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Abstract: The EPA is considering regulating radon, a naturally occurring soil gas dissolved in drinking water, because it poses a lung cancer risk.  This paper estimates benefits and costs of compliance for twenty-nine Upstate New York water systems with radon above the proposed maximum contaminant level.  Two parallel estimates are made, one using EPA generic methods it uses to develop national benefits and costs and another using compliance and risk estimates specific to these water systems.   Actual compliance costs are 

three times greater than EPA estimates, but cancer deaths are also significantly greater than predicted by EPA. The benefit-cost ratio 9.3:1.   

Introduction
Radon is a radioactive soil gas which is suspected of increasing the risk of lung cancer when inhaled.  The gas enters the home mostly via cracks in basement walls and floors. But radon gas can also be found dissolved in drinking water from underground sources (wells and springs), which is released into the air when faucets and showers are in use.  The National Research Council estimates that 160 Americans die annually from lung cancer caused by radon in drinking water [NRC (1999), p. 7]. This compares with 19,000 deaths per year attributed to airborne radon (i.e., from basement cracks).  As is frequently the case with environmental risks, controversy surrounds the scientific evidence. Risk estimates used by the Environmental Protection Agency (EPA) are largely based on linear extrapolation of exposure of uranium miners to levels of radon far in excess of what is found in homes. And the epidemiological evidence is mixed  because of the long lag between exposure and the onset of disease (20 years or more) and the confounding influence of smoking.  Nevertheless, the Clinton Administration’s EPA proposed a national program of mitigating radon in drinking water estimated to cost $407.6 million per annum [EPA (1999), Table ES 7], or $6.6 million per statistical life saved. 
  The economic literature on the value of a statistical life (VSL) appropriate for cost-benefit analysis suggests a range of $2.5 to $4.0 million (1999 dollars) (Boardman, p.395 Table 15.1). Even using the VSL of $5.8 million favored by EPA, the proposed regulation doesn’t  pass the Pareto efficiency test. A companion regulation by EPA relating to arsenic in drinking water has been pulled back by the Bush Administration, amidst much controversy.

This paper undertakes a “micro-level” study of the costs and benefits of a 300 picocuries per liter maximum contaminant level (300 pCi/L MCL) of radon in drinking water for 29 small community water systems.
   The focus is upon small systems because they disproportionately draw water from underground sources and because the fixed costs of treatment or alternate water sources represents a significant cost per customer served.  The national EPA  benefit and cost estimates are “macro-level” in that they rely on generic estimates of compliance costs and risk fitted to the distribution of water systems by size and radon content across the nation. This study employs system-level  readings of radon, population at risk, compliance costs, etc.

Conceptual Framework 

The approach adopted here is to develop two parallel sets of estimated  costs and benefits, one based on EPA risk analysis and compliance costs,  and the other based on system specific estimates of the number of lung cancer deaths and mitigation costs.  The State Department of Health (NYSDOH) Cancer Registry reports lung cancer deaths by zip code. And the New York State Environmental Facilities Corporation administers a revolving loan fund for community water supply investments, which can be used to estimate compliance costs.  In addition, the Health Department tested 429 water systems for radon in 1989-90 (NYSDOH, Sept 1990). Twenty-Nine community water systems in New York were selected based on several criteria: radon levels in excess of 300 pCi/L,  having recently undertaken or proposed an upgrade of their water supply system, and serving a catchment area approximately coterminous with the lung cancer zip code data. The mean population served of the twenty nine water systems is 1512 persons, ranging from 208 to 7000. Mean radon is 1106 pCi/L, ranging from 350 to 11,250.       

