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EXECUTIVE SUMMARY

; The 1982 Update of the Health and Environmental Effects Document (HEED) on
geothermal energy focuses on the effects of a reference industry that produces
21,000 MW_ for 30 y (i.e., 20 x 10'
development is equivalent to the estimated resource potential of identified, hot-water

J or 20 Quads of electrical energy). That level of

-resources in the U.S. Hot-water resources can be processed by either flashed-steam or

binary-fluid geothermal power plants to produce electricity. In this HEED, however, we
are primarily concerned with operation of the flashed-steam facilities because they pose
greater health and environmental risks due to atmospheric emissions of noncondensing
gases. '

The most important noncondensing gases from a health effects standpoint are
hydrogen sulfide, particulate sulfate from the atmospheric oxidation of hydrogen sulfide,
benzene, mercury, and radon. We calculated the population exposures resulting from

-atmospheric dispersion near geothermal facilities (<80 km) and long-range transport.
‘Dose-response functions were used to quantify the health risks of the predicted

exposures. We also examined the potential health risks of arsenic contained in cooling
tower emissions and solid wastes. The occupational health risks were estimated for
21,000 MW of development to conclude the -analysis of human health effects. In our
ecological analysis, we examined the potential effects of hydrogen sulfide and carbon

- dioxide emissions on crops and forest plants, the occurrence of accidental spills of

geothermal fluids that would damage soils and vegetation adjacent to power plants, and
the phytotoxic effects of boron emitted from cooling towers. Finally, we addressed the

nonpollutant effects of land subsidence and induced seismicity.
PUBLIC HEALTH EFFECTS

- We summarize here the health effects associated with exposure to hydrogen sulfide,

-sulfur oxides, benzene, mercury,-and radon in air and arsenic in food.

o Atmospheric releases of hydrogen sulfide constitute the most significant public
health issue of geothermal energy production. It is a toxic gas, causing death at
 concentrations above 1000 parts per million by volume (ppmv) and eye damage

at' concentrations as low as 50 ppmv. However, the primary concern is its
annoying odor; which can be  detected by -20% of _the population at a




concentration of just 0.002 ppmv. According to our analyses, at least 29 of the
51 geothermal resource areas are likely to have one or more power plants that
emit enough hydrogen -sulfide (without abatement) to cause odor-related

~ problems.

Hydrogen sulfide in the atmosphere oxidizes to particulate sulfate. According
to our analyses, the mean population risk of exposure to sulfate is 66 premature

13 J of electrical energy production, with an uncertainty range of

deaths per 10
0 to about 360. These risks would be reduced in proportion to the fraction of
energy that is produced by binary-fluid power plants, which do not release
noncondensing gases. The primary source of uncertainty is the "surrogate"
damage function for sulfate in which concentrations of that pollutant are used
to estimate premature deaths from sulfate aerosols plus other correlated air
contaminants. A second source of uncertainty is our estimation of far-field
population exposures using an emission rate of sulfur dioxide rather than
hydrogen sulfide because of the inability of the transport model to simulate the

chemical kinetics of two species.

Benzene has been identified as a leukemogen, and it is also found in some
geothermal fluids, particularly those that are extracted from geothermal
reservoirs composed of sedimentary rocks such as those in California's Imperial
Valley. The mean population risk of incurring leukemia from exposure to
benzene released from geothermal facilities in the -Imperial Valley was
calculated to be 0.15 leukemias per lOls J. The approximate uncertainty

bounds are 0 and 0.51.

Mercury is frequently found in geothermal waters and gases. Prolonged
exposure to elemental mercury released from geothermal facilities may induce
neurologic disorders. To assess this risk, we derived an estimate of the lifetime
probability of muscle tremors based on four epidemiological studies. The mean
number of cases of tremors was calculated to be 14 per. 1018 J of electrical
energy. The uncertainty range is from 0 to 39. The principal source of
uncertainty is the nature of the dose-response function. We used a linear,
no-threshold function, but because of the body's clearance mechanism for

mercury, a threshold may indeed exist.
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- ® Exposure to radon and its short-lived daughters poses a risk of lung.cancer. We
calculated the probability. of lung cancer. from :30:y of exposure to 2 22Rn (in

" equilibrium with its daughters) to be 8 x 1076 m3 /p:Ci, using a basic risk factor

rof 5 x ‘1‘0."t cases of lung cancer per working-level month. The mean population

risk was predicted to be 0.68 lung cancers per 1018- J of electrical energy with

‘an approximate uncertainty range of 0 to 1.8,

- ® - The ingestion of leafy vegetables that have accumulated arsenic as a result of
emissions from flashed-steam facilities in the Imperial Valley could cause skin
cancers. Our best estimate of this risk is 0.15 fatal skin cancers for
6.1 x 1018
reference industry). Upper and lower bounds on this estimate are 1.5 and 0.

J of development in the Valley (a third of the capacity of ‘the

"Arsenic will also accumulate on the land surface as part of solid wastes and
cooling tower emissions. The health risk of this ingestion is calculated as the
result of the transfer of arsenic to the general population over geologic time
(100,000 y), and it was predicted to be 41 fatal skin cancers per ‘1018 J, with

an uncertainty range of 0 to 205/10'% 3. PR

OCCUPATIONAL HEALTH -

We used occdpational health statistics from a number of different industries to
‘estimate the occupational health effects of @ mature geothermal industry. Based on data
from surrogate industries, our best estimate of accidental deaths is 8 per lO18 J, with
lower and upper bounds of 1.5 and 24_,’ respectively.- We estimate that 300 cases of
occupational diseases will occur per lO18 J, with a range from 43 to 1600. Our best

13 J, with a range from 700 to 10,000.

estimate for occupational injuries is 3,400 per 10

ECOSYSTEM EFFECTS

We examined the potential effects of emissions of hydrogen sulfide and carbon
dioxide on forest plants and crops and concluded that no negative effects on vegetation
would occur. In fact, growth enhancement of plants is more likely than stress. We also
analyzed the potential consequences of accidental releases of geothermal fluids onto
vegetation and soils adjacent to power plants. Our calculations show that less than 5 ha
of land will be affected by inadvertent releases--assuming that berms and sumps are not
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-used to contain the spilled fluids. Boron emitted from cooling towers using condensed
steam as cooling water could injure crops grown adjacent to geothermal power plants in
the Imperial Valley. To assess the potential magnitude of such emissions, we calculated
> the boron doses to crops via foliar deposition and root uptake. We found that none of the
primary crops in the 'Va;lley ‘will: suffer adverse effects from -boron emitted from
state-of-the-art cooling towers operating with lOO-MWe flashed-steam power plants. Salt
emitted from cooling towers using brackish surface waters will add a negligible amount of
- salt (v0.15% of the current saltloading from irrigation water) to crop lands that are now

under salinity stress.

‘NONPOLLUTANT EFFECTS

The two nonpollutant effects we considered were land subsidence and induced
'seismicity. Effects from both will vary from resource area to resource area. We
prepared a bounding analysis of the levels of ultimate land subsidence averaged over all
geothermal reservoirs. Our upper bound estimate is 1.8 m per 100-m decline in
" hydrostatic head, while our lower bound estimate is 0.2 m per 100-m decline. The effects
of land subsidence associated with the reference industry are not expected to be
significant because most of the surface land uses are insensitive to changes in elevation.
We could not directly quantify the risks of induced earthquakes, but we note that the
induced events that have occurred to date have been nondestructive. Nevertheless, we
believe that additional research is needed on the mechanisms that could cause

earthquakes in or near geothermal reservoirs.
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HEALTH AND ENVIRONMENTAL EFFECTS
DOCUMENT ON GEOTHERMAL ENERGY--1982 UPDATE

ABSTRACT

We assess several of the important health and environmental risks associated with a
reference geothermal industry that produces 21,000 M\X/e for 30y (equivalent
to 20 x 1018 *J). ‘The analyses of health effects focus on the risks associated with
- ‘exposure to hydrogen sulfide, particulate sulfate, benzene, mercury, and radon in air and
arsenic in food. Results indicate that emissions of hydrogen sulfide are likely to cause
odor-related problems in 29 of 51 geothermal resources areas, assuming that no pollution
controls are employed. Our best estimates and ranges of uncertainty for the health risks
of chronic population exposures to atmospheric pollutants are as follows (risks -expressed
per 11018 J of electricity): particulate sulfate, 44 prerhature'deaths (uncertainty range of
0 to.360); benzene, 0.15 leukemias (range of 0 to 0.51); elemental mercury, 14 muscle
tremors (range of 0 to 39); and radon, 0.68 lung cancers (range of 0 to 1.8). The ultimate
- risk-of fatal skin cancers as the result of the transfer of waste arsenic to the general
- population over geologic time (v 100,000 y) was calculated-as 4l per 1018 J. We based
our estimates of occupational health effects on rates of accidental deaths together with
*-data on occupational diseases and injuries in surrogate industries. ‘According to our best
eétimates,'there would be 8 accidental deaths per lO18 J of electricity, 300 cases of
'0ccupatioﬁal diseases per lO18 J, and 3400 occupational injuries per 1018_ J.

The analysis of the effects of noncondensing gases on vegetation showed that ambient
concentrations of hydrogen sulfide and carbon dioxide are more likely to enhance rather
than inhibit the growth of plants. “We also studied the possible consequences of accidental

- releases of geothermal fluids and concluded that probably less than 5 ha of land would be
affected by such releases during the. production of 20 x 1018 J of electricity. Boron
emitted from cooling towers in the Imperial Valley was identified as a potential soufce‘ of
~ crop damage. Our analyses, however, showed that such damage is unlikely.

Finally, we examined the nonpollutant effects of land subsidence and- induced
- seismicity. . Land subsidence. is possible around some facilities, but surface-related
damage is not expected to be great. Induced seismic events that have occurred to date at
- geothermal resource areas have been nondestructive. It.is ‘not possible t%o predict

accurately the risk of potehtially destructive events, and more research is needed in this

area.




INTRODUCTION

Geothermal resources usually exist as either convective or conductive heat flow
systems within the earth's crust. In both systems most of the heat is stored in the rock
matrix. Heat transfer within convective systems is primarily through the circulation of
water or steam in porous or fractured geologic media. The heat source for these so-called
hydrothermal-convection systems is often a shallow, magmatic intrusion.l - Hydrothermal

,systerﬁs are subcategorized as vapor-dominated (steam) or  hot-water systems.
Vapor-dominated systems such as The Geysers in northern California are the easiest to
utilize for the ‘production of electricity as the tapped steam can be sent directly to a
~low-pressure turbine. The installed electric generating capacity there is now over
1200 MW & and additional units under construction will produce another - 600 MW(_:.2
Hot-water systems with temperatures greater than 150°C can be used to generate
eiectricity with currently available technology; however, the conversion procéss is more
complex because the geothermal liquid must be flashed to produce steam,3 “At the
: preseht time less than 20 MW, of electricity are generated from hot water resources in
the U.S., but the growth potential of those resources remains strong. Lower temperature
systems (v90 to 150°C) are usable for other purposes such as space heating and other
nonelectric or direct uses. ,

Two examples of conductive geothermal systems are geopressured and hot dry rock
resources. Geopresssured resources exist as deep sedimentary formations containing hot,
saline liquid at pressures considerably higher than normal hydrostatic. The value of these
resources is enhanced by the presence of natural gas dissolvéd -in the fluids. The
extraction of geopressured energy is not a demonstrated technology at this time. Most of
the development activities associated with this resource have focused on characterization
of the resource in the Gulf Coast region. Hot dry rock resources refer to rlowA
.permeability, high-temperature granitic, metamorphic, or cemented sedimentary
formations that are usually in contact with a young magmatic intrusion. Heat transfer
from the intrusion is strictly by conduction. To exploit hot dry rock resources, fractures
are artificially created in the formation by hydraulic fracturing, and then water is
circulated through the fracture zone, heated, and returned to the surface where the heat
is extracted for electricity production or direct uses.u This method of resource
extraction is under active research and development, but it is not considered a near-term

technology.




OVERVIEW OF POTENTIAL HEALTH AND ENVIRONMENTAL EFFECTS

There are several health and environmental issues connected with the extraction of
hot water or steam from geothermal reservoirs and the subsequent processing to generate
electricity. Based on measurements and experience at existing geothermal facilities and
wells, the most serious concerns for both types of resources relate to emissions of gases
that are not condensed at operating temperatures and pressures. The chemical
composition of these gases varies widely from reservoir to reservoir; however, the major
constituent is typically carbon dioxide, and significant amounts of methane and hydrogen
sulfide are nearly always present along with trace amounts of benzene, radon, and
‘mercury. Exposure to atmospheric concentrations of hydrogen sulfide, benzene, radon,
-and mercury pose potential hazards to public and occupational health. In addition,
exposure to hydrogen sulfide and toxic chemicals used in hydrogen sulfide abatement
systems has been identified as an occupational health hazard.‘5 “Environmentally, noise
emissions have been a pfoblem at The Geysers due to ventihgsof ‘high-pressure steam at
wellheads and generating units.6 Issues more applicable to the development of hot-water
resources include the disposal of large volumes of spent geothermal liquids, accidental
spills of fluids, land subsidence caused by the withdrawal of fluids, and enhanced
seismicity from fluid injection or reservoir cooling. In addition, phytotoxic effects to
vegetation in the vicinity of power plants can be caused by .cooling tower emissions of
water droplets (i.e., drift) containing toxic substances derived from steam condensate
. used as cooling water.) | ’

METHODOLOGY ' +

The basic methodology we use to assess the risks of geothermal power productlon is
outlined in Fig. 1. To begin thh, we defme the basic attributes of the reference- energy
_industry including the. level of energy production to be assessed; the " relevant
characteristics of energy conversion technologies; and .importantly, the potential releases
of pollutants from geothermai facilities. Next, the transport and fate of the pollutants
released into the enslironment are simulated by media-speeific (i.e., air and water)
models. Estimates of the environmental concentrations of contaminants are then used in
dose-response models to determine effects on vegetation, animals, and man. The
occupational health effects associated with geothermal energy are evaluated using
occupational health data along with exposure estimates and effects models. Finally,

special models or analytical techniques are used to simulate nonpollutant effects
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Figure 1. Conceptual diagram of the methodological approaéh of performing the healfh

and environmental effects assessment of geothermal energy.

associated with noise emissions, subsidence, and seismicity. Another ‘component of the
assessment methodology is the quantification of the uncertainty or the accuracy of our

estimates of health and environmental effects.




THE REFERENCE GEOTHERMAL POWER INDUSTRY

Geothermal power production is projected to grow steadily in the years ahead. Most
of the new generatingﬂfacilities will rely on the prowvien,'vel;er:—dominated resources of The
Geysers, but substantial development is also expected to occur at the more prevalent
hot-water resource areas. The energy potential of the discovered hot-water resources is
estimated to be 21,000 MW for 30 y (equivalent to 20 x IO18 J or 20 Quads of electrical
energy), compared with an estlmated undiscovered resource base of over 72,000 MW for
30 y.8 For the purposes of our analyses, the reference industry consists of power plants
with an installed capacity equivalent to the 30-y power potential of the discovered
resources (i.e., 21,000 MW ). There'aré‘currently’Sl identified resource areas in 1l
western states, with estlmated energy potentials ranging from 23 to 3400 MW for 30 y.
The locations of all the resource areas, except those in Hawaii and Alaska, are shown in
Fig. 2. Over 99% of the resources are found in the eight states shown in Fig. 3. Emission
rates of pollutants from the power plants that comprise the reference industry will vary
according to the chemical and physical characteristics of the 51 resource areas as well as
the types of power plants installed. The mix of binary and flashed-steam power plants
making up the reference industry will directly affect the magnitude of public health
impacts. As the proportion of flashed-steam facilities increases, the quantity of
noncondensing gases released to the atmosphere also increases and so do health risks (e.g.,
lifetime risk of incurring cancer due to the inhalation of radon). At the present time it is
not possible to estimate aecurately the technology mix of a mature industry. It is clear
that binary facilities offer increased conversion efficiencies with low to moderate
temperature resources, which make up the bulk of the known geothermal resource areas.
However, because binary facilities require external sources of cooling water, the siting of
such plants could be constrained by the lack of sufficient water. supplies.‘l,0 From a pubhc )
health standpoint, the worst case would occur if the reference industry was- compnsed ‘

solely of flashed-steam fac1ht1es. To bound our estimates of health risk for the

- geothermal power industry, we wxll assume that all of the plants mstalled are flashed

~steam. The ensuing discussion, therefore, begins with a brief review of ,the geothermalr

energy technologies addressed in the risk assessment followed by analyses of potential

_emissions of noncondensing gases.




Figure 2. Locations of geothermal resource areas in nine western states.

