentrations at each of the 10 

distances. These truncated normal distributions were adjusted according to the 

maximum concentrations determined for each distance by applying ISC2-LT to the 348 

sites. A separate set of 10 truncated normal distributions were obtained for each of 

the four emission rates. By applying a Monte Carlo modeling program to these 

truncated normal distributions, REAG generated a distribution of outdoor benzene 

concentrations at each distance for each emission rate. 

A- 1 
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Model specification 

Release height, feet 

Release temp., degrees F 

Stack gas exit flow rate, scf/hr 

Vent diameter, inches 

Stack gas exit velocity, ft/sec 

Benzene emission rate, tons/year 

Receptor height, meters 

Value 

12 

225 

291 

6a 

0.13" 

1, 2, 5, and 9 

O 

The Monte Carlo modeling program was then used to determine the lifetime cancer 

risks associated with these outdoor benzene concentrations. The modeling approach 

explicitly accounted for variability in breathing rate, time spent away from home, 

residential occupancy period, and indoodoutdoor ratio. Each of these factors was 

represented by a distribution obtained from the Exposure Factors Handbook or from 

the scientific literature. The Monte Carlo analysis produced distributions of benzene 

exposure and associated lifetime risks for hypothetical persons located at each of the 

10 distances. It should be noted that high lifetime risks were characterized through 

the use of upper percentile values (e.g., 95th percentile) rather than as the risk 

associated with a hypothetical "maximum exposed individual." 

A-2 
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Appendix B 
348 METEOROLOGICAL STATIONS USED IN 

DISPERSION MODEL RUNS 
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Appendix C 

DESCRIPTIVE STATISTICS FOR AMBIENT BENZENE 
CONCENTRATIONS ESTIMATED BY APPLICATION OF 

ISC2 DISPERSION MODEL TO 348 METEOROLOGICAL STATIONS 
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