EPA Estimates of Deaths Due to Radon in Drinking Water
Inhalation of the radioactive decay products (progeny) of radon gas is the principal source of lung cancer risk. In addition, inhalation of the gas itself poses a (much smaller) risk [NRC, (1999), p. 265].  A variety of factors shape the risk exposure people face: the level of radon dissolved in drinking water,  the volume of water used (e.g. time spent showering),  the transfer of the radon into the indoor atmosphere, the breathing rate, the rate of radioactive decay, the amount of time people spend indoors and live in the same house.  In addition, the risk per unit of exposure is subject to uncertainty.  To account for the uncertainty of these variables EPA employed Monte Carlo simulation models to estimate the annual number of deaths due to radon (op. cit., Appendix F).  The risk estimates are normalized to the individual lifetime risk of cancer death per year per pCi/L of drinking water. When multiplied by the population served and amount of radon in the water of each community system, we can estimate the annual  number of lung cancer deaths. This is shown in Table 1 for the twenty-nine community water systems under investigation.  These predicted deaths are due to the combined risk from inhalation of radon gas and the radioactive progeny. Mean risk and Low (5th percentile) and High (95th percentile) risks are presented. For example, the mean progeny risk of cancer is 5.1 x 10^ -09  per pCi/L (op. cit, p. 267)  At the suggested maximum contaminant level of 300 pCi/L of drinking water, the annual risk per person is 0.00000153 or 1.5 deaths per million persons per year. The summed annual deaths are 0.20 (mean) and 0.005 (low) and 1.57 (high). Thus,  the central estimate is approximately one additional death every five years across the 29 water systems.

EPA Compliance Cost Estimates For Radon Mitigation 

EPA’s Regulatory Impact Analysis (1999, Appendix B) considers a variety of treatment technologies for removing radon from drinking water. Aeration,  filtration and storage (to allow natural dissipation) are the basic techniques available, with the least cost  technology largely dependent on the daily amount of water flow.  EPA has estimated regression equations for each candidate technology, with capital, operating and maintenance costs a function of daily water production. 
  The water production of each of the twenty-nine systems under review were plugged  into the regression equations  for each technology in order to determine the least cost of compliance for each water system. One interesting aspect of radon removal is that the mitigation cost is relatively insensitive to the percent of radon removed [EPA (1999), p.11]. For example, annual costs for removing 99% of radon in  the village of Belmont is $8824,  versus $8484 for 80% removal, an incremental cost of just four percent.

Twenty-two  community water systems should employ Diffused Bubble Aeration (DB) to remove radon at least cost;  four systems should employ a technology know as Granular Activated Carbon (GAC), and three should use storage. Diffused Bubble Aeration involves injecting air bubbles into the water in order to cause the dissolved radon gas to be dissipated into the atmosphere.  With the GAC method,  the surface of activated carbon (charcoal) attracts and accumulates the radon as the water passes through the filtration system. Both technologies involve a central water treatment plant.  Table 2 presents the annual compliance cost for each water system.
   Because aeration or filtration may introduce infectious materials into the water supply,  EPA adds the cost of chlorination for those systems not already disinfecting. Four of the twenty-nine water systems presently do not disinfect with chlorine. Three of these are  best off using storage instead of treatment, but one system (Washingtonville) must incur an extra  $50,000 annual compliance cost in order to chlorinate.
   In developing national estimates of radon compliance costs the EPA added the cost of chlorination for those systems not currently disinfecting--as many as fifty percent of the smallest systems and one-third of the largest ( op.cit., 1999, p. 74).  In other words, radon mitigation includes the cost of chlorination but no additional health benefits are included.  Because chlorination is so widely viewed as a safe and cost effective treatment of drinking water, it may be reasonable to assume the benefits and costs of chlorination offset each other. Thus EPA may have seriously overstated the costs of radon compliance.
   EPA also assumed that each water source “site” (e.g. well or spring) would require mitigation. Since even small systems frequently draw water from more than one  well,  not all of which exhibit elevated levels of radon, this tends to inflate cost estimates. The cost estimates in Table 2 assume that only the number of source sites actually tested and exceeding 300 pCi/L are subject to mitigation.  This difference is significant because all costs would be multiplied by a factor of 2, 3 or even 6  if all wells were automatically treated. In addition, EPA doesn’t consider the possibility of shutting down radon-heavy wells and increasing output from “clean” wells (op. cit., p. 68).

As is frequently the case with proposed environmental regulations, industry estimates of compliance costs differ significantly from those of the EPA.  Raucher and Drago (1992) developed cost estimates based on engineering cost functions, i.e., an engineering design for each treatment technology and water flow rate is put together and costed out.  Overall, Raucher and Drago estimated annual compliance costs for a MCL of 300 pCi/L of $2.5 billion ($1990), far in excess of the $407.6  million EPA estimate ($1997),  with most of the difference due to the treatment cost.   For example, the capital cost estimated by Raucher and Drago for packed tower aeration for the three smallest size water systems is $130,000, $180,000 and $250,000, respectively (ibid., Table 7).
  This involves 99 percent radon removal with no chlorination. EPA’s estimate of the capital cost  for the same technology, radon removal rate and system size  is $30,486, $ 43,085 and $58,403, respectively [EPA (1999), Appendix B-4].  Raucher and Drago also estimate annual operating costs of $16,000, $18,000 and $21,000, compared to $2,292, $4,110 and $8,113 estimates by the EPA (ibid., Appendix B-8).  These huge discrepancies exist across the various  technologies and system sizes considered, which make clear the need for more realistic estimates based on actual water system cost data.  