GEOTHERMAL POWER TECHNOLOGIES

The two basic types of geothermal power cycles that are being developed for
commercial applications are flashed-steam and binary-fluid. A ‘simple - flashed-steam
- -system is depicted in Fig. 4. Geothermal fluid is withdrawn from a well and afterwards
steam is separated (i.e., flashed) from the extracted fluid by pressure reduction. The
residual geothermal liquids are disposed of (usually by subsurface injection) while the
separated steam is sent to a turbine. Steam exhausted from the turbine is condensed,
creating enough water to meet the cooling water needs of the facility. Noncondensing
gases are normally ejected from the condenser and if necessary piped to an abatement
system, At The Geysers, steam is extracted from a geothermal reservoir by wells and
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Figure 3. Electrical energy potentials for identified hot-water geothermal resources in
eight western’sta‘ces.8 2. Nearly a third of the total energy potential of the discovered
resource base is assoc1ated with the resource of the Impenal Valley.

then sent directly to a turbine. Thus, power plants at The Geysers are essentxally the
same as flashed-steam facilities except for equipment needed to separate steam from
geothermal fluids and the extra xn]kectlon wells required to dispose of the waste fluids.
The binary-ﬂuid’ cycle (Fig. 5) does not use steam to drive a turbine; instead, down-hole
- pumps withdraw geothermal fluid from production wells and then the pressurized fluids
are sent through a heat: exchanger that heats and vaporizes a secondary working fluid
(e.g., isobutane).. The working fluid is subsequently expanded through a turbine,
condensed, and reheated for another cycle. Spent‘geothermal fluids are disposed of by
subsurface injection. ‘One advantage of this type of power system is the absence of

‘gaseous emissions as long as the geothermal fluids are kept at pressures high enough to
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Figure 4. Single-stage, flashed-steam gebthermal power cycle. Steam separafed from the

extracted geothermal fluids drives a turbine-generator to produce electricity.

'Noncondensing gases ejected from the condenser represent the most important pollutant

released from this type of conversion technology (adapted from Layton and Morris7).
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Figure 5. Binary-fluid-power cycle. Geothermal fluids are sent through a heat exchanger

that vaporizes a secondary working fluid, which in turn -expands through a

turbine-generator to produce electricity. Atmospheric emissions are not expected from
this conversion technology as long as the extracted fluids are kept at pressures that

prevent the dissolution of gases (adapted from Layton and Morrié?); -




prevent the volatilization of gas_efs.{i.,l Moreover, binary-systems are capable of higher
conversion efficiencies than ﬂashed-éteam facilities and coﬁsequently, smaller amounts of
geothermal fluids are required per net unit of electricity generated. On the other hand,
binary-fluid facilities must rely on external sources of cooling water because of the lack
“of steam condensate.

“Aside from the design differences between the two conversion cycles, the primary
determinant of resource requirements at a constant heat-rejection temperature is the
‘temperature of the geothermal fluid. More precisely, as the temperature of a geothermal
resource increases, the efficiency of converting the associated heat energy to electrical
energy also increases, thereby reducing the demand for fluid. This relationship is
important because the gaseous emissions from flashed-steam power plants are primarily a
function of the fluid extraction rate and the concentration of noncondensing gases in the
geothermal fluid. Therefore, the lowest gaseous emission rates would be from power
plants utilizing high temperature resources containing low concentrations of dissolved
gases. To estimate the fluid requirements of two-stage, flashed-steam power plants,* we
use the following equation, which represents a power function fit of a curve presented in a
simulation study by Pope et a_l_.l »

8 2.82 R ' ' c o (1)

E=2618x10°T 7°°°
where
" E= fluid extraction rate, kg/het‘kW‘e * h and

T = down-hole resource temperature, °C.

Appendix A contains the temperature data on the 51 geothermal resource areas.
Using the temperature data as input to eq. (I), we calculated the extraction rate for each
resource. The weighted-avérage extraction rate was 68.4 kg/kWe * h, with individual
values ranging from 35 to 184 kg/kWe * h. Geothermal fluids from a well field are not
usually transported more than a mile in order to minimize losses in temperature and
pressure. Consequently, power plants will always be situated within the immediate
" vicinity of geothermal resource areas. This restriction ‘is significant because ‘it means

.

~ 'In a two-stage facility geothermal fluids discharged from the first steam separator are

flashed a second time and the resulting steam is expanded through a low-pressure turbine.




that ‘the environmental and health-related risks of an expanding geothermal power
industry will depend heavily on the site-specific characteristics of the various resource
areas (e.g., population density, fluid characteristics, etc.).

»Subsurface injection of residual geothermal fluids is the final step in the relatively
short geothermal fuel cycle. Injection is used to maintain reservoir pressures (which also
- provide some protection against subsurface compaction of sediments), to recover heat
" contained in reservoir rocks, and to dispose of waste fluids. The injection of waste fluids
" is actually a crucial pollution-control technology--for without it, geothermal power plants
in the U.S. using hot-water resources would not be able to operate because of stringent
water-quality regulations prohibiting the surface discharge of fluids containing toxic

substances or having elevated temperatures.
- EMISSIONS OF NONCONDENSING GASES

Geothermal fluids at depth are complex mixtures of dissolved gases and solids. As
these fluids are withdrawn from a reservoir and processed to produce electricity in
flashed-steam facilities, reductions in temperature and pressure cause the volatilization
and subsequent release of various gases that do not condense at atmospheric temperatures
and pressures. The major gases in the noncondensing gas phase normally consist of carbon
dioxide (at around 90 mole %), methane, hydrogen sulfide, ammonia, nitrogen, and
hydrogen. Concentrations of these major gases as well as minor gases like benzene,
mercury, and radon will vary among wells in the same geothermal resource area and they
will also vary in 'cime.e.13 In the following analyses we review data on concentrations and
emissions of hydrogen sulfide, benzene, mercury, and radon--the most important gases

from a health effects standpoint.

Hydrogen -Sulfide

Hydrogen sulfide is found in nearly all high-temperature geothermal fluids (i.e.,
>150°C). It is probably formed by one or more of the following mechanisms: reaction of
sulfur that is present in reservoir rocks with hot water, magmatic exhalation, or thermal

13,14 Concentrations of this gas sampled

metamorphism of marine sedimentary rocks.
from geothermal fluids in the U.S. range from 0.18 to 60.7 mg/kg. Table 1 presents data
on concentrations and emission rates of hydrogen sulfide from several water-dominated
resource areas. Where published values were unavailable, ihe emission rates were

determined by multiplying the concentrations of hydrogen sulfide in fluids by the fluid

10




Table 1. Concentrations of hydrogen sulfide in. geothermal fluids.and uncontrolled
emission rates estimated for hot-water and vapor-dominated geothermal reservoirs in the

U.S. and elsewhere.

Estimated emissions

Resource area _ Concentration (g/MW e® h) Reference

in liquids (mg /kg)

Salton Sea, California 3.2 1282 15
Brawley, California : _ 55.1 2,424 16
Heber, California 0.18 20 16
East Mesa, California 0.54 60 15
Baca, New Mexico , 60.7 2,125 16
Roosevelt Hot Springs, Utah ‘ 8 304 17
Long Valley, California 14 _ 826 18
Beowawe Hot Springs, Nevada 6 ' 348 19
Wairakei, New Zealand b 570 20
Ahuachapan, El Salvador 48 1,580 21
Otake, Japan ' ' b i 542 21
Matsukawa, Japan - SRR S 5,050 - 20,800 21
Cerro Prieto, Mexico = b 32,000 20
: in steam (wt %) : o
Larderello, Italy - P _ 14,300 21

The Geysers, California ~ 24.5 1,850 22

2 This emission rate has been recalculated.
"B The hydrogen sulfide concentration associated with the emission rate was not reported.

’~.extraction, rates calculated from . the temperature-dependent _ function previously
" discussed. , Table. 1 also.contains estimates of the uncontrolled emission rates of hydrogen
_sulfide from power plants at vapor-dominated resources (i.e., The Geysers and Larderello,
ltaly).'t To study the uncertainty of the measured concentrations and uncontrolled emission

rates, we have prepared a lognormal probability plot of the empirical cumulative
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Figure 6. Lognormal probability plot of hydrogen sulfide concentrations in geothermal

fluids from eight water~-dominated resource areas in the U.S.

distribution of hydrogen sulfide concentrations (see Fig. 6). The geometric mean Mg of
the U.S. data on hydrogen sulfide concentrations is 5.4 mg/kg with a geometric standard
deviation °g of 7.8. The arithmetic mean value of the untransformed concentration
data,* computed from ug and og, is 44 mg/kg with a geometric standard error (GSE)** of
approximately 3.4. An estimate of the average, uncontrolled emission rate of hydrogen
sulfide from geothermal facilities is the product of the weighted mean value (i.e.,
19 kg/MWe * s) for the extraction rates and the mean concehtration'of hydrogen sulfide
(i.e., 4% mg/kg) or 836 mg/MWe e s. The equivalent emission rate of sulfur is
787 mg/MW ¢ s. L

~.* The arithmetic mean of a lognormal distribution is equal to exp[ln(ug) + 0.5 In? (og)].
. ** The geometric standard error of a lognormal mean is estimated from
exp[(lnz(cg)/n + 0.5 lnq(og)/(ml ) 1/ 2) where n is the sample size.2>
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Benzene

Benzene is associated with the gas phase of fluids derived from geothermal
reservoirs of sedimentary origin. Nonmethane hydrocarbon gases, including benzene, are
thought to evolve from the thermal metamorphism of sediments containing organic
matter.zl“,.v Table 2 contains data on concentrations of benzene in noneondensing gases for
two water-dominated geothermal resource and two vapor-dominated systems. Additional
data on benzene are from Des Marais et al. who analyzed samples of dry or noncondensing
gases from steam separators at Cerro Prieto, Mexico; steam wells at The Geysers in
northern California; and thermal springs and fumaroles at Steamboat Springs in Nevada
and at Yellowstone in Wyommg.29 Their analyses revealed benzene concentrations
rangmg from 0.1 to 15 ppmv. o - 7 ' |

Based on the proposed relationship between rock type | and occurrence of
hydrocarbon gases, We Would expect gases from igneous-related geothermal systems to
have much smaller levels of benzene or none at all because such systems are depleted in
organic matter. Data developed by Nehring and ‘l'ruesdell30 support this hypothesis. They
collected samples of noncondensing ' 'gases from igneous and sedimentary-related
geothermal resources and discovered that the gas samples from igneous areas (i.e.,
Kilauea, Hawaii and Steamboat Springs, Nevada) had much lower quantities of organic
gases than the samples from sedimentary and metamorphic rocks at The Geysers and
Cerro Prieto. In other supporting work, Des Marais et al. found that the 13C content of
hydrocarbon gases from the Cerro Prieto geothermal field was quite comparable to

13C content of coal found in drill cuttings from wells located in that resource
area.29 Furthermore, pyrolysis of that coal in the laboratory produced methane that had
13 C content similar to that of the methane measured in the noncondensmg gases from
the geothermal field. ' R ’
‘ Because the exlstxng data 1nd1cate that sxgmﬁcant benzene emissions should only be
expected from geothermal reservoirs of sednmentary origin, we restricted our analyses to
) 'those types of reservoxrs. Table A-1 of Appendxx A shows that nearly all of the reservoirs
‘are comprlsed of volcamc rocks. The ma]or exceptlons are the reservoxrs of the Impenal
':'Valley. To estlmate the potentlal benzene emissions from facilities there, we used
~ concentration data from Ludwxck et al. for well G-2 at East Mesa and the Woolsey well at
the Salton Sea area.26 Their measurements showed that benzene was 0.0! mol % of the
noncondensmg gases from those wells, with noncondensmg gases representmg 3.5 and
1.7 wt % of the steam, respectively. Assumlng that 0.2 kg of steam is produced per
kilogram of geothermal fluid and that noncondensing gases are composed almost entirely

of carbon dioxide, then the corresponding concentrations of benzene in the geothermal
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Table 2. Concentrations of benzene in noncondensing gases from geothermal reservoirs of

sedimentary origin.

Resource L . Concentration

area - _ . (ppmv) Refexfence‘
East Mesa, California® 85 - 370° 25, 26
Salton Sea, California® 7 100 | 26
The Geysers, Californiac_ 0-45.5 27
Larderello, Italy© , 0.3 - 38 7 28

2 Water-dominated resource.
b Concentration was orlgmally reported as a wt% in the geothermal ﬂu1d.
Vapor-dommated resource.

-3 and 6 x lo'# g/kg, respectively. f we assume that those

fluids are 1 x 10
concentrations are from a lognormal distribution, then the mean value is 8 x 10'4 g/kg

- with a GSE of 1.3.
Mercury -

Mercury is often present in geothermal waters and gases. The most comprehensive
studies on mercury emissions from geothermal power plants have been done by Robertson

I 31,32 Their measurements show that mercury is released from geothermal facilities

et al.
in liquid and gaseous discharges. For example at the Cerro Prieto power plant, where one
- set of measurements was made, approximately 90% of the mercury inirtially dissolved in
extracted geothermal fluids was vaporized at the steam separator and entered the power
plant with the incoming steam. The principal chemical form of the mercury vaporvwas
elemental mercury (about 90% as Hg°®). 33 At the power plant, over half of the mercury
condensed thh the steam and was subsequently released to the atmosphere via the
coolmg tower (v 80%); most of the remainder (1 20%) was emxtted through the gas ejector
that removes noncondensing gases from the condenser. A small percentage of mercury
was also released in the waste water discharged from the cooling tqwei'. 'Measurementrs of

mercury fluxes at electrical generating units at The Geysers (units 3, 7, &, and 11)
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produced somewhat different re5ults The mass balances for those units also indicated
that the cooling tower was the primary atmospheric release point for the mercury, but the
remaining mercury was not fully accounted for by either the ejector emissions or
discharges of waste water from the cooling tower. However, sludge in the basin of the
cooling tower contained 0.02- to 0.2-wt% mercury, and Robertson et al. believe that
precipitation of mercury within the basin is an important removal mechanism.>! Table 3
contains data on elemental mercury concentrations for water-dominated systems. A
lognormal probability plot of the concentration data is shown in Fig 7. The p_ of the
concentrations is 0.003 mg/kg and the cg is 1.7. The mean of the distribution is
3.5 x 107 g/kg with a GSE of 1.3.

Radon

Radon (2 22Rn), a radioactive gas with a half-life of 3.8 d, is a daughter pbeduct of

the decay chain of naturally occurring 238U.

After radon is formed from the decay of
226Ra in near-surface soils and rocks, it diffuses to the atmosphere attrates that are
dependent on 226Ra activity, soil properties, meteorological conditions, and soil
moistu;e.Bl‘ At The Geysers, exhalation rates have been measured that range from
2.6 x 1076 to 150 x 1076
the world.3 6 Radon produced deeper in the Earth's crust may never reach the surface

pCi/mzb-, 5.7 - Similar rates have been measured elsewhere in

because 222Rn can dissolve in groundwater where it decays to its daughter radionuclide
218Po, or the rate of diffusion is so slow with respect to its radxoactwe decay rate that

virtually all of the gas is convérted by the time it reaches the near-surface environment.

‘Table 3.‘ Elemental mercury in geqthermavl‘ fluids from four water-dominated,"resource

areas.
Resource . Concentration
area A (g/kg of geofluid) o ~ Reference
, | Salton Sea, Cahforma o ) RO L . 8 X 10 -6 15
- East Mesa, Cahforma T . 6x10” -6 15
Puna, Hawaii R - . 34 x10 67 o , 19
Cerro Prieto, Mexico o ' - 25X 10-6 | i 32
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Figure 7. Lognormal probability plot of mercury concentrations in geothermél fluids from

four water-dominated resource areas.

222

The radioactive decay of 226Ra within a geothermal reservoir will produce Rn

that is dissolved in the geothermal fluids. When those fluids are extracted for power

222

production, the Rn will volatilize in a steam separator and the gas will eventually be

released to the atmosphere along with the other noncondensing gases. In the Imperial

222Rn levels range from 480 pCi/kg of geothermal fluid at the East Mesa resource

Valley,
area to 810 pCi/kg at the Salton Sea resource area.15 These values are consistent with
those obtained from a study conducted by O'Connell and Kaufman in which |18 different
geothermal waters were sampled for radon.37 The lognormal probability plot for these
data iis shown in Fig. 8. The ug of the data is 508 pCi/% of geotherrﬁaltﬁuid, with a og of

3.7. The arithmetic mean value for the distribution is 1196 pCi/2 with arGSE of 1.2,
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Figure 8. Lognormal probability plot of zzan concentrations in 118 different geothermal

,watersin’ the western U.S. Data from O'Connell and Kaufman.

HUMAN HEALTH EFFECTS

A mature geothermal-power industry will result in health risks both to workers in the
- industry and to the ‘general public. The primary source of public health risks is the
inhalation of toxic gases emitted by geothermal power plants. As noted earlier, the most
important gases in this regard are hydrogen sulfide, benzene, mercury, and radon.
Hydrogen sulfide emissions can cause noxious odors; sulfur oxides (from the atmospheric
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oxidation of hydrogen sulfide) might produce negative health effects including premature
death; benzene is leukemogenic; radon is carcinogenic; and mercury can cause neurologic
disorders. The ingestion of toxic substances released into the environment is another
source of public health risk. Although we are fairly confident that the toxic substances
listed above are the only significant ones from a health effects standpoint, we cannot rule
out the possibility that some new pollutant will be discovered in the process streams or
that a recognized pollutaht will later be shown to be much more hazardous than previously
recognized.3 8 An example of this is benzene. Prior to 1978, when Nehring and Truesdell
published results of their analyses of the organic gas composition of noncondensing gases
from geothermal systems,30 benzene was not one of the gases that was routinely assessed
in environmental analyses of geothermal projects because there was no reason to expect
its presence. Even now, measurements of nonmethane hydrocarbon gases are not
available for most geothermal resources.

Workers in the geothermal industry constitute another important class of individuals
at risk. We review and analyze historical data on occupational illnesses in the gthhermal

. industry as well as similar, surrogate industries in order to derive estimates of the

~occupational health risks of expanded development.
PUBLIC HEALTH

Our purpose here is to quantify the various public health risks for a mature
geothermal energy industry with a capacity of 21,000 MWe. The assessments of health
risks resulting from emissions of noncondensing gases focus on the risks due to near-field
atmospheric dispersion of noncondensing gases (80-km radius around flashed-steam
geothermal facilities) plus long-range transport (>80 km) across the continental U.S.