Social Benefits and Costs Based on EPA Estimates
Reducing radon risks in drinking water is socially efficient if the water users are willing to pay more to reduce the risk than it costs to do so.  The economist’s  notion of the value of statistical life (VSL) captures this idea.  For example, if a group of at-risk persons are willing to pay $500 per year ro reduce the annual risk of dying from exposure to a pollutant from 0.0001 to zero, the VSL is $500/0.0001 = $5 million. In other words, each of 10,000 persons at risk is willing to pay $500 to eliminate that risk, and the aggregate value of risk reduction per life saved is $5 million. VSL is to be preferred to incomplete and nonsensical life values based on discounted future earnings or avoided medical costs, according to which saving a retired person from dying immediately without the possibility of medical treatment has no social value!  

There is a considerable literature about the theory and estimation of VSL,  summarized by Boardman, et. al, (2001,  pp.392 - 395).  Some estimates are based on labor market risk premia, others are derived from revealed preferences about purchase of auto safety devices and smoke alarms.  The range of credible  estimates of VSL (in 1999 dollars) is between $2.5 million and $4 million (ibid.).  But the EPA prefers a VSL of $5.8 million (op. cit., p. 63), based on its own survey of the literature. The approach taken here is to determine a threshold value of a statistical life by dividing the compliance cost estimates in Table 2 by the annual cancer risk in Table 1. These threshold values are shown in Table 3. 

                                                              Table 1
                              EPA Estimated Annual Lung Cancer Deaths


Water System Name

5th Percentile 
Mean Risk
95th Percentile
Belmont Village

0.000104
0.003473
0.027818

Angelica Village

0.000119
0.003984
0.031912

Friendship Town

7.98E-05
0.002665
0.021348

Deposit Village

0.000527
0.017618
0.141121

S. Dayton Village

4.09E-05
0.001368
0.010956

Sinclairville Village

6.9E-05
0.002305
0.018463

Salamanca City

0.000989
0.033025
0.264537

Mayville Village

0.000132
0.004423
0.035432

Wellsburg Village

7.36E-05
0.002457
0.019680

Millport Village

4.69E-05
0.001566
0.012544

Marathon Village

0.000155
0.005192
0.041590

Arkville WD

           2.99E-05
0.001000
0.008011

Delhi Village
            
0.000621
0.020759
0.166280

Hobart Village

9.45E-05
0.003156
0.025278

Red Hook Village

0.000132
0.004398
0.035229

Prattsville WD

4.09E-05
0.001366
0.010939

Hunter WS Corp

0.000281
0.009378
0.075117

Victor Village

            0.000194
0.006495
0.052026

Blooming Grove WD 1
0.000385
0.012871
0.103096

Blooming Grove WD 3
1.27E-05
0.000425
0.003401

Washingtonville Village
0.000380
0.012691
0.101660

Holley Village

           0.000170
0.005695
0.045614

Unadilla Village

0.000148
0.004956
0.039698

Middleburgh Village

0.000143
0.004777
0.038260

Addison Village

0.000266
0.008894
0.071239

Cohocton Village

9.01E-05
0.003010
0.024109

Greenwood WD

1.76E-05
0.000588
0.004711

Croton Falls WD

0.000401
0.013409
0.107406

Newark Valley Village
0.000143
0.004771
0.038214

SUMMED DEATHS            0.005           
0.20
            1.57

                                                               Table 2
             EPA Estimated Annual Compliance Costs For Radon Removal  


                    (Includes capital, operating and maintenance cost, 99% removal)

          Water System            Annual Cost               Radon (pCi/L)            Population Served
           Belmont Village       
$ 8,824                       475


1325

           Angelica Village          $ 7,150                       760                               950