We also study both the short- and long-term cancer risks of ingesting arsenic derived .
~from geothermal operations. We define short-term risks as those that accrue to

individuals who were exposed to geothermal pollutants while generating facilities were
operating. Long-term risks, in contrast, are those that accrue to future generations. The
main source of short-term risks is the emission of arsenic from future flashed-steam
power plants located next to croplands in the Imperial Valley of California. Arsenic
emitted from cooling towers at these plants will land on crops (we examine lettuce as the
- target crop), which are later ingested by man. We quantify the transfer of arsenic from

geothermal fluids to cooling tower water (i.e., steam cohdrensate) to lettuce and
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“subsequently to the general populdtion. We then use d ‘dose response function to
determine effects. Long-term cancer risks are from the disposal of waste material
containing arsenic at surface disposal sites. 'We employ a ‘method of analysis that allows

us to estimate in a crude way the effects that may accumulate over centuries,

Risk- Assessment -Model and-Uncertainty- Analysis

An individual's risk of exhibiting a given health effect (e.g., death, cancer, etc.) from
exposure to an atmospheric pollutant from a geothermal power plant is a function of
personal exposure to that pollutant and the relationship between exposure and the
probability of effect. In our assessments of public health risks, we use a multiplicative

model with linear terms that has the following mathematical form:

- . ..X.. : : ' ;
R=C*E ) P, (2)

where :
R = an individual's lifetime risk of an effect resulting from exposure to the pollutant,
C = concentration of pollutant in geothermal fluid, -

E = extraction rate of geothermal fluid,

-é— = annual-average ambient concentration of pollutant per unit emission rate, and
P = probability of an effect due to unit pollutant exposure.

Another multlphcanve term could be added to the model (1.e., xe/X) that relates the
predlcted outdoor or amblent concentratlon X thh an effectwe concentratlon Xe that
‘, ‘represents the composite indoor and outdoor concentratlon an 1nd1v1dual would be exposed
to over a year. This term would be espec1ally appllcable to a pollutant llke sulfur dloxxde,'
:whxch is usually higher in outdoor air than mdoor an-.39’l‘0 However, because there are
~ insufficient data on the indoor and outdoor concentratlons for the pollutants we consxder
; and on the llfe styles of residents in rural areas of the western u.s. where most of the
V_ geothermal resources are located we assume by default that Xe equals X _

: An accurate predlctlon of an mdlvxdual's rlsk of an adverse ‘health effect resultlng
from exposure to a pollutant in the envxronment 1s often dlfflcult to obtaln because of
_uncertamtles regardmg estimates of exposure as well as the dose-response functlon for

the pollutant bemg assessed. Therefore, 1t is helpful to quantlfy the uncertamtles to gam
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a better understanding of how they affect the prediction of health risk. A simple method

- of incorporating uncertainty into the multiplicative assessment model is to assume that
3,41,42 The

uncertainties. of the arithmetic -means of the individual parameters can then  be

the parameters are lognormally distributed and they are  independent.

propagated to obtain an overall estimate of the uncertainty for the average population
health risk by

+AR) = YAC) + YUE) + YA(x/Q) + YA(P) . (3)

where for example,

YA(R)

GSE(R)

2GSE(R) and

geometric standard error of the arithmetic mean of the lognormal

In

distribution for R

The GSE is calculated from og and the sample size; however, when sufficient data are

absent, it must be determined judgmentally.

Effects of Hydrogen Sulfide

Atmospheric releases of hydrogen sulfide represent the most significant public health
concern of geothermal energy production. Hydrogen sulfide is a toxic gas%; at
concentrations above 1000 parts per million by volume (ppmv) it can cause respiratory
paralysis and above 200 ppmv this gas is still dangerous and should be recognized as an
imminent threat to life. Olfactory paralysis takes place at concentrations of 150 to
250 ppmv and consequently its characteristic odor becomes undetectable at
~ life-threatening levels.38 The threshold for serious eye damage is between 50 and

100 ppmv.

Absorption of hydrogen sulfide through the lung or the gastrointestinal tract produces
toxic effects that are believed to be caused by the reversible inhibition of cellular
cytochrome oxidase by the undissociated form of hydrogen sulfide.l‘3 Howev’ér; hydrogen
sulfide is detoxified in humans and animals by oxidation to benign sulfates. For example,
guinea pigs can detoxify 85% of a single lethal dose of sulfide each hour. This gas’is
considered a noncumulative poison because of the detoxification mechanism and because

“of its reversible inhibition of enzyme systems. There is no .evidence that indicates that

hydrogen sulfide in air is carcinogenic, mutagenic, or teratogenic.“‘
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“"From a public health perspective; odor annoyance re{t‘t:ier than the acute effects
"discussed above is the primary consequence: of hydrogen sulfide emissions. The more
- severe effects are unlikely because atmospheric dispersion of the gas after release from a
power plant will typically result in nontoxic, ground-level concentrations. . Anspaugh -and
- Hahn have reviewed the literature concerning the odor detection threshold of hydrogen
sulﬁde.5 With one exception, most of the studies they examined agreed fairly well and
indicated that the median threshold for odor perception is about 0.005 ppmv. In addition,
‘approximately 20% of the population can smell this gas at a concentration of 0.002 ppmv.
© There is also some evidence that chronic exposures to low levels of hydrogen sulfide may
‘produce other health effects, primarily of a neurasthenic nature. For example, residents
downwind of power units situated at The ‘Geysers resource area have complained of
- headaches, nausea, sinus congestlon, abrupt awakening, etc., when ambient levels were
~near 0.] ppmv. .

A primary issue therefore of geothermal energy -development is the presence of
undesirable odors in the vicinity of future generating facilities. In evaluating the
potential for odor annoyance, we are basically concerned about the occurrence of
short-term (i.e., 1 h or less) concentrations of hydrogen sulfide downwind from one or
more power plants. Ermak et al. have shown that in order to avoid violations of the
- California hourly standard* for hydrogen sulfide (i.e., 0.03 ppmv) from occurring beyond a
distance of | km from'a: lOO—MW geothermal power plant operating in the Imperial
" Valley, its emission rate would have to be 0.8 g/s (equivalent to 30 g/MWe L. h).“ The
California standard, however, is too high to prevent: the odor of hydrogen 'sulfide from
being detected by most people.fAt 0.03 ‘ppmv more than 80% of the population would be
able to detect its odor. ‘At this point, a distinction should be made between odor
detection and annoyance. It is conceivable that'some individuals would not.be bothered by
- slight odors (i.e., at their personal threshold levels) that occur only occasionally-- other

‘individuals, though, may be annoyed by the same infrequent odors. However, it appears
- that-an ambient level ‘of 0,03 ppm (hourly average)--‘six.times higher than the. median;
~.instantaneous threshold value-- would result in odor problems, in part because elevated
~ excursions (10 to 15 min) during an hour could be particularly annoying. ‘

An emission rate of: nearly 1 g/s from a single power plant (equnvalent to
<36 g/MW e ;*.h from a -100-MW e facility) would lead to levels that are occasionally
* The California standard was originally set to protect,agairist odor annoyance, but it was
based on a study that had anomalously high,detection thresholds as compared with/ ofher

studies (see Ref. 38).
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annoying since, according to the calculations of Ermak et al. for 'such a facility in the
Imperial Valley, ambient concentrations of around 0.03 ppmv. would be expected at
distances of up to a kilometer from the source.“ For comparison, future power plants at
~"The Geysers, where emissions of hydrogen sulfide are a continuing environmental concern,
“‘may have to limit emissions to 0.6 g/s.“6 In summary, it appears that emission rates from
generating facilities may have to be kept below | g/s to avoid unwanted odors.

To estimate the magnitude of potential odor-related problems of the reference
-“geothermal energy industry, we calculated the emission rates for single power plants in
- each of the 51 resource areas, based on the assumption that all of the geothermal fluids
~ contain 0.7 mg/kg of hydrogen sulfide. That concentration represents the 16th percentile
" on the lognormal probability plot of the cumulative distribution of the hydrogen sulfide
‘concentrations previously discussed (see Fig. 6). Even with that low concentration, nearly
60% of the resource areas still would have one or more generating facilities with

uncontrolled emission rates exceeding 1 g/s.

‘Effects of -Sulfur Oxides

'Hydrogen sulfide released from a geothermal power plant will oxidize in the
atmosphere to sulfur dioxide, which is then oxidized to sulfate aerosols. The human
~health effects of exposure to sulfur oxides have been examined in numerous laboratory
and epidemiological studies (see, for example, Ref. 47). Studies dealing with the acute
- effects of inhalation of sulfur oxides generally indicate that these effects are unlikely at
“the ambient levels expected to occur as a result of the atmospheric oxidation of hydrogen
sulfide. Our interest, therefore, is in the health response to long-term exposure to low
concentrations of sulfur oxides--specifically, an individual's risk of premature death.
Epidemiological studies such as those carried out by Mendelsohn and Orcutta8 and Lave
and Seskinu9 suggest that the inhalation of particulate sulfates rather than sulfur dioxide
is a primary source of health risks associated with long-term, low-level exposure to
polluted air. Work done by Amdur showing that sulfate aerosols are a respiratory
irritants0 would seem to support their findings. On the other hand, the epidemiological
studies are unable to determine whether sulfate, which could actually be correlated with
‘some other unmeasured, potentially toxic contaminant like respirable particles, is truly
the cause of the health effects (i.e., deaths). For this risk analysis, we follow Wilson
et al. who suggest that sulfate respresents a reasonable surrogate or substitute measure
" of the health hazard of exposure to polluted atmospheres containing sulfur oxides and

particles until further health effects research is completed.5 !
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To assess the risks of the 51 geothermal facilities, we hiooified equation (2) to

51

- .,.,ﬂx., e : ‘
R=C*P o ;Eimpi (4)

where E; is the extraction rate of geothermalﬁ fluid in the ith resource area and POP is
the populatxon in the vicinity of the ith resource area. The values of E were computed
from eq. (1) and temperature estimates in Mariner et al. 32 as shown m Table A-1 of
Appendix A. Population values for the 80 km radii around facilities were derived from
populatioh data of the 1980 Census.sl3 We employed a Gaussian diffusion model developed
by Ermak and Nyholmjl‘ to calculate the annual, ground-level concentrations of sulfate
around the reference facility. This analytical model can simulate the conversion of
hydrogen sulfide to sulfur dioxide and then to sulfate as well as the deposition of all three
species onto the ground. In addition, the model computes the ambient concentration of
each of the species. The model was run with meteorological data (i.e., joint probability of
‘wind speed,: direction, and atmospheric stability) measured at a location in the central
part of the Imperial Valley. A conversion rate of 1.48 x 10'5/5 was used to represent the
oxidation of hydrogen sulfide to sulfur dioxide5 > and a rate of 2.78 x 10'6/5 was used to
represent the oxidation of sulfur dioxide to sulfate.56 The deposition velocity of hydrogen
sulfide was taken to be 2 x 10-4 m/s after Judeikis and Wren57; a value of 1 x lO‘2 m/s
-~ was used for sulfur d10x1de58; and finally, the deposition rate of sulfate aerosols was set

-3 59

equal to | x 1007 m/s.

deposition out to a radius of 80 km from the plant showed a fairly uniform distribution of
sulfate, averaged over 16 wind sectors. The sector-averaged values of X/Q at 10 km

increments ranged from a high of 2.6 x lO . s/m3 * g at 10 to 20 km from the source

~ Simulation of the atmospheric diffusion, conversion, and

to a low of 1.8 x 10 -4 ug . s/m3 * g at 30. km.{ The wexghted average value over. the -

}80 km radxus was 2x10° ug *s/m” *g. ‘
The parameter values used to quantxfy ‘the health l’lSkS of sulfate exposure are

contained in Table 4., The near-fleld populatlon exposures were obtained by multxplymg

the values for C and X/Q times the sum of the products of the temperature—dependent
fluid extractlon rates specnflc to each of the 51 resource areas and the associated
- populatlons at risk (1.e., ZE, POP of eq. (2)) The value of C for. hydrogen sulfide
(2.2 x 107 g/kg of geofluid) is computed for an assumed 95% control of hydrogen sulfxde
(i.e., 0.044 mg/kg * 0.05). The GSE of ZIEIPOPi was judged to be 1.5, reflecting

uncertainties in both the population distributions and fluid extraction rates. The error of
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Table 4. Lognormal parameters used in the risk assessment of the near- and far-field

exposures to atmospheric sulfate.

Arithmetic mean Ggometric standard
Parameter Units of lognormal parameter GSE
Near-field
log g/kg | C2.2x 1073 I W'
IEPOP,  kg/s 3.9 x 1010 1.5
)('/Qb ug o s/m3 sg 2 x 107 2.5
P m3fg ey " 44 x 1072 1.7
Far-field
3 6 '
LX ug * persons/m I x10 5

a Quantity of hydrogen sulfide that would be released to the atmosphere after 95%

abatement.

b Value for particulate sulfate.

the weighted-mean value for x /Q was assumed to be a factor of 2.5, based in part on the
work of several authors who have studied the performance of Gaussian diffusion
models.so’61 162

1.7 x lOl‘_‘ Mg ° persons/m3 with a GSE of 4.86. To calculate the population exposures

The mean value of the near-field exposures is computed at

‘resulting from the long-range transport of sulfate, we were limited to the use of
population exposures (provided by Rowe63 ) derived from a long-range transport code that
computes sulfate concentrations as the by-product of sulfur dioxide oxidation. Given this
limifation, we made an upper-bound exposure estimate by converting the hydrogen sulfide
emission rate to an equivalent emission rate for sulfur dioxide. This equivalent emission
rate would increase the downwind concentrations of sulfate because sulfate would then be
produced from the direct conversion of sulfur dioxide, rather than as the by-product of
Ahydrogen sulfide to sulfur dioxide decay. The far-field exposure estimate (i.e.,

1 x 108 Mg ° persons/m3) was judged to have a standard error. of 5, which
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incorporates uncertainties of thg hydrogen sulfide concen,_t;jations fluid extraction rates
-and the long-range transport mocviél:‘.ﬂ.lWe estimated the téut'é»i?exposure and its uncertainty
by converting the individual lognormal parameters to their normal equivalents, adding
those distributions to obtain a comprite normal distribution, and then calculating the
equivalent lognormal parameters (see Appendix B for a discussion of the methodology).
For sulfate, the average total exposure was | x. 108 |.1g/m3 witha GSEof 5.

The risk factor for sulfate was computed as the mean value of five studies included
in the review of Wilson et 9_1.5;1 (i.e.; 4.4 x 10 mB/pg- y). Some clarifying comments
relating to the value of P should be mentioned here. First, we have implicitly assumed
- that at low levels of ambient sulfate, the dose-response function is linear with no
threshold of effects. If the curve is actually concave at low doses or if it has a threshold,
this assumption will lead to over-estimates of health risk. It is interesting to note,

48

however, that the epidemiological studies by Mendelsohn and Orcutt’™™ and Lave and

49 do support the linearity - assumption.. Nevertheless, inadequacies in the

' Seskin
epidemiological studies (e.g., uncontrolled confounding factors such as cigarette smoking,
_inaccurate air-quality measurements, etc.) could conceivably act together to obscure the
nature of the relationship between sulfate exposure and premature death. Indeed, at low
concentrations sulfate exposure may not cause negative health effects.
__ The average population risk becomes 44 premature deaths per year, with a GSE of
5.4. For 30y of energy production the'total number of deaths is 1320 deaths,
' representing 66 deaths per 10-1"83. ‘The estimated uncertainty range is from 0 deaths (i.e.,
pfedicted concentrations are below an effects threshold) to a total of about 360
deathS/lOng, which was calét_]lated by multiplying the mean by 5.4. The upper-bound
estimate is approximately the 84th cumulative percentile of a lognormal distribution,
indicating that there is 16% prob’ability that the mean value could be higher. We expect
though that the actual probability of exceeding the upper-bound in this particular case is
_smaller than 16% because of our use of a sulfur dioxide emission rate rather than one for
hydrogen suifide due to the modeling limitations discussed earlier. |

- Effects of Benzene

Benzene is a hematotoxin that can cause various blood disorders including anemia,
leukopenia, and thrombocytopenia._ In addition, it has been identified as a leukemogen.
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The primary sources of information on the relationship between benzene and leukemia

have not been animal studies, but rather epidemiological studies of workers exposed to

benzene. Studies by Aksoy et al. involving shoe workers in Turkey“

‘and Infante et al.
involving workers in the U.S. rubber industry65 provide strong evidence that the chronic
.inhalation of benzene can lead to leukemia. The geometric mean- of the lifetime risk
€ m3pg withg = 2.9 and is from Hattis

who revised an earlier estimate made by Albert67

factor for inhaling benzene is equal to 7.5 x 10~

66 that was based on

5 e /m3

with a GSE of 2.1. The risk factor was adjusted downward by multiplying it by the ratio
~of the assumed life of the geothermal industry (i.e., 30 y) to the average life expectancy
“(i.e., 70 y) to obtain 5.6 x 1076 m? fug (see Table 5).

and Mendez,
three separate epidemiological studies. The arithmetic mean value is 1.3 x 107

Table 5. Lognormal parameters used in the risk assessment of the near- and far-field

;. exposures to benzene.