Friendship Town 
$ 6,885
           350


1380

Deposit Village
$14,074
           1535


2080

S. Dayton Village
$ 5,980

375


  661

Sinclairville Village
$14,354

590


  708

Salamanca City
$43,426

855


7000

Mayville Village
$21,439

490


1636

Wellsburg Village
$10,585

685


  650       

Millport Village
$ 1,324 

645


  440

Marathon Village
$ 7,728

850

            1107

Arkville WD
$  5,111

725


  250

Delhi Village
$20,574

1115


 3374

Hobart Village
$ 5,230

1505


   380

Red Hook Village
$ 9,353

360


 2214 

Prattsville WD
$ 2,496 

660


   375

Hunter Water Corp.
$11,023

1545


1100

Victor Village
$11,753

510


2308

Blooming Grove #1
$10,965

1555


1500

Blooming Grove #3
$ 7,257

370


  208

Washingtonville V.
$68,775

460


5000

Holley Village
$  8,087

480


2150

Unadilla Village
$  5,720

710


1265

Middleburgh Village
$14,563

625


1385

Addison Village
$  9,383

875


1842

Cohocton Village
$  5,519

635


  859

Greenwood WD
$     725

410


  260

Croton Falls WD
$  1,324 

11250

             216

Newark Valley V
$11,753

690


1253

------------------------------------------------------------------------------------------------------------------

Note: least cost mitigation is by Diffused Bubble Aeration except for Granular Activated Carbon in Millport, Prattsville, Greenwood and Croton Falls;  and  Storage is least cost in Sinclairville, Mayville and Wellsburg because they currently do not chlorinate. Washingtonville must add Chlorination (included in its cost) because it is too large to utilize storage. Treatment costs refer to single site (e.g. well) mitigation except in Salamanca where two wells were tested and found to have elevated levels of radon.   

                                                                 Table 3

    Threshold Values of a Statistical Life Based on EPA Risk and Cost Estimates
                                                     (Evaluated at Mean Risk)

        
Water System              Minimum Required VSL



Belmont Village
$  2,540,822

Angelica Village
$  1,794,681

Friendship Town
$  2,583,302

Deposit Village
$     798,848

S. Dayton Village
$  4,372,067

Sinclairville Village
$  6,227,389

Salamanca City
$  1,314,934

Mayville Village
$  4,846,670

Wellsburg Village
$  4,308,293  

Millport Village
$     845,462

Marathon Village
$  1,488,397   

Arkville WD
$  5,110,297

Delhi Village
$     991,099

Hobart Village
$  1,657,295   

Red Hook Village
$  2,126,616  

Prattsville WD
$  1,827,627

Hunter WS Corp
$  1,175,430  

Victor Village
$  1,809,510 

Blooming Grove #1
$     851,933

Blooming Grove #3
$ 17,088,753    

Washingtonville V.
$   5,419,024

Holley Village
$   1,420,123 

Unadilla Village
$   1,154,159

Middleburgh Village
$   3,048,873

Addison Village
$   1,055,024

Cohocton Village
$   1,833,630

Greenwood WD
$   1,232,535

Croton Falls WD
$        98,742

Newark Valley Village       $    2,463,581   

MEAN VSL                      $    2,809,832




Only seven of 29 water systems in Table 3 require a value of statistical life higher than the $4 million upper bound of the consensus range of $2.5 million to $4.0 million [Boardman, op. cit. p.395 ].  And only two water systems require a VSL in excess of the EPA’s own preferred value of $5.8 million.  Taken as a whole, the mean threshold VSL of $2.8 million suggests that regulating radon in drinking water above 300 pCi/L passes the potential Pareto improvement test.  The outlier VSL is Blooming Grove # 3 which serves only 208 people and has a radon level of just 370 pCi/L.  Importantly, however, this is not the conclusion reached by EPA in its draft regulatory impact statement (1999, p. Table ES-7).  Its central estimate is a cost of $6.6 million per fatal cancer avoided when the nationwide MCL is set at 300 pCi/L-- which exceeds its benchmark estimate of VSL for environmental risks. The central issue driving the EPA estimates is that it is very expensive per capita for the smallest systems to comply. The EPA cost per fatal cancer avoided for the smallest systems (serving 25 to 100 persons) is $19.7 million,  and $6.4 million per avoided fatality for systems serving 101 to 500 persons (op. cit., Table 9-6). The cost falls to $0.9 million in the next size category (501-3000). Thus our estimates and those of EPA are basically comparable. Two thirds of public water systems in the United States serve fewer than 500 people, and these systems have the highest radon readings (op. cit., Table 3.2). This is the nub of the policy dilemma. 