Arithmetic mean Geometric standard
Parameter Units of lognormal parameter error
Near-field
-4
C g/kg 8 x 10 1.3
,ZEiPOPi kg ¢ persons/s 1.8 x lo,lo 1.5
X/Q vg © s/m3 g 8.7 x 1072 2.5
P m3pg 5.6 x 10-6 2.1
Far-field
LX ug * persons/m> 3.7x10°2 3

2 Calculated for an emission rate of 88 g/s from geothermal facilities in the Imperial

Valley.
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Table 5 contains -the calculatlons of the health l‘lSkS of exposure to benzene. The
- near-field population exposure to benzene amounted .to 1.2 x 10° g * persons/m with a
GSE of 2.8. The far-field exposure to benzene resulting from the emission of 88 g/s from
geothermal facilities in the Imperial Valley amounted to 3.7 x 10° g © persons/m3 with a
GSE equivalent of 3. The far-field exposure value was computed using the normalized
exposure tabulations for sources located in each-of 243 Air Quality -Control Regions
"~ (AQCRs) across the U.S. Exposure is calculated for sources releasing respirable particles
having ‘a' dry deposition velocity of 0.23 cm/s.68 For a mixing depth of approximately
500 m, the emitted particles will have a residence time in the atmosphere of about
2 X 105 s (with no wet deposition). In companson, the half-life of benzene due to
chemical conversion ‘is estimated at- about 5x lO s, .corresponding to an average
* residence . time of 7 x 105 69 ‘We would therefore expect the predicted population
exposure to be low unless the dry deposition velocity of benzene is greater than 0.23 cm/s
(assuming that depletion by wet deposition is equal for both pollutants).

Combining the distributions for the two exposures results in an average population

3 Hg * personS/m3 with a GSE of 2.6. The mean number of leukemias

~ exposufe of 5.6 x 10
resulting from benzene inhalation is then 3 with a GSE of 3.4. The health risk is then 0.15
- leukemias per 10183 of electrical energy produced. The approximate uncertainty bounds -

are 0 and 0.51 leukemias per 1 01 83 of electrical energy.

Effects of Mercury

The health effects of Tong-term exposure to airborne, elemental ‘mercury have
received far less scrutiny than the effects caused by the ingestion of foods (e.g., fish and
seed grains) contaminated with the methylated form of mercury.-io’7l Epidemiological
studies of persons exposed to mercury vapors in their wbrk environments have shown that
mercury intoxication can manifest itself in several ways; for example, muscle tremors,
psychosomatic disturbances, deterioration of intelligence, inflammation of the oral
cavity, and lens discoloration. Such symptoms are rérely encountered nowadays because
occupational exposures to mercury have been greatly reduced or eliminated by improved
industrial hygiene practices. Mercury emissions from-geothermal facilities are not likely
to cause acute health effects; however, prolonged exposure to atmospheric mercury may
cause subtle effects such as psychosomatic disturbances and finger- 1:remors.72 Muscle

tremors are the more reliable indicator of mercury poisoning, primarily because they are
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objectively verifiable. Using data from four studies of workers exposed to mercury,n',76

:we developed an estimate of the lifetime probability P of manifesting such tremors due to
the prolonged inhalation of ambient mercury.

" Three of the studies on which our estimate of P is based (see Table 6) give a
-breakdown of symptoms claimed or observed; in those instances we used the figures given
- for muscle tremors as the symptom of mercury intoxication. The fourth study (Kesic and
- Haeusler) simply reported the incidence of "outspoken symptoms of chronic mercury

75 o0 we ‘utilized the single figure reported. We

- poisoning" with no breakdown,
conservatively assumed that the dose-response function for mercury is linear without an
~effects threshold because mercury has no known metabolic function and no human
threshold has yet been demonstrated.77 The risk factor P for each study listed in Table 6
was computed by dividing the incidence of reported effects by the lifetime exposure
-equivalent.. The geometric mean for the risk factors was 9.6 x 10'2 m3/ug with 0_ equal
to 2.8. The mean value was 1.6 x 10'l m3/ug with a GSE of 1.5.. When adjusted %or the
30 y exposure period, the mean value becomes 6.9 x 10'2 mr3 Jg.. This risk value is almost
certainly too large. It would suggest for example that a resident of New York City, where
ambient mercury is on the order of 0.0l ug/m3, faces a risk of 7 in 10,000 of developing
mercury-induced tremors over a 30 y exposure. One possible source of error, of course, is
that humans may in fact have some dose-response threshold; another source is the body's
clearance mechanism. In extrapolating public exposure-response curves from data on
occupational or other exposures of limited duration, one must first convert the response
to lifetime-exposure equivalents. The most conservative way to do this (and the way used
-in 'deriving the value of P above) is to assume response is entirely a function of the

cumulative exposure independent of its time distribution. Thus

€ =g 8h- ,240d . .0
1~ % 24h 365d A "’ (5) l
where
g = equivalent lifetime concentration of mercury to which an individual is exposed,
€, = concentration of mercury in the workplace,
T o = duration of occupational exposure, and
A, = age of exposed worker.
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Table 6. Epidemiological data used in the derivation of the dose-response function for

elemental mercury.

- Mean : B Equivalent

3 ) durationof . Cases of - . lifetime

© Concentration Hg®(mg/m
exposurea Sample ' observed - exposure

‘Range . Mean® S ly) size - mercurialism (ug/m3 ) Reference
0.18-0.38 0.262 - 0.2 67 5P 0.402 73
2.53 29 7P 4.819
0.07-0.88 0.248 - 0.2 13 P 0.326 74
1.22 13 6P 1.955
5.47 26 23P 8.473
0.25- 1 0.5 3.6l 70 47 24,747 75
0.01 = 0.05 0.022 . 547 276 19° 0.682 76
0.06 - 0.1 0.077 . .5.47 145 12b 2.395
0.11-0.04  0.124 547 6l 6 3.844
0.24 -0.27  0.255 5.47 . 27 142 7.905

8 Geometric mean. :
b Incidence of objective tremor.

€ Hat factory only.

In fact, however, mercury is cleared from the body at some rate C such that

- o : : | |
Bt = & (1 -e 7)), ‘ _ : o (6)
where. | o

Bt = body burden at time t,

D = dose rate, and

C = clearance rate.
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Note that as t increases, Bt:approaches D/C; at a sufficiently large t therefore, Bt
reaches a virtual equilibrium. Unfortunately, while the clearance rate of elemental
mercury is known for several organs, it is not known for the brain, the critical organ for
chronic exposures. .The available evidence suggests that it remains in the brain far longer
than in other organs, with a halftime possibly as long as several years.78 ‘While it is
probable therefore that the cumulative-exposure model overestimates the risk of inhaled
~~mercury, we do not know by how much. However, since the rate of clearance from the

brain is evidently much slower than the whole-body rate, we can at least estimate a lower
“bound for risk by setting the brain clearance rate equal to the body rate. With a value of
50d for the whole-body hal'ftime,78 the value of P is roughly an order of magnitude lower
than the value based on the cumulative-dose model.
Table 7 contains the parameters used to calculate the public health risks of mercury

emitted to the atmosphere. The mean values of the near- and far-field exposures are 950

Table 7. Lognormal parameters used in the risk assessment of the near- and far-field

.exposures to mercury.

Arithmetic mean Geometric standard
Parameter Units of lognormal parameters error
* Near-field
-6a
C g/kg 2.8 x 10 1.3
ZIEiPOl:’i kg ¢ persons/s 3.9 x 1010 1.5
x/Q g+ s/m> e g 8.7 x 1073 2.5
P m3pg 6.9 x 1072 1.5
Far-field
LX ug * persons/m3 2.6 x 10%° 3

2 The average fluid concentration of 3.5 x 10’6 g/kg was multiplied by 0.81 to estimate
the amount of elemental mercury that would actually be released to the atmosphere.
b Calculated from [.3 x 106 ug/s of mercury emitted from geothermal facilities located

in 7 AQCRs in the western U.S.
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" and 2.6 x lO3 Hg ® persons/m3, with both error terms equal to 3. The mean of the

3 g * persons/m3 with an. error term of 2.6. The mean

combined distributions is %.2 x 10
population risk due to mercury emissxons is then 290 cases of tremors, or l#/lOlSJ of
electrical energy. The uncertainty range is from 0 (i.e., predlcted mercury concentrations

~are below a threshold value) to 39 tremors/lOl 8

Effects of Radon

Considerable attention has been devoted to deriving risk factors for the induction of
lung cancer from exposure to radon and its short-lived daughters. This is because of the
documented excess incidence of lung cancer among miners exposed to high levels of radon

.. and its daughters underground. Several such studies have been reviewed recently in the

BEIR-III report.79. They conclude that the risk estimates "now range from about 6 to 47
cases per lO6 PY per WLM." They further conclude,

The most likely risk estimates, at exposure of about 1 WL and with
characteristic smoking experience, are about 10 cases per 106 pY per WLM
for the age group 35-49, 20 cases per 106 PY per WLM for the age group
50-65, and about 50 cases per 106 PY per WLM for those over 65. These
values apply to the age- at dlagn051s and are consistent with available
followup data.

In the quotatlons above, PY is the person-years at risk and is generally calculated by
hassumlng a latent period of 10 y and risk then lastlng for llfe.79’8o The unit of exposure
is the working level (WL) and is equal to 100 pCi/% of-_zzan in -equilibrium with its
daughters. The unit of integrated exposure is working level month (WLM), where month is
equal to 170 h (of occupational exposure).

These risk estimates are based on a linear dose-effect relationship and have been

8l

criticized as being at least an order of magnitude too high.”" If we accept them at face

value, assume a lognormal distribution of risks, and assume that 6 and 47 cases per

lO6 PY per WLM are at the 5% and 95% probability levels, then ug =20 x lO-6 and og = 2

"Cohen has applied the age-specmc risk - factors to the U.S. population and has
calculated that 21, 765 cases of lung cancer per year are predlcted based on a calculated
exposure to background levels of radon of 0.22 WLM /year.80 From this we can derive an

-3 per WLM. Cohen also notes

82

age- and sex-averaged absolute risk factor of nearly 1 x 10~

that compared on an equivalent basis, the UNSCEAR derived value®“ is about three times
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83
lower.

We have therefore somewhat arbitrarily chosen to use a risk factor of 5 x 107

~per WLM and further assume that the range is from 0 to 1 x 10-3 per WLM.
 We then proceed with the calculation of P as follows :

3
p=-_
10%2

LWL

100 pCi

L24h 365d ., __ M

C5x 107t

* 30y

d y 170 h WIM

P=8x10-6m3/pCi .

(7)

Table 8 contains the values of the parameters we used in our assessment of the health
risks of radon. Adding the distributions for the near- and far-field exposures to 222Rn

results in a mean population exposure of 1.7 x 106 pCi persons/m3’with a GSE of 2.6.
' The mean population risk is 0.68 lung cancers per 10137 of electrical energy with an

estimated GSE of 2.6. The approx1mate uncertainty range is from-0 to 1.8 lung cancers

per 10183 of electricity.

Table 8. Lognormal parameters used in the risk assessment of the near- and far-field

exposures to radon.

Arithmetic mean

Geometric standard

Parameter Units of lognormal parameters error
Near-field
C pCi/kg 1196 1.2
ZE POP, kg * persons/s 3.9 x 1010 1.5
x/Q pCi * s/m> = pCi 8.7 x 107 2.5
P m3/pCi 8 x 1076 3
Far-field
pCi * persons/m3 1.1 x 106 3

LX
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Ingestion Pathway:

~The two principal mechanisms by which geothermally-derived contaminants can enter
human diets are the deposition of cooling tower drift onto agricultural lands supporting
food crops in California's Imperial Valley and the long-term migration of toxic substances

from waste disposal sites to potable waters.

Drift depositién on _croplands in the Imperial Valley. In a flashed-steam facility, fluids
produced from wells completed in a geothermal reservoir are depressured at the surface
to produce steam that is used to run a turbine. Residual liquids produced after steam

separation are subsequently .injected back into the reservoir or some other suitable
subsurface formation via other wells. Condensed steam is used as the sdle source of
cooling water for theAfa’cilit‘y, ‘and consequently, the chemical compositi6ﬁ of the water
droplets emitted from cooling towers is a function of the composition of the condensate.
Exlstmg data indicate that arsenic, a known carcinogen, is likely to be present in
condensed steams. Crecelius et al. conducted a samplmg program at the Cerro Prieto
- geothermal power plant in Mexico, and they found that most of the arsenic dissolved in
unflashed geothermal fluids stayed with the residual hot water after flashing, however,
some arsenic was carried over in the steam.>> Their data indicate that approximately
4.4 g/h of condensable arsenic were transferred to the steam phase per 2484 g/h arsenic
in geothermal fluids, equivalent to a partition coefficient of 1.8 x lO"3 . The emission
rate of arsenic from a cooling tower depends on the number of times the condensate is
" concentrated by evaporation and the rate of drift emission, computed as a pe:;centage of
the circulation rate of water in a power plant cooling system. Drift rates can range from
0.01% of circulating flow (poor elimination of drift) to near 0.001%. A drift rate of
0.002% represents a reasonable estimate of state-of-the-art drift control. Table 9 shows
the quantities of arsenic emitted from a cooling tower for two drift rates and cycles of
evaporative concentration of condensate containing 1.5 x 1072 mg/% of arsenic._ That
concentration ‘is the product of 'a weighted-average value of arsenic concentrations in
three geothermal resource areas in the Imperial Valley (i.e., 8.3 mg/%) and a partition
coefficient of 1.8 x 107>, The deposition of arsenic onto lands out to a distance of 10 km
from a mechanical draft cooling tower was EalCUIated_'by a computerized drift model
developed by Dunn et al. (see Appendix C for'a discussion of the model and its inputs). 3%
The target crop we used for estimating the transfer of arsenic to humans is lettuce, the
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Table 9. Emissions of arsenic from a cooling tower operating with.a reference lOO-MW
flashed-steam power plant in the Imperial Valley. :

Drift rate, % of . , . .. Cycles of - Emission rate

circulating water flow evaporative concentration ’ - g/MWgeh
0.01 5 0.0027
0.0l 1o 1 -0.0054
0.00! e 5 ' - 0.00027
0.001 B 10 - 0.00054
/ kg/h and the concentration of arsenic in

Cnrculatlng flow of water in tower is 3.6 x 10

-2

'Vcondensate is 1.5 x 10° mg/% before evaporatwe concentration.

primary leafy vegetable grown in the Valley. Most'of the arsenic deposited on lands
supporting lettuce will Aéﬁtrer that rvegetablye thfough foliar deposition, as lettuce
~ accumulates little arsenic through its roots. The following equation, adapted from
Hoﬁmén et al. (see Appendix D) accounts for the steady-state or chronic deposition of

arsenic onto the plant surface.85

VAe=D'r' - 'La | (8)
where

Ae = annual mass of arsenzic transferred to the general population, g;

D = deposition rate, g/m"~ * d; -

r = ratio of the mass of arsenic intercepted by lettuce to the mass of arsenic

deposited, dimensionless,
rate parameters for weathering of material deposxted on lettuce, d” l

£
n

t. = time of vegetation cover prior to harvesting, d
L 2 = annual land area of lettuce, m2/y. }
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" Table 10 includes the parameter values we used to calculate annual foliar uptake of
arsenic for four emission rates, representing four different operational modes of a
‘mechanical-draft cooling tower, consisting ‘of different combinations of drift rates and

“cycles of evaporative concentration. The quantities of arsenic added to lettuce during the
production of approximately 6.1 x 1018 J of electricity in the Imperial Valley range from
7.6 x 10% and 1.5 x 103g; modes 3 and 4, to 7.6 x 103
Table 10 for an explanation of the alternative modes). To calculate our best estimate, we

and 1.5 x 10‘*g, modes | and 2 (see

use a drift rate of 0.002% and 5 cycles of evaporative concentration, which yield a. value
of lJS5x 103 ‘g of arsenic deposited on: lettuce per 6.l x lO18 J. Exposure to
environmental arsenic can result in skin cancer (ingestion) and lung cancer (inhalation).
“The risk of skin cancer through the ingestion of water containing arsenic has been
quantified by the U.S. EPA to be & x 107*

0.01/g ingested, assuming a consumption of 2.2 £/d over 50 y. This linear dose-response

per ug/2,86 “equivalent to a lifetime risk of

function predicts between 16,000 to 80,000 skin cancers annually among the U.S.
population, based on the daily .consumption of 20 and 100 ug of arsenic per person,

Table 10. Parameters used in the risk assessment of arsenic emitted from a reference
lOO-MWe flashed-steam power plant.

Parameter Units T Mode2 : Value
pP g/mied 1 9.1 x 1072
B 2 1.8 x 1078
‘ 3 9.1 x 10710
4 1.8x 1072
r  dimensionless o el | ' 0.8
w a0 5.7 x 1072¢€
Ly mIy S sk x o7

2 Modes 1 and 2 are for a drift percentage of 0.0!% and 5 and 10 cycles of evaporative
concentration; respectively. Modes 3 and 4 are for a drift percentage of 0.001% and 5 and
10 cycles of evaporative concentration, respectively.

b Weighted-average deposition value over the entire affected area.

€ From Hoffman_g_t__a_l.”.