ALTERNATE ESTIMATES OF COMPLIANCE COSTS
The New York State Health Department estimates that there are  5,331 wells supplying 2, 494 community water systems in the state (Sept 1990, p. 50).  The department sampled 429 systems  for radon. Fifty percent of the samples taken had radon readings of 300 pCi/L or more, with the majority in the 300 to 1000 pCi/L range. 

The New York State Environmental Facilities Corporation and the Health Department jointly administer The Drinking Water State Revolving  Fund (DWSRF) which subsidizes drinking water infrastructure projects with grants and low interest loans. Thirty Four community water systems appear in both the radon testing and  the DWSRF  data bases.  Twenty Nine of these are listed in Tables 1 and 2, the other five could not be included because complete information was not available (most of the excluded systems are mobile home parks). Some of the  water systems have voluntarily undertaken radon mitigation projects, most have not. However, all have recently proposed or actually undertaken  infrastructure investments that are comparable to radon mitigation, e.g., a new well, treatment plant or storage facility.

The EPA cost estimates employed above do not adjust for regional differences in costs. New York is a high cost location and site specific estimates are likely to be more accurate. In addition, EPA did not consider new ground water sources as an option.


The EFC project cost data  is used to estimate regression equations for new groundwater sources, storage facilities and treatment plants.
 The estimated capital costs are converted to annual amounts using the same seven percent discount rate and twenty year capital life assumed by EPA. New wells are the cheapest alternative, by far, for mitigating radon.  A new well costs less than the capital cost of storage or treatment. Annualized costs for a new well are about $33,500 as compared to $90,000 for treatment or storage. It is here assumed that operating costs (e.g. pumping) of a new well are the same as for existing wells. But these cost estimates are significantly greater than those put forward by EPA (compare Tables 2 and 4).  Table 4 presents the revised breakeven VSLs based on these new costs and the EPA mean risk estimates in Table 1.   

                                                                        Table 4

                              Estimated Annual Cost of Compliance and Threshold VSL

Water System
Compliance Cost 
Threshold VSL
                       Belmont Village                      $31,906
$6,680,485

 
Angelica Village
 $29,574
$6,730,541

Friendship Town
 $29,394
$4,842,504

Deposit Village
 $38,365
$1,499,382

S. Dayton Village
 $27,959
$8,340,990

Sinclairville Village
 $29,394
$3,065,707

Salamanca City
 $91,113
$2,245,323

Mayville Village
 $32,767
$3,518,792

Wellsburg Village
 $27,815
$2,509,926

Millport Village
 $25,447
$5,347,131

Marathon Village
 $29,968
$1,772,310

Arkville WD
 $26,362
$52,724,000

Delhi Village
 $46,762
$1,437,018

Hobart Village
 $26,524
$3,235,818

Red Hook Village
 $32,552
$1,842,427

Prattsville WD
 $25,806
$4,395,503

Hunter Water Corp.
 $34,597
$6,842,761

Victor Village
 $35,494
$1,733,698

Blooming Grove #1
 $34,526
$454,972

Blooming Grove # 3
 $30,004
$1,868,826

Washingtonville Village
 $43,245
$1,926,366

Holley Village
 $31,009
$1,380,263

Unadilla Village
 $28,605
$1,781,688

Middleburg Village
 $38,975
$2,786,317

Addison Village
 $32,588
$1,385,662

Cohocton Village
 $26,954
$3,335,891

Greenwood WD
 $25,160
$12,707,070

Croton Falls WD
 $25,447
$54,136


    
Newark Valley Village 
 $35,494
$1,881,374

                                            Mean                 $33,579                                 $11,718,521 

With a mean breakeven VSL of $11.7 million, the cost-effectiveness of radon mitigation in New York appears much less attractive when based on actual compliance costs. In particular, 17 of 29 water systems require a VSL in excess of the generous estimate of $5.8 million preferred by EPA. Using the more conservative $4 million upper bound consensus estimate, only eight systems pass the Potential Pareto cost-benefit test. 

A New Estimate of the Risk of Radon in Drinking Water

Using gender specific data about the actual incidence of lung cancer by zip code, estimates  of the number of excess lung cancer deaths during the 1993-97 period due to radon in drinking water for each community water system are presented.  A significantly positive relationship is detected for males, but not for females. 