35




: respectively.87 For comparison, over 300,000 skin cancers are reported annually in the
U.S., most of which are thought to be due to sun over-exposur.e.g,sr Although it is plausible

- . that dietary arsenic could cause between 5 and 25 peréent of skin cancers, we believe

that this is unlikely. First of all, there is evidence that arsenic is an essential
element,89’—90 which suggests that at.low intake levels an effects threshold may indeed
~exist. In addition, other studies indicate that mammals have a detoxification mechanism

of methylation86 and that vitamin C can counteract the toxic effects of arsenic
ingestion.91 Further, Valentine et al. report that "arsenic levels in water at

concentrations of 100 pg/liter or less seem not to produce an undue body burden."92 Thus,
we conclude that the existing risk factor prdbably over estimates the actual cancer risk.
- Skin cancer is not necessarily fatal, and if it is assumed that about 1% of the skin cancers

end in'death,88 then the 'valué of the existing dose-response function becomes 1 x lo'#/g.
~Using this risk factor, we predict 0.15 fatal skin cancers for 6.1 x 1018 J of development
- in the Imperial Valley. Upper and lower bound estimates, based on cooling tower

-2 deaths, respectively. The lower bound,

operating modes 2 and 3, are 1.5 and 7.6 x 10
nevertheless, is equal to 0 if there is indeed a threshold for the induction of skin cancer by
arsenic ingestion. '

The estimates of the quantity of arsenic entering the food chain constitute only
0.17% of the total arsenic emitted under each of the four operational modes addressed. A
question then arises as to the extent of health risks for the arsenic deposited on
nonagricultural lands. The answer to that question is complex because it involves analyses
of the movement of arsenic to man via alternative pathways over large land areas. The
same analytical problem is associated with the quantification of risks of toxic substances
at waste disposal sites. In essence, the risks of ground deposition and waste disposal occur
over long periods of times, further complicating the risk analysis. What is needed then is
a method of estimating risks that does not require detailed pathway analyses. Such a
method has been developed by Cohen, and we use it in the following section to quantify

the risks of arsenic released to the environment by cooliﬁg towers and by waste disposal.93

Risks of waste disposal and ground deposition. Arsenic contained in soils and rocks near

the surface is eventually weathered and carried to the ultimate sink, the world's oceans.
- However, a portion of the arsenic is transported to man by food and water. Cohen has

estimated that the probability of ingesting one atom of arsenic before it enters
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the ocean is 0.047.*93 ~ This so-galled transfer probability can then be used to calculate
how much of the arsenic released from geothermal opera'tiohs will enter man, but over a
time of scale of at least 100,000 y.

Solid wastes from geothermal operations include solids separated from residual
geothermal fluids prior to disposal by subsurface injection and scale periodically removed
from pipelines and other components. The production of those solid wastes is controlled
primarily by the chemiStry of the geothermal fluids processed to produce electrical
energy. Unfortunately, there are few published data on waste volumes and composition
because the development and operation of geothermal facilities using hot-water resources
is in its infancy in the U.S. , , _

‘Before residual hot-water can be disposed of by subsurface injection, suspended
solids in the liquid usually must be removed (or prevented from forming in the cooler
waste fluids) in order to prevent the plugging of the well and the target formation that is
to receive the waste water. Injectate loaded with suspended material can drastically
shorten the life of an injection well, necessitating costly workover and maintenance. In
-the Salton Sea resource area, where suspended solids reach 400 mg /L, the separation of
such material could produce as much as | x 105 kg of solids per MWe ] ~y.7~ The
geothermal fluids in that resource area contain approximately 11 mg/f of dissolved
tarsenic.% Morris and Stephens” measured arsenic at a concentration of 400 ug/g in
solids separated from the liqhid effluent of an experimen-tal geothermal facility located
there, and based on that measurement, we calculate that 40 kg of arsenic would be
- produced as part of the separated solids per MWe e y of power: plant, operation.95 This
- particular. resource has the highest levels of total dissolved solids (TDS) of all -of the
- identified resource areas, and therefore we would expect that suspended solids would be
higher in these fluids than in others-- due in part to the precipifation of sulfides, silica,
~and carbonate. under the reduced temperatures and :pressures encountered after steam
- .separation. "It is difficult to estimate the quantities of arsenic that would be produced at
other geothermal resource areas because of the signiffcant differences’in. the chemical
composition of fluids as well as the use of chemical conditibhing;(e.g.,‘ acidification of
. “waste fluids: prior to subsurface injection) to- inhibit. the formation .of undesirable
“precipitates. . The combination -0f lower salinity fluids “at other.resource areas and
effective chemical controls means  that :little or -no solid wastes and associated

* This transfer probability was calculated for a daily,ingestibn"value‘ of 1000 pg.
.. However, a daily‘cohsumption of 50 ug is a more reasonable estimate for U.S. diets.87

The modified transfer probability is 0.002.
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" contaminants will be produced at many geothermal facilities. A reasonable scenario then
is to assume that the Salton Sea area produces virtually all of the waste arsenic from the
reference industry. The quantity of arsenic requiring surface disposal is therefore

3400 M)Ve

40 kg As . .30y 6, ,
Wy ; L= 61 x 10° ke (9)

The scale formation rates have been measured at an experimental facility in the
Salton Sea resource area.96 Geothermal brines of different salinities were flowed through
an expansion tube and scale deposition measured. Scale deposition rates decreased with

5

- decreasing salinity, and ranged from 8.6 x 10~ of the mass flow rate of dissolved solids

(30 wt% TDS in brine) to 3.9 x 10"5 (17.8 wt% TDS in brine). - With an arsenic
concentration of 150 pg/g in scale,” we estimate that 0.2 kg of arsenic would be

produced per MWe * y at the Salton Sea resource area, assuming that scale inhibitors are -
75% effective. If we again assume that nearly all of the scale is from that resource area,

then the quantity of arsenic becomes

3400 MV
0.2 kg As e . 30 4
We,gy ¢ — « L= 2x10 kg (10)

The quantity of arsenic released from cooling towers will vary according to the tower
operating conditions of the various power plants, but for our purposes here, we calculate
- arsenic emissions for cooling towers operating with a 0.002% drift rate, 5 cycles of
% kg/MW_ * h.

The emission rates of arsenic at the Salton Sea area for these reference cooling tower

evaporative concentration, and a circulating water flow rate of 3.6 x 10

conditions, a partition coefficient of 1.8 x 10'3, and a dissolved arsenic level of 11 mg/e
are 6.2 x 10'3 kg/MWe ey. The emission rate at other resource areas is

1.4 x 1073 kg/MW_ =y, based on an average arsenic concentration of 2.5 mg/t. The

~ total quantity of arsenic released to the environment via drift is l.4 x 10° kg. The

cumulative amount of arsenic produced from the reference industry is 4.1.x 108 kg. This
quantity constitutes less than 0.1% of the arsenic processed during energy production.
The long-term (100,000 y) population risk in terms of fatal skin cancers is then

(&1 x 109 ¢ 0.002¢1 x lo'l’) 820. This value is equivalent to 41 fatal cancers per 1018 J

‘of electricity. The uncertainty range is 0 to 205 deaths/lO18 J. - The upper bound

estimate was calculated by multiplying the best estimate by a factor of 5. -
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- Sources of Uncertainty in the Health Risks

- The results of our analyses are particularly sensitive to changes in the dose-response
functions for the different noncondensmg gases. For example, we have assumed that the
dose-response function for mercury is linear with no threshold for effects because it has
no_known metabolic function and no threshold concentration has yet been quantified. We
have adopted linear, no-threshold dose-response functions for benzene, radon, and sulfate
aerosols as well. Such functions may indeed over estimate effects at low doses--this
represents an area for future research. Calculation of the population exposures resulting
from long-range transport could be further refined by. usmg xmproved transport models
that explicitly include the chemical transformation of hydrogen sulfide to sulfate and the
effects of wind-shear. Regional-level models (* 1000 km) more. accurately quantifying
population exposures near areas of potentially large geothermal development, like the
Imperial Valley, might also be of value. Finally, there are some uncertainties about the
pollutant source terms. In particular, whether emission controls for hydrogen sulfide will
actually reduce the emissions of other noncondensing gases. We have assumed that
,benhzerie, mercury, and radon are unaffected by these controls, however, measurements
are needed to determine if this is indeed the case. -

A primary source of uncertainty related to the calculatxon of cancer risks from the
ingestion pathway is the dose-response function for arsenic. More research is needed on
‘the carcinogenicity of this element. To improve our estimates of the quantity of arsenic
entering vegetable crops, additional ‘measurements .are needed on the partitioning of
arsenic between steam and géothermal liquids. Our‘e‘stimates of the long-term health
risks of arsenic depend a great deal on the transfer factor Cohen has estimated for the
entire U.S.9,2 The factor is probably different for various regions within the country.

OCCUPATIONAL HEALTH - -

Today the only large-scale commercial units producing significant quantities of
geothermal energy in the U.S. are those steam . power. plants . operating in the
.vapor-dominated resource of The Geysers, which spans across parts of Lake and Sonoma
Courities in _northern California. - Generating: units at The:Geysers _héve operated since
1960 and now have a total capacity of. over 1000 MW 2 The reference geothermal
industry that we address is assumed to consist almost entlrely of ﬂashed-steam power
plants that will be operated in liquid-dominated geothermal resource - areas.
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Consequently, it is not appropriate to project rates of occupational disease or accidental
deaths for a mature industry from available data concerning occupational health problems
in the relatively young vapor-dominated industry. Instead, we use existing data on The
Geysers as an aid to associate the various segments of geothermal activities with
surrogate mature industries. We use the occupational mortality, injury, and illness
statistics available for these surrogate industries to predict best estimates of accidental
- death and occupational injury and disease rates for the mature 20 x lO18 J geothermal

industry, as well as the lower and upper bounds for these best estimates.

The Geothermal Industry Today

Previous work concerning the occupational health effects related to the geothermal
industry have addressed various kinds of occupational hygiene problems, including
occupational illnesses, accidental deaths, exposures to hazardous chemicals, etc.
Preliminary estimates of potential occupational problems associated with geothermal
operations have been discussed by 'Hahn,97 Anspaugh and Hahn,5 ‘and Layton et a__l.98 In
addition, statistics concerning occupational illnesses associated with geothermal energy in
Lake, Sonoma, and Imperial Counties have been compiled for the last half of 1974 through
the end of 1977 by Hahn 7 from "Doctors First Report of Occupational Injury or Illness"
forms filed with the California State Department of Industrial Relations, Bureau of Labor
Statistics and Research. In this section of the report, we combine additional data from
“Doctors First Report Forms" from 1978 through 1979 for Lake, Sonoma, and Imperial
Counties?9 with that reported by Hahn.97

The combined data from "Doctors First Reports" for the latter half of 1974 through
the end of 1979 appear in Fig. 9. For each half-year interval (i.e., from June 1974
through December 1979)* we determined the total number of illnesses reported; the
illnesses peculiar to the geothermal industry and related directly or indirectly to the
presence of hydrogen sulfide in geothermal fluids; the illnesses peculiar to the geothermal
industry but unrelated to the presence of hydrogen sulfide in geothermal fluids; and, the
ilinesses that are not peculiar to the geothermal industry. In addition to the information
presented in Fig. 9, we also discovered from analysis of the "Doctors First Reports® that
skin disease was responsible for a number of illnesses, and numerous cases of skin disease
were  attributed either directly or indirectly to hydrogen sulfide.

—
- " This period represents the only time frame, other than the first quarter.of 1982, when

" statistics for "Doctors First Reports of Occupational Injury or lllness" were compiled.
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' Figure 9. Cases of illness per six-month period for the geothermal industry between June

1974 and December 1979, inclusive.  Number of cases were compued from available

Doctors F1rst Reports of Occupatlonal In]ury or Hlness.95’97

Skin diseases are of particular concern because many cases are believed to go

100 .nd there is even evidence to suggest that most cases w1ll requ1re
101, 102 :

- unreported
" treatment long after exposure has ceased.

Occupational Health Effects

The geothermal industry can be divided into 5 stages: 1) exploration of the resource,
-2) well drilling and testing, 3) construction of the power plant, 4) operation and
maintenance of the power plant, and 5) decommissioning of the power plant.98 From the
standpoint of potential occupational health problems, segments 2 and 4 are of most
concern because these workers in particular will be exposed to large quantities of fluids

containing toxic gases and other contaminants that are abrasive and corrosive. 8
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Furthermore, during the operating phase, many workers will be exposed to toxic
substances used for hydrogen sulfide abatement. Many of the hazardous substances that
may be present at geothermal facilities are listed in Table 11 and include sodium
hydroxide, hydrogen peroxide, and ferrous sulfate.103

We began our assessment of the occupational health risks resulting from the
operation of 21,000 MWe for 30 y, by estimating lower and upper bounds and a best
estimate for the number of man-years of labor required for each segment of the
geothermal industry. These predictions are based on employment estimates presented in
the 1981 HEED98 and personnel projections for the geothermal energy industry prepared
by the University of Utah Institute of Human Resource Management (see Table 12).104
According to our manpower estimates (see Table 13) 62% of the Tmanpower will be
concentrated in the operational phase of the reference geothermal industry.

Our lower and upper bound, and best estimate figures for occupational mortality,
injury, and disease rates for the drilling, construction, operation, and decommissioning
segments of the reference industry are presented in Tables 14, 15, and 16, respectively.
The rates reported in the tables were computed using data from surrogate industries. The
choice of the industries is somewhat arbitrary but is based on the concept that the
workers in the surrogate industries face similar occupational risks. In one case there were
no appropriate surrogates and so we made estimates on a judgmental basis.

The mortality rate estimates for the drilling segment of the geothermal industry
were based on data from drilling in the petroleum inclustry.“z'l 14 The lower bound for
the construction segment was based on data from the construction of a thermal power

L5 ; whereas, the best estimate was based on the arithmetic mean fatality

plant in Canada
116-126

“rate for the U.S. construction industry between 1969 and 1980 (excluding 1979).
The upper bound for construction was considered to be similar to the fatality rate for the
U.S. construction industry in 1970“7, which was the highest fatality rate reported

between 1969 and 1980 (excluding 1979). The total average fatality rate between the

Table 11. Hazardous and toxic chemicals that may be present at geothermal‘ power

plants.103

Hydrogen sulfide Anthraquinone disulfonic acid
Inorganic arsenic Hydrogen peroxide

Boron compounds Vanadium compounds

Sodium hydroxide Sulfates
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Table 12. Employment data used to estimate lower and upper bounds and best estimates

for the number of man-years of labor needed for the reference geothermal industry.

Segment of - ‘ _
geothermal industry =~ "Employment data Estimate Reference
Drillinga 23 worker ¢ mo/well lower bound 104
o - 50 worker * mo/well ~ best 98
112 worker * mo/well upper bound 104
Constructionb < | 2000 worker o mo/l 10 MWe lower bound = 98
' ‘ 4096 worker * mo/i00 MW best 104
8299 worker * mo/100 MWe upper bound 104
Operation?”d 149 worker + mo/100 MW lower bound 104
543 worker * mo/l00 MW best 104
1200 worker * mo/100 MWe upper bound 98
‘Decommissioning 250 worker * mo/110 MW - lower bound®
-500 worker * mo/110 MWe» S best ... . 98
750 worker * mo/110 MW, -upper boundf .

2 30 wells are considered ~to be needed for exploratlon, productnon, 1n)ec:tlon, and
B replacement during the llfetlme of a 100 MW geothermal power plant 78

b Employment numbers in the Utah Study correspond to 50 MW geothermal power
, plants.lol" We estlmate that only a third more workers will be needed for a 100 MW
, .'power plant because of economxes of scale. , ’

c Includes construction of the reservoir feed system and transmlssxon hnes.

d lncludes operatxon of the reservonr feed system. ; |

€ We consider the lower bound to be half of the best estimate.

o f We consider the upper bound to be a factor of 1.5 greater than* the best estimate. |
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~Table 13. Lower and upper bounds, and best estimates of the number of man-years of

labor needed for the reference geothermal industry (20 x 10183 of electrical energy). All

numbers are rounded to two significant figures and expressed as 102 worker-years.
................. Estimate .

‘Segment of geothermal industry — . Lower bound Best . . Upper bound
Drilling 33 70 160
Construction 32 72 145
Operation 78 285 630
Decommissioning 4 .8 12
TOTAL 130 340 910

... Normalized to 10133 of electrical energy . .

TOTAL 6.5 17 ke

years 1966 and 1975 for an energy production company in Canada called Ontario. Hydro
was used as the lower bound estimate for the fatality rate from operation,lﬂ and the
fatality rate for the U.S. Transportation and Utilities industry in 1980 was selected for
the best estimate of the fatality rate for the operation segment.126 We selected the
arithmetic mean fatality rate for the U.S. construction industry for the period 1969
through 1980 (excluding 1979) as the upper bound for the operation segment.“s"126
Finally, the mortality rates selected for the lower and upper bounds, and best estimate for
decommissioning were the values for construction of a thermal power plant by Ontario
Hydro in Canada“5 ; the arithmetic mean for the U.S. Transportation and Utilitiesv
industry for 1969 through 1980 (excluding 1979)“6'126; and the fatality rate for the U.S.
construction industry in 1970,l 17 respectively. All of the aforementioned mortality rates
are listed in Table 14. '
Occupational injury rate estimates for all segments of the geothermal industry were
calculated from injury statistics for surrogate industries. The injury statistics were taken
from those compiled by the California State Department of Industrial Relations for

industries operating in California in 1979,105 and categorized in this document according
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. Table 14. Surrogate industry occupational mortality rate data used to estimate upper
and lower bounds and best estimates for the mortality risk associated with the
reference geothermal industry (20 x 1018 J of electrical energy). Data expressed-as

-~ number of cases per lO3 worker-years and rounded to two significant figures.