Estimating the radon-cancer link poses formidable difficulties arising from the confounding effect of smoking, the limitations of the available data about exposure to radon and the lag between exposure and the onset of disease [Stidley and Samet, 1993]. It is well-established that the incidence of lung cancer is heavily influenced by age, gender and smoking activity. Housing mobility, errors in measuring indoor and water radon, tighter modern construction that results in less exchange of indoor air are further examples of potential confounding influences.

The State Health Departments reports total lung cancer deaths during the 1993-97 period separately for men and women by zip code on its website.
  To allow for smoking activity, the number of men and women in 1990 (the most recent available census) in each zip code is multiplied by the national proportion of men and women who smoked in 1974. This is a rough adjustment for the duration of smoking activity.
 Indoor airborne radon is estimated using the geometric mean of basement radon readings sampled ( in some cases only one) by the Health Department for the entire town in which each zip code is located.
 The level of radon in drinking water is that shown in Table 2.  Incidentally, the occurrence of the two types of radon  are slightly negatively correlated with each other (-0.11).
  Unlike other  studies that use cancer incidence rates (frequently age-adjusted). the dependent variable here is the absolute number of lung cancer deaths,  because of the small number of deaths.  In effect,  the right hand side smoker variable controls for population because it is the number of males or females multiplied by a constant (the 1974  rate of smoking). No significant results could be obtained using the death rate.    

 Because  the twenty nine water systems generally lie within the more populous cancer data zip codes, including the water customer retail population was tried. It was not significant (t = 1.50) and most importantly had no effect on the other coefficients. Finally, median household income is included as a portmanteau variable meant to capture a variety of socioeconomic factors known to influence health status: education, type of employment (e.g., manual versus blue collar), housing mobility, housing quality (e.g. tight modern construction vs drafty old houses), access to health care, etc. Table 5 presents descriptive statistics of the data.

Much is made in the non-economic radon literature about the interaction between smoking and non-linearity in lung cancer regression equations.  At least in this instance, neither issue appears to be relevant. A log linear model was estimated, but no coefficient was significant at 95%.  And an F-test for inclusion of interaction terms for smoking and both types of radon in the linear model indicate neither adds significantly to its explanatory power.  Table 6 presents the male and female lung cancer death regressions.

Considerable controversy about the reliability of so-called “ecologic” studies (i.e., based on group data rather than randomized individual data) was prompted by studies such as Cohen (1989) which found a negative relationship between county-level lung cancer rates and levels of indoor radon gas.  Critics such as Stidley and Samet (1993) point to the usual suspects: measurement error, model misspecification, failure to adequately control for confounding effects 

such as the number of cigarettes smoked and duration of smoking.  Most of this is familiar territory to economists who are used to working with “bad” data, i.e., not generated from a random experimental design. Nevertheless, one must be cautious  in interpreting the regression results. Both models in Table 6 were tested for heteroskedasticity, using the Breusch-Pagan test,

and the null of homoskedasticity cannot be rejected  at the 95% (and higher) confidence level. And the Davidson and Mackinnon test for linearity  vs. loglinearity indicates a linear functional form is preferred
 

Another set of issues revolve around the adequacy of the data. Lung cancer is primarily a disease of the middle-aged and elderly because of the long lag between smoking activity or exposure to radon and the onset of disease, and smoking is believed to raise the radon risk.
   I developed an estimate of the proportion of the population in each community that resided in the  same house over 19 years [see Anily and Hornik, (1999)], in order to try and capture exposure duration effects. This variable was never significant, perhaps due to insufficient variation.

                                                               Table 5

                  Summary Statistics of Cancer Deaths Regression Analysis Data  
                                                   (N = 29)


                                              Mean                    Range

    Males Deaths                 
 8.75                       1 - 27     

    Female Deaths
 6.37                       0 - 19

    Water Radon (pCi/L)        1106                   350 - 11,250
  

    Basement Radon (pCi/L)   4.89                   0.58 - 23.5      

    Median Income              $28,798               $18,885 - $62,323

    Male Smokers                   897                    28 - 1905   

    Female Smokers                672                    19 - 1447 

                                                          Table 6

                                 1993-1997 Deaths Due to Lung Cancer
                                                 (t-ratios in parentheses)

                                        Males                             Females

  Constant
13.24                                  4.97 
                                             

                                     
 (6.52)                                        (2.77)
  No. Smokers                
 0.0096                                0.011     