Segment of
) geothermal o : :
- industry ' Mortality rate Estimaté Surrogate induéﬁy Reference
- Drilling ‘ 0.18 .. Lower bound . Drilling in the petroleum industry in 1981 112
) ’ 0.39 Best """ Drilling in the petroleum industry in 1979 113
B 0.98 Upper bound '.7 " ‘Drilling in the petroleum industry in 1980 114
7 Construction O'.23 ~ Lower bound Construction of a thermal power plant 115
e o . 6.63 ' Best " Arithmetic mean fatality rate for the U.S. o :
B (R ’ construction industry for the period
: ‘ " 1969 through 1980 (excluding 1979)° 116-126
o 0.72 Upper bound ~  Fatality rate for U.S. construction '
— ‘ industry in 1970 117
Operation 0.20 Lower bound Total average fatality rate for Ontario
Hydro for the period of 1966 through
- 1975 o 127
0,28 "~ Best - /. Fatality rate for U.S. transportation o
~ ... . and utilities industry in 1980. . 126
0.33 Upper bound Arithmetic mean fatality rate for the U.S.
SR ' 4 transportatioh and public utilities
industry for the period 1969 through
) 1980 (excluding 1979) y 116-126
Decommissioning 0.23. ' Lower bouﬁd " "Construction of a thermal power plant 115
0.63 Best Arithmetic mean fatality rate for the

U.S. construction industry for the
period 1969 through 1930 (excluding

: 1979)° » 116-126
0.72. .. - Upper bound -~ Fatality rate for U.S. construction 7 ‘
industry in 1970 v 117

8 1979 data were not readily available.
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Table 15. Surrogate industry occupational injury rate data used to estimate upper and

lower bounds and best estimates for the injury risk associated with the reference
geothermal industry (20 x 10183 of electrical energy). Data expressed as number of cases

per 103 worker-years.

Segment of
geothermal Injury
industry - rate Estimate Surrogate industry?
Drilling 6l Lower bound Crude petroleum and natural gas workers
| (SIC 131) in California
148 Best Oil and gas extraction industry (SIC 13) in
. California
242 Upper bound Oil and gas field services (SIC 1[38) in
California
Construction 107 Lower bound Heavy construction workers, excépt highway,
(SIC 162) in California
207 Best Nonresidential building construction (SIC 154)
in California
284 Upper bound Roofing and sheet metal workers (SIC 176) in
California
Operation 113 Lower bound California Transportation and Public Utilities
category
146 Best California private sector electric, gas and
sanitary services (SIC 49)
183 Upper bound California public sector electric, gas, and
sanitary services (SIC 49)
Decommissioning 107 Lower bound Heavy construction workers, except highway,
(SIC 162) in California
218 Best Miscellaneous special trade contractors
including wrecking and demolition work
(SIC 179) in California
284 Upper bound Roofing and sheet metal workers (SIC 176) in

California

2 pData from Ref. 105 and Standard Industrial Classification (SIC) code details supported

by information contained in Ref. 106.
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‘Table 16. Surrogate industry occupational disease rate data used to estimate upper and

lower bounds and best estima’t';ég?;’:%or the disease risk “associated with the reference

- geothermal industry (20 x 10133 of electrical energy). Data expressed as number of cases

4l

per 103 worker-years and rounded to two significant figufes.
Segment of .
~‘geothermal Disease
~ industry |  rate ‘Estimate Surrogate industrya
Drilling - 5.1 Lower bound Mineral extraction and mining
" 127 Best Primary metal industry
20 Upper bound Rubber and miscellaneous = plastic
products production
Construction 4.8 Lower bound All California industries
6.1 Best Construction industry
15 Upper bound” |
Operation 6.6 Lower bound Private utility industry and electric,
I ' gas, and sanitation service workers
16 Best Petroleum production industry
41 Upper bound Chemical '~ and  allied  products
' ' production
Decommissioning =~ 4.8 Lower bound "All California industries
o 6.1 " Best Construction industry
‘Upperbound =~ Chemical  and ~ allied ' products

production

2 Al surrogate industry category ﬁgures are arithmetic mean disease rates for the

period 1973 through 1977.107-111
P79 obtdin 2h upper-bound estimate we mul“Phed the best estimate by a factor of 2.5
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- to the Standard Industrial Classification (SIC).106

the geothermal industry, occupational injury rates representing-lower and upper bounds,
_.and a best estimate value were chosen to be equivalent to those for crude petroleum and
natural gas extraction (SIC 131), oil and gas extraction (SIC 13), and oil and gas field
services (SIC 138), respectively. The values selected to represent lower and upper bounds,

In the case of the drilling segment of

and a best estimate for occupational injuries associated with construction are those for

‘heavy construction, except highway work (SIC 162), nonresidential building construction
(SIC 154), and roofing and sheet metal work (SIC 176), respectively. The lower bound

estimate for occupational injuries related to operation of geothermal power plants is
based on the figure computedby the State of California for Wt'herentire Transportétion and

Public Utilities category. The best estimate for occupational injuries associated with the

opérating segment is equivalent to the injury rate reported for private sector electric,

gas, and sanitary services (SIC 49-private sector). The occupational injury rate for the

public sector electric, gas, and sanitary services category was considered applicable as

the upper bound value for the operating segment of the geothermal industry
(SIC 49-public sector). Finally, the lower and upper bounds for occupational injuries

related to decommissioning are considered to be the same as those derived for the upper
and lower bounds for the construction segment. However, the best estimate value was

chosen to be the rate reported by the State of California for miscellaneous special trade
contractors (SIC 179), which includes a subcategory for wrecking and demolition work

contractors.m6 Table 15 contains the previously discussed injury rate data.

The occupational disease rates for the surrogate industries correponding to segments

‘of the geothermal industry were estimated from statistics compiled for California
industries operating between 1973 and 1977 by the State of California Department of

Industrial Relations, Bureau of Labor statistics. | 077111

presented in Table 16 are all arithmetic means computed for each surrogate industry or

The occupational disease rates

industries based on the statistics reported for the years 1973 through 1977. The lower and
upper bound, and best estimate occupational disease rates for the drilling segment of the
geothermal industry are based on surrogate industries in which workers may be exposed to
high temperature fluids and/or potentially toxic substances. The lower bound for the
drilling phase is based on the mineral extraction industry. The best estimate is considered

_to be equivalent to the disease rate for workers producing primary metals. The upper
bound for the drilling segment is based on the disease rate for workers manufacturing
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‘rubber ‘and miscellaneous plastic products. For the construction segment we chose the
value for all California industries to represent the lower bound, and for the best estimate
we chose the value for the construction industry. We could not find any reasonable
surrogate industry for an upper bound estimate, so we multiplied the best estimate by a
factor of 2.5. :

For operation and maintenance workers we used as our best estimate of the disease
rate the value given for production workers in the manufacture of petroleum products.
The lower bound is the rate given for private utilities ahd, electric, gas, and sanitation
service workers. The upper bound is the rate for production workers involved in the
manufacture of chemicals and allied products. The best estimate and upper bound
surrogate industries were chosen because of the unique problems associated with chemical
exposure at geothermal power plants. For instance, hydrogen sulfide is an occupational
hazard at geothermal power plants today, and is also a problem in the oil and gas
industry. Other chemicals needed for hydrogen sulfide control are also present in the
manufacturing of chemicals and allied products. 7 R

For the decommissioning segment, we used ae our best estimate the disease rate for
the construction industry in California. The lower bound we used is the disease rate for
all California industries, and the upper bound is the disease rate for the production
workers of chemicals and allied products. This upper bound was selected because there is
no experience with decommxssmrung, and workers: dxsassemblmg a power plant and related
structures may be exposed to hlghly toxic chemicals that have accumulated over 30 y of
operatlon. All of the prevmusly described disease rates are summarized in Table 16.

‘Table 7 contains the product of the multiplication of lower and upper bound, and
best estimates of worker-years.of labor (see Table 13); and lower and upper bound, and
best estimates of accidental deafh, occupational injury,‘ and occupational disease risks
(see Tables 14, 15, and 16), respectwely. To facmtate companson with other industries,
‘we have normalized the predicted number of man-years of labor (see Table 13), and
estimated cases of accxdental deaths, occupatxonal m)ury, and occupatlonal disease (see
Table 17) to the production of 10183 of energy. From the information presented in
Table 17 we conclude that the developers of the nascent geothermal industry of today
need to pay careful attention to the kinds of occupationalvhealth problems that will be
encountered during development in order to minimize the numbers of accidental deaths
and occupational injuries and illnesses. . ER '

The most critical uncettainfy incorporated into these calculations is the number of
illness cases thatigo unreported. For skin disease aione, r_the under reporting is believed to

be a factor of 2 to 50 times the number of cases actuallyv recorded.100 To reduce the
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Table 17. Estimated number of accidental deaths, occupational injuries and illnesses

associated with production of 21,000 MW e for 30y (20 x 10

been rounded.

18

J). All numbers have

Accidental deaths - - - -

Occupational injuries -

Occupational diseases

Segment of Lower Best Upper Lower Best Upper Lower Best Upper
geothgrmal industry bound estimate bound bound estimate bound bound estimate bound
Drilling 5.9 27 160 2.0 x 10° 10 x 10° 39 x 10° 170 840 3200
Construction 7.4 45 100 ‘ 3.4 x lO3 15 x IO3 4] x 103 150 440 2200
Operation 16 80 210 8.8 x 10° 42 x 10° 120 x 103 520 4600 26,000
Decommissioning 0.92 5.0 8.6 0.43x 10> 1.7 x 103 34 x 103 19 49 490
TOTAL 30 160 480 15 x 102 69 x 10° 200 x 10° 860 5,900 32,000

Normalized to 10183 of electrical energy production
TOTAL 1.5 8.0 2 0.7 x 10° 34 x 10° 43 300 1600

10 x 10°




uncertainty expressed by our boundmg estimates for occupatlonal illness, research efforts
must focus on more accurate statistics concerning the number of cases of occupational
illnesses at existing geothermal facilities. This will permit a better analysis of the
etiology and epidemiology of occupational illnesses of concern today (e.g., hydrogen
sulfide-induced illness and skin disease) and provide information about the effectiveness
~ of industrial h'ygiene programs. Such data will also help to identify potential occupational
health problems confrontmg the geothermal industry that may be unrecogmzed but need

attention.
ECOSYSTEM EFFECTS

Three potentlal sources of ecologlcal effects related to the operatlon of geothermal
power plants are releases of noncondensmg gases, accidental spills of geothermal fluids,
and cooling tower emissions of drift containing toxic substances. Releases of
- noncondensing gases are only a problem with flashed-steam power plants since
binary-fluid plants should not have gaseOUS emissions so long as geothermal fluids remain
under pressure. Of all the noncondensing gases, hydrogen sulfide and carbon dioxide are
the only ones that are expected to affect natural vegetation and crops in the vicinity of
power plants. Because of the large 'quantities of geothermal fluids that must be
extracted, processed, and disposed of, another potential source of ecological effects is the
accidental release of geothermal fluids. Although the effects of a spill would be local in
 nature, the cumulative effects at the reierenée level of power - production (i.e.,
21,000 MWe) may be important. Drift from cooling towers is the other concern. At The
Geysers, boron contained in drift is probably the cause of foliar damage to native trees
" near some of the power plants.'28 " Boron emissions from ‘cooling towers at geothermal
plants located elsewhere could also produce phytotoxic effects. A prlmary example is the
Imperlal Valley where boron emxssions could cause damage to crops on lands adjacent to

3 power plants. '
'EMISSIONS OF HYDROGEN SULFIDE AND CARBON DIOXIDE

" Most of the recent work on the ph-y‘toto'xicity'of hydrogen sulfide has been conducted
" by Thompson and Kats'2? and Thompson et a_l.130 For ‘the experiments described in the
‘first paper they subjected alfalfa, Thompson seedless*grapes, lettuce, ‘sugar beets,
California buckeye, ponderosa pine, and Douglas fir to continuous fumigations of 30 ppbv

(42 yg/m 3), 300 ppbv (420 Lg/ml), and 3000 ppbv (4200 Lg/m3) of hydrogen sulfide. At
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the 300-ppbv and 3000-ppbv treatments, most of the plants exhibited stress (i.e., foliar
- damage or suppressed yield) when compared with the control plants. At 30 ppbv the
forest plants did not show any noticeable effects.. However, the growth of alfalfa, grapes,
sugar beets, and lettuce was actually stimulated at the lower exposure level. In the
- second paper they reported the results of treating plants with 50-ppmv carbon dioxide and
300-ppbv hydrogen sulfide. Interestingly enough, they found that the addition of 50-ppmyv
. carbon dioxide generally counteracted the negative effects of hydrogéh sulfide alone at
the 300-ppbv exposure level, and in the cases of cotton and alfalfa, the treatments of
hydrogen sulfide plus carbon dioxide actually caused more grthh in the fumigated plants
than in the controls. ,

Ambient concentrations of hydrogen sulfide in the vicinity of a reference, lOO-MWe
ﬂashed-steam gepthermal facility processing fluids containing 5.4 mg/kg of hydrogen
sulfide would range from about 2 j.g/mB at a distance of 5 km to 0.7 pg/m3 at 10 km,
assuming no emission controls. If the fluids contained ten times as much hydrogen sulfide,

the concentration range would be 7 to 19 ],g/m3

. So even without abatement of hydrogen
sulfide, ambient levels are not expected to have deleterious effects on plants, and in fact,
the low concentrations may have a minor fertilizing effect.

.~ The potential phytotoxic effects of hydrogen sulfide and carbon dioxide emissions
from 3000 MWe of geothermal development in the Imperial Valley have been analyzed by

131 In his study, he used a computer model to simulate the growth of sugar

Kercher.
beets, an important cash-crop in the Valley, exposed to ambient concentrations of
hydrogen sulfide as well as carbon dioxide emitted from geothermal facilities. Results of
that analysis were then used to assess the possible effects on other crops. Without
.hydrogen sulfide controls and with no emissions of carbon dioxide, the model predicts that
~ the growth of sugar beets would be enhanced throughout the valley, with beets at some
places displaying increases of 10% over the control case. Emissions of hydrogen sulfide
from all power plants would have to be over 100 t/d before the growth of sugar beets
would be reduced.131 Unabated emissions from all power plants making up the BOOO-MWe
" scenario, by comparison, are 40 t/d. When carbon dioxide emissions were included in the
model simulations along with the hydrogen sulfide emissions, only increased yields were
predicted. The results of the sugar beet simulations were then used to estimate the
effects on other crops by using comparative data on the sensitivities of sugar beets and
other crops to hydrogen sulfide. In this regard; lettuce and alfalfa are 1.6 and 3.4 times

more susceptible to hydrogen sulfide phytotoxicity, and consequently, emission rates
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of approximately 70 and 30 t/d from all power plants would result in potential injury.
However, the compensating influencé of carbon dixoide Would probably mitigate those
“effects. ’ o
In - conclusion, emissions of both - hydrogen . sulfide and = carbon dioxide from
- -geothermal facilities in the reference industry will not result in negative effects on crops
-and native vegetation. Indeed, growth enhancement is more likely than retardation. Even
_smaller effects (no significant enhancement) will occur if hydrogen sulfide is abated. -

- ACCIDENTAL SPILLS

Geothermal ‘power plants must rely on large quantities of geothermal fluids to
produce electric1ty. A -100- MW facility, for example, would process between 3.5 x lO3
10 1.85 x 10* m /h of ﬂu1ds, based on requirements of 35 m /MW » h (275°C resource
 temperature) and 185 m /MW * h (150°C resource temperature) A potential danger
~during the extraction, transportation, processing, and disposal of geothermal fluids is the
inadvertent release of those hot fluids to adjacent lands. Such a spill would damage
vegetation on the affected lands and contaminate soils.. To assess the risks of accidental
releases, we must determine how much land area would be covered by fluids after a spill
occurs and we must also estimate the probability of events that result in spills.

The surface area affected by spills per MW e * Y of energy production is calculated.

from
FeTeoS, 0 = |
,Ar,= D ’ ‘ L : (“)
where RETT . o
B Arz area affected by a spxll inm /MW * Yy
F = flowrate of geothermal ﬂuxds in m /h, o
T = duratxon of spill in h, '
D = depth of spill in m, and ‘
SP = probability of a release per unit of energy production in fraction/MW e ° Y

- The critical parameter in this analysis is the probability of a release per unit of
energy production SP.» It is quite difficult to accurately quantify the probability of a spill
~ event without data on the frequency of spills at actual geothermal power plants.
Nevertheless, release probabilities can be estimated with failure-rate data on individual
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components (e.g., valves, pumps, piping, etc.) in a power plant. Sung et al. have used such
data to estimate the probabilities of two types of geothermal fluid releases: (1) critical,
which they define as "a single-point rupture that can be controlled only by closing the
. wellhead valves" and (2) major, which they define as "a single-point rupture that is
controllable by valves other than the wellhead valves;“lB-z They estimate a probability of
3,7 x 107 - for a crmcal release during the 40-y design life of a 50-MW ﬂa.shed-steam
facility, or 1.85 x 10~ /MW * y,and 1.8 x 10° -3 for a major release (9. x 10 /MW °y
The reference plant is assumed to have dual pipes carrying fluids from a well field to
central steam separators, and hence half of the total flow from a well field would be
released if a critical failure occurs. Major releases, though, would be considerably
smaller because of the availability of more valves to control the release.

To analyze the amount of land affected by both critical and major releases, we used a
computer code termed MACROI133 to combine the parameter distributions shown in
Table 18. The maximum value of F in a critical release is assumed to be half of the flow
of a 50-MW o Power plant requiring 100 m3/MWe * h of geothermal fluids, our maximum
estimate of flow for a reference geothermal facility. The minimum flow associated with
a critical release was arbitrarily assumed to be a tenth of the maximum flow. The

Table 18. Parameter distributions and values used in the analysis of the consequences of

accidental releases of geothermal fluids.