                                     
(6.42)                                        (8.66)
  Water Radon             
0.00058                            0.000032
                                      
(2.48)                                        (0.18)
  Basement Radon           -0.1736                              -0.006

                                        (2.04)                                        (0.06)
   Income                         -0.00045                            -0.0002      

                                                (4.99)                            
   (3.13)
--------------------------------------------------------------------------------------------
   Adjusted R²                 0.65  
0.59

     N = 29

Breusch-Pagan χ² (df=4) 4.41                                  3.40                      

One noteworthy feature of the estimates in Table 6 is that the indoor air radon coefficient is negative and significant for men and highly insignificant for women. Cohen (1989) provoked much controversy when he published a negative relationship, essentially challenging the entire premise upon which radon regulation is based. In the present situation, basement radon levels and smoking activity are negatively correlated for men and women to about the same degree (around  - 0.25).  In other words, the apparent protective effect of indoor air radon may be the consequence of less smoking in areas where radon levels are higher.

Although a significant positive relationship between lung cancer and radon in drinking water is established for men, the water radon coefficient in the female regression is an order of magnitude smaller and highly insignificant. One possible explanation is that fewer women smoke and the radon risk is magnified by smoking. 
 Cohen (op.cit) studied only white women in his indoor air radon study, arguing they spent more time in the home during the 1950-1969 observation period, smoked less and were less mobile than more recent cohorts. 

Proceeding next to estimating the annual cancer deaths attributable to radon in water, the relevant coefficient in Table 6 is multiplied by the radon level for each water system and divided by five to yield the annual risk for men, since the number of deaths cover a five year interval. The aggregate annual deaths due to radon in water is 3.723, much greater than the 0.20 EPA estimate in Table 1. And even if the outlier Croton Falls with 11250 pCi/L of radon is omitted, 2.42 extra deaths per year are predicted. Table 7 shows the predicted number of excess deaths per year for each water system and the breakeven value of a statistical life.  In spite of the fact that only males are considered in Table 7, and that compliance cost estimates are much higher than those of the EPA,  the required value of a statistical life is in every instance less than one million dollars. Clearly this result is driven by the very high risk estimates. It appears that efforts to mitigate radon in drinking water is socially efficient, at least for the twenty-nine water systems studied in this paper. 

                                                              Table 7

    Estimated Male Lung Cancer Deaths Due to Radon in Water and Breakeven VSL
Water System
Annual Deaths
VSL       
Belmont Village
0.0551
$579,056

Angelica Village
0.0882
$335,306

Friendship Town
0.0406
$723,990

Deposit Village
0.1781
$215,461

S.Dayton Village
0.0435
$642,735

Sinclairville 
0.0684
$429,737

Salamanca City
0.0992
$918,478

Mayville
0.0568
$576,884

Wellsburg
0.0795
$349,874

Millport
0.0748
$340,200

Marathon 
0.0986
$303,935

Arkville WD
0.0841
$313,460

Delhi
0.1293
$361,655

Hobart
0.1746
$151,913

Red Hook
0.0418
$778,756

Prattsville
0.0766
$336,893

Hunter W.C.  
0.1792
$193,064

Victor 
0.0592
$599.966

Bl’ming Grove 1
0.1804
$191,386

Bl’ming Grove 3
0.0429
$699,394

Washingtonville
0.0534
$809,831

Holley
0.0557
$556,715

Unadilla
0.0824
$347,148

Middleburgh
0.0725
$537,586

Addison
0.1015
$321,064

Cohocton
0.0737
$365,726

Greenwood WD
0.0476
$528,571

Croton Falls
1.3050
$  19,500

Newark Valley
0.0800
$443,675

Conclusion
The costs and benefits of mitigating radon in the drinking water of a non-random sample of twenty-nine small water systems in Upstate New York indicate that benefits outweigh costs by a substantial margin in each instance. Although estimated compliance costs are approximately three times greater than those based on EPA methods, the estimated lung cancer risk to men is even greater. Aggregate compliance costs to reduce radon in drinking water to 300 pCi/L are roughly one million dollars per year.  Annual lung cancer deaths thereby avoided are 3.72, out of a total of 50.8 per year. Using the lowest credible value of a statistical life equal to $2.5 million, benefits exceed costs by a ratio of 9.3 to 1.  And even water systems serving only 200 persons pass the benefit cost test. 