Distribution values

Parameter Units Distribution Critical release Major release

(minimum/maximum)2 (minimum/maximum )@

F m”~ /h Triangle 250/2500 25/250

T h Triangle 0.166/1 0.166/!1

D m Uniform 0.013/0.152 0.013/0.152
(ug/og) - (ugfog)

s, fraction/MW_*y  Lognormal 1.85 x 10°%/5 9x107/5

a - . . . e
The minimum and maximum values of the triangle and uniform distributions used to

calculate the median values.
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* maximum flow during a major release was set equal to the minimum discharge during a
critical release. The median values cf A, for critical and major releases were calculated
to be 1.6 x 10° 4 and 8.2 x 10 m /MW * y. At the reference level of geothermal
" energy production (i.e., 21,000 MWe for 30 y), 6.3x 105MW ey of electricit)é are
generated. Thus the areas of land affected for the reference industry are 10l m” and
517 mz, for a total of just over 600 mz. At the 99th percentile of the cumulative
distributions for A a total of 5 x 10# m (5 ha) would be affected by both types of spills.

If we assume that 12 ha of land are required for a typical lOO-MW geothermal power
plant, 2.5 x 103 ha of land would be required for facilities makmg up the reference
industry. So in a comparative sense, the potential effect of spills on habitats adjacent to
geothermal facilities is minor compared with the disruption of habitats caused by land
‘requirements of power plants and well fields (additional site-specific impacts on habitats
will of course be caused by roads, transmission line corridors, etc.). ’

Accidental releases of fluids can be contained by earthen berms and sumps. In
addition, pressure-activated sensors can be used to detect inadvertent spills so that
remedial ‘action can be taken. Preventive maintenance of equipment will further reduce
the likelihood of large spills. To improve the probabilisiie analysis of ‘spills, the value of
'S_ needs to be improved. -Sung et 9_1_.13 2 based their estimates of Sp on failure rate data
for equipment in other industries and for power plant designs that may not prove to be
representative. Moreover, the estimate of S_ does not include human errors, and that
deficiency could significantly change the results. Additional data on the frequency of
spills-and causes will have to be collected as the geothermal power industry expands in
order to improve our estimates of the spill risk. Also, studies are needed to examine the
potential for blowouts of geothermal wells. Such events could constitute a more
significant threat to habitats. |

EFFECTS OF BORON EMISSIONS FROM COOLING TOWERS

Phytotoxic effects’ from the deposmon of coohng tower drift have been reported in
native vegetation near all but 2 of the 15 geothermal power units operatmg in 1979 at The

128,134, Chemical analyses of both coohng tower

Geysers area of northern California.
water (the source of drift) and damaged plant tissue (leaves) implicate boron as the
principal causal ag’ent.uu Flashed-steam power plants will also emit boron in the form of

cooling tower di'ift, and consequentiy, phytotoxic effects could also be manifested around
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these facilities. Such effects would be of particular concern in the Imperial Valley where
flashed-steam geothermal power plants will be operated adjacent to crop lands. Any yield
- reduction of commercial (yégetation in this area will translate into an economic as well as
ecological impact. Here we analyze the potential impact on commercial crops from the
. deposition of boron contained in cooling tower drift emitted from a reference 6400-MW

- geothermal industry located in the Imperial Valley.

Phytotoxicity of Boron

Boron is an element that is known to be both essential for plants and

: phytotoxic.l” -138 However, only recently has it been identified as a phytotoxic air
128,134,137 '

polldtant. Formerly, the adverse effects of boron deficiency and toxicity
were documented in only two types of studies. The first examined relationships between
137,139 The other

- addressed the relationship between crop yields and the foliar application .of boron, which

crop yields and boron concentrations in soils and irrigation water.

-is a. popular technique used for -preventing boron deficiency problems caused by

140,141

- insufficient soil boron levels. Collectively, all of these studies show that boron

tends to accumulate in the leaves of plants, and boron toxicity is expressed as a foliar
injury that is characterized by necrosis and yellowing”o'fthe lee1_f.137’139’Vl 42

The difference between the boron concentration that is critical for preventing boron
- deficiency -and the concentration that represents the threshold for boron toxicity is

depicted as the tolerance plateau in Fig. 10. The length of the plateau is presumed to be

! Tolerance b
plateau ! . .
: : Toxicity
" Nonessential i N threshold

100% |- . i
|
\ Critical level :
% for deficiency |
> {
I
I

-~ Lethal
/ toxicity

Dose

-

Figure 10. A generalized dose response curve for essential and nonessential elements

adapted from Berry and Wallace. 143
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species specific. Thus, the threshold for toxicity will differ depending on the plant
species,: if all other factors remain constant. For our analysis we assume that for an
_individual toxic element such as boron, the slope of the line after the threshold has been
surpassed (i.e., the yield decrease per additional unit of an individual toxic element) will
be the same for all commercial crops. . _ .

- The “exact  physiological mechanisms of the plant .that: are affected by boron

deficiency, adequacy, and toxicity are not understood cc:mpletely.13 3 Nevertheless,

several functions for boron in plant cells have been postulatedl%:

It participates in the activity of enzyme systems.

It is involved in the translocation of sugars. =

It is a micronutrient that is essential for cellular - differentiation and
"development, . - , '

It is utilized in the fertilization process. ,

It is needed for the metabolism of nitrogen, carbohydrates, hormones, fats, and
phosphorus, ‘as well as for active  salt absorption, water movement, and
photosynthesis. _

e Intercellular boron concentrations interact in an inverse relationship with

extracellular calcium concentrations.

- There is experimental evidence that indicates that an inverse relationship may exist
between boron and the chlorophyll content (a pigment essential for the utilization of light
energy during photosynthesis) in a leaf where the disappearance of chlorophyll as a resuit
‘of excess boron in the leaf could be the result»offharmful effects from chains of reactions
initiated by boron acting at several different sites.ws This reduction in chlorophyll would
‘reduce photosynthetic activity in the leaves consid»erably,‘ which eventually would cause
- plant mortality and ,corresponding;yield reductions. Data in more recent reports, which
address the redistribution of boron. in .plants' after foliar application, reveal that the

~greatest proportion 6f the boron absorbed through the leaf remains in the leaf,“m’“‘L6 In
the leaf, boron is probably present as borate polysaccharide-complexes, which are believed
to be responsible for preventing any substantial translocation of the element from the

' Deposition of Cooling Tower Drift Containing Boron-

The boron contained in the drift resides in the geothermal fluids.: During the
flashing process it is partitioned between the steam and the residual fluid. After the
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.'steam is condensed; the boron that is present enters the cooling tower where some of it
* as .
- escapes as drift. 'The boron fraction in the steam is described by its partitioning

147,148 involving the partitioning of boron between

coefficient,  Our analysis of data
steam and residual geothermal wastewaters indicates that the average partitioning
coefficient is approximately 0.03 with a GSE of l.12. 'The weighted mean boron
- concentration for geothermal fluids in the Imperial Valley is about 240 mg/%, based on
concentration data of Pimentel et g{.% and on the geothermal resource potentials of
individual resource areas in the Valley. Consequently, by multiplying the partitioning
coefficient by the proportion of boron in the geothermal fluid and then multiplying that
figure by the number of cycles of evaporative concentration, we obtain an estimate of the
boron concentration in the circulating water of the cooling tower.

: Qur .analysis of the effects on commercial crops resulting from the deposition of
boron contained in cooling tower drift emitted from a single lOO-MWe flashed-steam
facility is based on a cooling tower operating under state-of-the-art conditions of drift
elimination and only five cycles of evaporative concentration. The salt concentration of
the cooling water was considered to be 4000 ,mg/l,** and the droplet size distribution of
the drift corresponds to that measured by Laulainen et a_l.lj 0

‘The rate of drift deposition for boron was estimated using the driit model developed

84

for the Electric Power Research Institute by Dunn et al.”" The rate was calculated for

sequential concentric areas of 100-m width from the cooling tower. The first area of
1 00-m radius (3.1 x 104 mz) is considered to be an exclusion zone and will not contain
commercial crops. Therefore, the distance from 100 to 200 m, a concentric area of
9.4 x IO“ mz, is the first area considered. The depos_ition rates of boron (D) onto the
concentric areas for a distance from 100 to 1000 m from the cooling tower are used in our
assessment model and presented in Table 19.

The vegetation exposed to drift deposited around the cooling tower consists of the
nine crops composing 90% of the planted acreage in the Imperial Valley. These crops, the
percentage of land around the cooling tower that we have determined they could occupy,
~as well as the estimated yield of each crop in the absence of geothermal energy

produétion are listed in Table 20.

* For the purposes of our assessment of crop effects we assume that boron is removed
from a tower via drift or wastewater discharges. Volatile forms of boron are neglected.
** We assumed a salt concentration of 4000 mg/f% because the concentration of total

dissolved solids in waste waters from cooling towers is limited to this value.“‘9
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Table 19. Boron deposition. onto 100-m wide successive concentric areas around the
cooling tower of a lOO-MW geothermal power plant. Figures are based on
state-of-the-art cooling tower dnft ellmlnatlon (0.002% drift rate) and f1ve cycles of

evaporative concentratlon.

Distance from -Concentric Boron deposition rate

'coohng tower (m) S - - area (m?) - : (I.g/m2 . h)
100 to 200 9.4 x 10* 64

200 to 300 1.6 x 10° 6.2
300 to 400 2.2x10° 1.7
400 to 500 2.8x10° 1.2
500 to 600 | 3.5x 10° ' 0.90
600 to 700 _ 41 x 10° 056
700 to 800 4.7 x 10° 0.4k
800 to 900 5.3x10° » 0.38
900 to 1000 Cee 6.0x 105 - 0.15

Assessment- Model for Crop Effects

The principal concern regarding deposition of boron contained in drift is a yield
reduction in adjacent commercial crops or native plant species. Qur assessment focuses
on predicting the potential yield reduction in commercial crops that could accompany
operation of individual. lOO-MWe facilities in the Imperial Valley of southern California.
The Imperial ‘Valley contains nearly one third of ‘the resource base of the reference
- geothermal energy mdustry, and it also is one of the more intensively cultivated areas in
the U.S. - _ . FERNEFERTENE , : ,

Our quantitative assessment of vegetation damage employs a crop dose model and
probit analysis. The dose model is used to estimate the concentration of boron in the
leaves of crops as a result of both foliar and root uptake of boron. Probit analysis is used
to predlct any corresponding yield reduction in the individual crops when the
concentration of boron in the leaf exceeds the toxicity threshold.
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' Table 20. Percentages of land area and economic yields for nine commercial crops grown

in the Imperial Valley.

Commercial
cropa Percent of land areab Economic yield at harvest®
(kg/m?2)
Alfalfa 30 L8
Wheat 16 ' 0.59
Sudan grass 13 1.1
Sugar beets 13 5.6
Cotton ' 12 0.11
Lettuce 9 3.2
Sorghum 3 6.7
Cantaloupe 1 1.4
1 0.22d

Rye grass

@ From data on planted acreage. >
Values have been adjusted to account for crop season and periods of fallow land, and

therefore their sum does not equal 100%.

€ Based on yields of ton/acre reported for Imperial County agriculture.

An estimate based on the dollars per ton, total value of the entire crop, and estimated
151-157

152-157

acreage planted.

Crop Dose Model. The quantity of boron that enters a commercial crop is basically a

function of the amount of drift intercepted and absorbed by leaves and the amount of

boron taken up by roots. The model we used to calculate the concentration of boron in
leaves is adapted from Hoffman et _a_l.85 (see Appendix D) and has the following

" mathematical form:

Cy =DII+R], (12)
where
CB = the concentration of boron in plant leaves, pg/g leaf dry weight;
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the deposition rate of the boron, 1g/(m z, h);

D =

1 = coefficient of foliar interception and absorption, (m? « h)/g leaf dry weight;
and

R = coefficient of root uptake, (m2 * h)/g leaf dry weight.

Incorporated into the variables, I and R are the time period that the crop is exposed to
drift and the propoition of boron that actually enters the crop by absorption through the
leaf or by root uptake from the soil.

The period that a commercial crop is exposed to the deposition of cooling tower
drift (t c) can be expressed mathematically as the time between the point when half of the
ground is covered by the crop's foliage (t 1/2fc ) to that when harvesting takes place (th)
This time frame is geometrically equivalent to the area under the curve in Fig. 11 from
the time of emergence (te) to the time of harvest. The time of exposure is then
incorporated into a formula that accounts for the weathering of material from the surface
of vegetation. For root uptake, the period corresponds to the lifetime of the geothermal
power plant (tb) because soil accumulation will be greatest in the final year of operation
and therefore the growing season in the final year will be the one most significantly
affected. This time period is incorporated into a formula  which accounts for the
migration of the substance out of the root zone (see Appendix D). 7

The proportion of boron absorbed into the leaves of commercial crops .\',vas
considered to be the same as that measured directly for radishes (i.e., 74%).“"6 Although
this value has a great deal of uncertainty associated with it for croﬁs other than radishes,
the ratio of absorption to deposition of boron has been measured directly only in ‘this
instance and for our purposes wé assume that thi.s value 1s the most representative. The
concentration of boron in the leaves of crops as a result of root uptake was calculated for
each crop. The ratio of dry matter appearing as biological yield to leaf dry weight was
also calculated for each crop from the reported economic yield based on information in

the hterature.l”’ls 8 This relationship is important because boron accumulates in the

~ leaves and toxicity thresholds are reported in terms of 1g of boron per g of leaf dry weight.

Probit: Analy51s.l As previously mentloned, we presume ‘that all species of vegetatlon will

' exhlbxt the same dose-response relanonshlp once the ‘toxicity threshold for an individual

toxic agent has been exceeded. Toxlcxty thresholds for boron accumulation in the leaves

~ of the mne commercnal crops of 1nterest are presented in ‘l‘able 21. " The dose—response

6l




Ratio of ground cover to land area

t, Yy 2fe te th
Time

Figure 11. Relationship between the exposure of vegetation to drift and time of
‘exposure. The time of exposure is mathematically expressed as -t [2ic or the area of
the rectangle ty /2f o A, C, t B which is geometrncally equxvalent to the area under the

curve te’ B, C, t , where t equals time of plant emergence, tl J2fc equals time of

h
one-half full cover, t fc equals ‘time of full cover,-and th equals time of harvest.

62




‘Table 21. Toxicity thresholds based on the leaf boron concentration (ug/g leaf dry wt) for
commercial crops historically planted-in the Imperial Valley-of:southern California.?

. Geometric
‘ standard
Commerc1al crop Rangeb Geometric mean deviation
Alfalfa 516 to 996 - 720 1.28
Wheat (barley)® = 288 to 1462 650 1.87
- Sudan grass (sorghum)d © 625 to 2009 1100 . - 1.59
Sugar beets 495 to 1008 710 1.31
- Cotton - CouiiLo e 522t 1625 920. - - 1.55
Lettuce 70 to 817 - 240 : 2.57
Sorghum = . 625 to 2009 - 1100 1.59
‘Cantaloupe (muskmelon)® - 923 to 3875 1900 . - 1.73
: Rye grass (perenmal) Lo i 9suof 9500 1.698

From Bradford. 1 60

" Range derived from l'ia’ton.l?9

Barley used as surrogate for wheat based on WllCOX and Durum. lel

Sorghum used as surrogate for sudan gras‘s‘.
~ Cantaloupe is a type of muskmelon.

. Range not avallable, but specdxc value 1nd1cated by Oerth et al
, g Average of all geometric. standard devnatnon values for the other enght crops.

162

o-«‘mo.n'a-w

relatxonshlp between percentage yxeld and concentratnon of toxic agent, once the toxncny
threshold 1s exceeded, can be descrtbed w1th problt analysxs.l59_ As dlscussed by ,aney,

Probit analysns is a techmque for assessmg the dose-response
relationship between toxic agents and biological systems, which' respond :
in a quantal (i.e., all-or-nothing) fashion. The methodology consists of
transforming the units of the data, concentration of toxic agent and

" corresponding percentages or proportions of organisms killed, into
natural .- logarithms and probits,* respectively, and plotting the
transformed values on lmear scales so that a stralght lme relatlonshxp

can be obtained 159 -

* A statistical unit of measurement of probability that is calculated on the basis of

deviations from the mean of a normal frequency distribution.
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We insert the absolute value for the slope of the linear relationship between probits and

natural logarithms of boron concentrations into the following mathematical expression:

P(U%) = P(100%) + S[In(Cy), - ln(CB)m]ﬂ, " | (13)

1

where

P(U%) the unknown probit value, which can be transformed back to units of

percentage yield;

transformed probit value corresponding to the yield that is
equivalent to the one reported by Eaton139 at ‘the boron toxicity
threshold; ‘

the natural logarithm of the toxicity threshold value predicted for

P(100%)

In(Gp),

In(C B)m
S = the absolute value of the slope of the line'describing the relationship

individual crops (Table 21);
the natural logarithm of the leaf boron concentration; and

between probit of the percent yield and the natural logarithm of the

leaf boron concentration in crops.

By transforming the unknown probit value P(U%) back into the units of the data (i.e.,
percentage yield) and substracting from 100%, we determine the percentage crop loss for
each of the nine Imperial Valley commercial crops.