Given the small sample size and the complexity of the underlying relationship, the results presented here should be viewed as suggestive rather than definitive. In particular, the confounding effect of smoking may not be adequately taken into account.   
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�. It is estimated that the proposed maximum contaminant level of 300 pCi/L would avoid 62 fatal cancers per year. 


�. A picocurie (pCi) is a measure of radioactivity, which is the source of the lung cancer risk. One picocurie represents 2.2 decays per minute.  


�. The EPA analysis does not provide any of the usual regression statistics, such as standard errors, R-squared or sample size.  There was no response from EPA to the  author’s e-mail request for this information.


        The cost estimates are based on daily maximum design flow, estimated as twice the current average daily production of water for each system, which is the method used by EPA .


�. EPA converts capital costs into annual sums using the official Office of Management and Budget real discount rate of 7 per cent and a twenty year capital life.  Alternate discount rates of 3 and 10 per cent are also considered. 


�. Washingtonville’s rate of water production is too large to use the storage alternative.  


�. The issue is illustrated by noting that the average annual cost of chlorinating the 29 systems is about $32,000, based on EPA cost curves (1999, Appendix F),  compared to an annual radon treatment cost of $8800 using Diffused Bubble Aeration or Granular Activated Carbon.  It is the need to chlorinate that requires three water systems to use the more costly option of storage.


�. Very very small systems serve 25-100 people and have maximum design flow of 0.024 MGD, very small systems serve 101 to 500 people with 0.087 MGD design flow, and small systems serve 501 to 3300 with 0.27 MGD design flow. These three size categories encompass all but two of the 29 systems under investigation. The design flow rates are those used by Raucher and Drago.


�. For new or upgraded groundwater sources, the equation estimated is [t ratios in ( )]:


                           Cost = 261,891 + 0.38(Average Daily Production);  R² = 0.40, N = 16.


                                      (5.10)    ( 11.61)





   For storage and treatment, the equation estimated is:


Cost = 297,244 + 339469(Stor) + 833304(Treat) + 345904(Dist) + 0.50(ADP); R² = 0.33, N=34.


           (3.56)        (1.60)                (2.42)                 (2.40)                    (3.45)





Indicator variables are used to specify project characteristics.  Because the storage coefficient is not significant, the mean cost ($880,964) for nine  storage-only projects is used to estimate the cost of compliance with that technology. Even using the insignificant coefficient, storage  would be more expensive than the new groundwater option. 





�. www.health.state.ny.us/nysdoh/cancer.


�. The 1990  smoking rate for men aged 18 and over is 28.4 percent versus 43.1 percent in 1974. For women the rates are 22.8 percent vs 32.1. Using the higher rate allows for the fact that prior smoking activity affects  the current incidence of lung cancer.   


�. The radon literature generally assumes the geometric mean is the appropriate summary statistic for indoor radon measurements. The Health Department has refused to release indoor radon data by zip code. The author is currently engaged in efforts to reverse that decision. 


�. This is policy relevant because EPA has considered Multi-Media mitigation as a possible alternative to direct drinking water mitigation of radon, due to the high cost per small system. Under this alternative, an equivalent risk reduction would take place by reducing indoor air radon, presumably by more testing, air filtration and crack sealing. This assumes there are enough suitable candidates in each water system, which the negative correlation causes one to question.  


�. To test of null hypothesis of a linear vs a loglinear specification four regressions are run:


             1.         Y on X, fitted values = βX


             2.         lnY on lnX, fitted values = lnβX


             3.         Y on X and FO = lnβX - ln(βX)


             4.        lnY on lnX and F1 = βX - exp(lnβX)


A t-test on the auxillary variable FO and F1 in 3. and 4. indicates if the loglinear model adds significantly to the model.  The t-ratio on FO in the lung cancer regression for males is 1.019 whereas the t-ratio on F1 is 4.765. Thus the null of a linear model is not rejected. (Limdep, 256).   


�. The number of men or women over age 44 in 1990 estimated to have been smokers in 1974 has a  92% correlation coefficient  with the total number of men or women smokers estimated to have smoked in 1974,  which is included in the regression analysis, thus effectively capturing the age factor.


�. In 1974,  43.1 percent of men over age 18 smoked compared to 32.1 percent of women.  (Centers for Disease Control and Prevention, National Center for Health Statistics, National Health Interview Survey, Table 59; Dept. of Health and Human Services website). 