We determined the slope of the line, which describes the relationship between
probits of percent yield and the natural logarithms of boron concentrations in the leaves
of crops grown in the Imperial Valley, using the following methodology. First, we
transformed the most comprehensive dose-response data available for boron toxicity in
both entire plants and in the leaves of plan'tsl:)'9 into probits and corresponding natural
logarithms of the concentration of boron. Then we performed regression analyses on each
resulting slope, which revealed rz values that commonly exceeded 0.8, indicating that the
variance in the probit domain is explained for the most part entirely by the natural
logarithms of the boron concentration. The next step was to determine the distribution of
all of the slope values so that a mean value could be calculated for the slope of the ratio
between probit and the natural log of the boron concentration in plant leaves ln(CB).
Figure 12 contains the lognormal and arithmetic probability plots of the slope values for
both entire plant and leaf accumulation of boron. The lognormal probability plot provides
a superior fit to the slope values. We used the geometric mean value of the slopes as the

one value that best describes the relationship between probit of percent yield and the
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“Figure 12. Lognormal and normal *(linear) probability plots of slopes describing the
relationship ‘between probits of percent yield and the ‘natural log of the boron
concentration in the leaves of nine commercial crops historically planted in the Imperial

Valley.

natural logarithm of boron concentration in the leaves of crops.. Thus, this geometric

- mean value of 2.2 becomes the S term in the formula for calculating P(U%).. -

" Estimated: Crop Losses -

We employed the dose model and probit analysis to estimate the total crop loss over

30 y for two different scenarios of electric power production:

e a reference lOO-MWe geothermal power plant operating in the Imperial Valley

and :
e areference 6#00-1\/1\?/e geothermal industry operating in the Imperial Valley.
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We {further assumed that the cooling towers operate with state-of-the-art drift
elimination (0.002% drift rate) and five cycles of evaporative concentration. Under these
conditions, no crop loss is predicted for either a reference lOO-MWe power plant or for a
reference 6400-—MWe geothermal industry. |
The uncertainties in our results are related to the amount of variability associated
with each number used in our calculations. For example, the amount of interception of
material by foliage has only been measured for pasture crops under certain conditions.
Another uncertainty involves the time from emergence to harvest, which will vary as a
function of climate, soil conditions, and irrigation. The quantity of boron absorbed into a
leaf after being deposited by drift has been measured only recently and only for radishes,
and this value may vary for other crops considerably. Furthermore, the ratio of grams of
economic yield to grams of leaf dry weight was determined using limited data. Most
importantly, the threshold for boron toxicity needs to be evaluated further, because
current levels are predicted from extremely limited data in the li'cerature.l 39 Moreover,
if commercial crops do not respbnd the same way (i.e., slopes are not equal) or in a
quantal fashion to levels of boron above the toxicity threshold, then a certain level of
variability is introduced into the application of probit analysis. Thus, the absence of crop
loss predicted from our multiplicative model and probit analysis may be influenced by the
'variability in the value of these input parameters.
To illustrate the sensitivity of our dose model and probit analysis for predicting crop

loss from boron contained in cooling tower drift, we make the assumption that the
threshold values are at the 10th and 90th cumulative percentile of a lognormal
distribution. At the 90th cumulative percentile threshold value there are no significant
crop losses. There are however, two additional facts that must be considered when
-interpreting the magnitude of any of our results. First, we used annual, sector-averaged
values for drift deposition rates. Therefore, drift deposition is considered to be uniformly
distributed around the cooling tower, even though sectors along the path of prevailing
winds will be receiving the greatest amount of deposition. Consequently, crop losses may
“be conspicuous in some of the sectors, especially if cooling towers are not operating at
opﬁmal efficiency. However, even if cooling towers are operating at a drift rate of
0.01% and five cycles of evaporative concentration, we estimate an upper bound crop
yield reduction of only 0.05 metric tonne, and this would be for lettuce only (the most
sensitive crop of the nine considered). Second, boron concentrations in the condensed

steam may increase with time. This phenomenon has occurred at The Geysers in northern
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Califomia,l 34 and may be due to the practice of injecting residual condensate containing

an elevated boron concentration back into the geothg.r_jmal reservoir. While this
: phenomenon is currently showing signs of stabilization at The ‘Geysers, the concentration
~ in the drift from most cooling towers more than tripled in less than 10 years.uu

To further assess the sensitivity of the probit analysis, we doubled the slope value
(from 2.20 to &.40) and reduced the threshold levels for phytotoxic effects for each crop
to minimum levels, but used the drift deposition 'ffgures corresponding to five cycles of
~.concentration and a 0.002% drift rate. The result of the above analysis was that none of
the crops of interest manifested a s;igniﬁca'nt reduction ‘in' productivity. Lettuce is
-~ effected very minimally (0.0002% reduction over a distance of 100 to 200 m from the

- cooling tower).
-*SALINE DRIFT EMISSIONS FROM COOLING TOWERS

Future binary-fluid power plants located in the Imperial Valley will have to rely on
external sources of cooling water, because unlike flashed-steam power plants, they do not
generate steam condensate. However, some flashed-steam facilities may also have to use
external cooling- water supplies. due to local policies requiring that all extracted
geothermal fluid be injected in order to minimize land subsidence. In any event, the
primary source of cooling water is agricultural waste water containing about
- 4000 mg/f TDS. . When concentrated five times by cooling tower evaporation, drift
emitted from towers contains 20,000 mg/% salt. Deposition of the salts onto agricultural
‘lands could add to the salt stresses that already affect crop yields in the Valley.
" Accordingly, in this analysis we study the potential effects on crops of depositing
additional salt on soils in the vicinity of cooling towers.

Irrigation water in the Imperial Valley contains about 1000 mg/% TDS. A normal
. "application of 1.6 m-of water onto irrigated lands produces:a salt loading of 1.6 kg/m .
Because of the high evapotranspiration rate in the Valley, the salts become concentrated
in soil waters, exerting a toxic effect on many of the crops. To combat this problem,
most of the fields have subsurface drainage systems to remove excess salts that are
leached through the soil column by extra water applications. Approximately 2.6 x 10
metric tonne of salt are added to agricultural lands each year and drainage systems
remove-essentia_lly,the same amount. However, some soils do not drain easily, with the

‘result that salts are ineffectively leached and crop stresses occur.
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A cooling tower operating with a 100- MW geothermal facility will emit 126 metric
“‘tonnes/y of salt assuming a drift rate of 0.002% of a circulating flow of 3.6 x 107 kg/h of
-water. Only about half that emitted will fall on agricultural lands. Some salt will fall on
the plants and another significant portion will be dispersed-away from cultivated lands as
.dry particles. So, for 6400 MWe' of development in the Valley we estimate. that 4 x lO3
metric tonnes of salt will actually fall on agricultural lands each year. This represents a
0.15% increase in salt loading.. To bound that estimate, drift rates of 0.01 and 0.001%
-would result in 0.75 and 0.075% increases. Lands immediately adjacent to towers
(100 to 200 m) could receive up to 0.38 kg/m2 of salt annually (0.002% drift rate),
- -representing a 24% increase.. An upper bound estimate of salt deposition at a 0.01% drift
rate is 1.9 kg/m3 . That deposition value, although unlikely, would probably result in some
" crop losses. The deposition value for our best estimate would not necessarily result in
significant yield reductions because additional leaching could -be used to offset any salt
“increases. Alternatively, fewer cycles of evaporative concentration could be used to
‘reduce salt emissions at the expense, however, of increased-discharges of saline waste
" 'water that would have to be disposed of--probably by subsurface injection.
To reduce the amount of uncertainty in our quantification of ecosystem effects
from the boron and salt contained in cooling tower drift, we recommend the following

" ‘research efforts.

e - For specific commercial crops and native vegetation, measurements need to be
made to determine the ratio of boron concentration in the leaves to the amount
of boron both on the leaves and in the soil. ,

e Further experiments such as those conducted by l‘Ea'conl.39 are required for
better estimates of boron toxicity thresholds for both commercial crops and
native vegetation.

e A dose-response model needs to be developed for the effects of boron and salt

on native vegetation.

NONPOLLUTANT EFFECTS

The two primary nonpollutant effects that are associated with geothermal power
production are land subsidence and induced seismicity. The magnitude of these effects is
highly site-specific. For example, the amount of land subsidence caused by geothermal
operations is a function of the pressure changes that occur in aquifers as hot fluids are
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. extracted; the compaction of the aquifer material in response to .the pressure changes;
and ultimately, the propagation  of the subsurface compaction through overburden
- material (e.g., caprock, alluvial‘m;téfial, etc.) to the surfﬁée;' The fraction of subsurface
‘compaction that is manifested at the surface in the form of land settlement is affected by
site-specific characteristics such as the depth of the reservoir, the radial extent of the
reservoir, and the thickness of the compressible beds. Pressure changes are directly
related to the fluid extraction rates as well as the geohydrologic properties of the aquifer
or aquifers making up the reservoir. Increased seismic activity is another possible
-consequence of extracting and"injecting the large volumes of hot water necessary to
sustain a geothermal facility. Enhanced seismic activity at The Geysers geothermal
resource area has been linked to changes in the temperatures and pressures within the
reservoir resulting from steam extraction.163 Injection of residual geothermal fluids
along a stressed fault zone could also induce seismic events.164 Again, such seismic
activity would depend on the uniqhe features of individual reservoirs.. The appropriate
level of analysis, given the site-specific nature of subsidence and seismicity, is to bound
both effects based on what is known about the general characteristics of geothermal

reservoirs and the mechanisms by which both effects are caused. -
BOUNDING ANALYSIS FOR LAND SUBSIDENCE

The .total downward .stress. on an arbitrary point within -a porous rock is

counterbalanced by fluid pressure and the rock matrix.  In-mathematical terms,

Tg=Eg+P, - N R (X))
‘where

TS = total stress,

ES = effective stress, and

P = fluid pressure.

‘Effective stress ES is that portion of total stress Tg that is not carried by the fluid
pressure P. When .TS (i.e., the weight of a column of rock and water above.the reference

point) is constant, AE_ = -AP. The extraction of hot water from a geothermal reservoir

S
will reduce the P contained in the pore spaces.and fractures of the rock, causing a
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. corresponding increase in the Ec. An increase in the Eg within the skeletal matrix of a
“reservoir rock will result in the volumetric compression of the rock. The compression is
- either recoverable (i.e., elastic) or unrecoverable (i.e., inelastic). Of primary interest in
" predicting land subsidence is the inelastic response of the matrix of the reservoir rock to
changes in Eg and the subsequent response of the overburden to that deformation. The |

following analysis of those processes relies in part on field-based computational

- techniques proposed by Helm 65 .

- One measure of the inelastic response of reservoir rock to changes in Eg is the

coefficient of volume compressibility - m . This coefficient is defined -as

v
‘m = (-AV/V)/ AE , - : (15)
where
m v coefficient of volume compressibility, m_2/N;
AV = change in rock or soil volume, m 3;
V = total volume of compressible material, m3; and

AES = change in effective stress, N/m 2.

The compaction of compressible reservoir rock for changes in P is calculated as the
product of the thickness of the beds b and m, and AP. For vertical settling of the land
surface to occur above a compacting reservoir, the subsurface compaction must propagate
through overburden to the surface. Helm has defined a variable, the coning factor E,
which is the ratio of vertical land subsidence to reservoir compaction directly above the
center of a disk-shaped reservoir that exhibits a uniform drop in p.165 It is a function of
reservoir depth, the radius of the cylindrical reservoir, and the thickness of the
compressible beds. Land subsidence caused by reductions in P in a geothermal reservoir

can then be calculated as

SL=E-b'mv°AP, (l6)
where
SL = ultimate amount of vertical land settling (m),
E = coning factor (fraction),
b = thickness of compressing beds (m),
m. = coefficient of volume compressibility (m 2/N), and

v
AP = change in reservoir fluid pressure (N/m 2).
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~To study the’potential magnitudes of ‘land subsidence, we ‘calculated the values of
the ultimate amount of vertical land settling S for each of the 51 ‘geothermal resource
areas and then computed a welghtedaverage value Siw as the sum of the products of the
site-specific estimates of S and the ratios of the energy potentials of the individual
resource area to the total energy potential for the reference mdustry. Background data
on the geometries and lithologies of the geothermal reservmrs (1.e., depths, bed
thicknesses, and areas) were obtained from Marmer et al. 72 and are presented in
Appendix A. The m, foreach reservoir depends heavily on the types of rock present.
More specifically, porous sedimentary rocks composed of clays, shales, sandstones, etc.
will not compact the same as metamorphic or igneous rocks. Generally, sedimentary
rocks are more compressible than solid rocks with fracture-controlled permeabilities. We
explored the sensitivity of SL to m, by using values of m, that are applicable to the two
types of rocks. ,
~ Approximately 30% of the energy potential of the reference industry is derived from
reservoirs composed of sedimentary rocks. The compressibility of these rocks can be
determined in the laboratory by subjecting a sample to a uniform stress and measuring the
change in volume. This method, though, does not necessarily duplicate the inelastic
response of rock to in situ stresses. An alternative approach is to derive values of m,
from field data relatlng decreases in porosny to increases in depth. Porosities of
sedlmentary rocks decrease with depth in response to the increases in. ES that correspond
to the wexght of overlymg sedlments. The compression of the porous rock with depth
represents long-term, steady-state responses to depth-dependent stresses, and as such,
“"v'alkuesof m computed from'snch poros.ityisstgess relatipnships should be considered upper
“bound estimates of rock compressibility. Helm developed two expressions relating
rock cdrnpressibility with changes in rock porosity with depth165: ‘one is based on an
exponential relationship of porosity and depth and the second uses a logarithmic
relationship. We used depth-dependent relatxonshlps to calculate m, for sedimentary
* reservoirs. The reservoirs representmg the remalmng 60% of the reference industry are
‘composed primarily of igneous rocks (e.g., basalts, volcanics, etc.) ‘and metamorphic
" rocks, both intermixed on occassion by  sedimentary rock units. We used ranges of
compresmbllxty to reflect the vaned lithologies of those reservous. Table 22 shows the
" values of fand sub51dence per ‘100 m drop in hydrostatic ‘head (equ1valent to
9.8 x 10° N/mA. S T '
For case 1 the \(alue'ef S yy ranges from 0.16 to 0.48 m, based on whether the rock

compresses horizontally and vertically (i.e., isotropic response) or just vertically. Vertical
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Table 22, Weighted-average values of ultimate land subsidence for: various values of m,,
with AP equal 10 9.8 x-10° N/m?.

Ultimate land subsidence (m) - Compressibility values (m 2/N)
Case | Isotropic volume Vertical volume  Sedimentary  Igneous/metamorphic
v 7 number compression conipression reservoirsd® ‘reservoirs
1 0.16 o4 . 2x107 1x 10711
2 [XTEE 134 2x 107 1x10”
3 0.32 0.96 5x107 1 x 107}
b 0.6 .81 5x 107 1x10”

a The average compressibilities for cases | and 2 are calculated from an exponential
~ . relationship between m  and depth. The average compressibilities for cases 3 and 4 are

calculated from a logarithmic relationship of m, with depth.

..compression is three times greater than isotropic compression. As expected, the greatest
. values of vertical land settling occur at sedimentary reservoirs, and under case | reach a

maximum of 4.4 m per 100 m decline in hydrostratic head at one reservoir. By increasing
‘the value of m v for the igneous/metamorphic reservoirs to | x 10-9 m2/N, the individual
. values of SL for the various reservoirs become comparable to those of the se_dimentary

. reservoirs and the SLW

. interesting to note that the logarithmic relationship for m,, and depth gives values of m,,
~ that are a factor of 2.5 greater than the exponential relationship, which means that

reaches 1.34 m. Similar results are found in cases 3 and 4. It is

_ subsurface compaction would be correspondingly higher at the depths of interest.

The actual effects of land subsidence related to geothermal operations will vary
according to the amount of subsidence that occurs and the sensitivity of surface land uses
to changes in elevation. Geothermal sites are mainly in rural areas where land settling
would not be a problem. Moreover, there are mitigation measures that can alleviate
subsidence effects.167 The calculations prepared here lead to upper-bound estimates, and
they do not reflect such things as time lags of compaction and related subsidencé or the

drainage and compression of overburden. What the . calculations do show
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- Richter scale.

is that sedimentary reservoirs are capable of exhibiting subsidence in response to
long-term pressure declines. To reduce the uncertainties associated with predictions of
land subsidence, more data are .needed on the actual in _situ responses of reservoir
material and overburden to :chang'es' in Egat reservoirs with different geometries and
geohydrological characteristics. - Such data would be. of great use in developing and

- verifying models.

INDUCED SEISMICITY

- Bufe et "g{.,l 63 in a review of the seismicity at The Geysers geothermal resource,
have noted that earthquakes there have occurred more frequently over time. They link
that increase to pressure and temperature changes that occur in the reservoir as a result

-.of steam extraction and condensate injection. ' The enhanced seismicity is spatially

correlated with geothermal well fields in the resource area. Moreover, the earthquakes
related to the geothermal operations occur constantly (compared with the episodic nature

-of natural seismic events in the region), but at levels under a-magnitude of &4 on the

163

Another possible mechanism for inducing earthquakes is the injection of fluids into
fault zones. This has been demonstrated by Raleigh et g_l.l“,in an injection experiment

in Rangely, Colorado, where earthquakes were induced by increasing fluid pressures within

- a fault zone, which lowered the frictional resistance along fault surfaces. Injection of

residual fluids at geothermal resource areas could also pose a risk of enhanced seismicity.
“The magnitude of the seismic risks of geothermal operations, needless to say, is

“highly site-specific.  Previous experience with geothermal operations in the U.S. and

elsewhere suggests that the enhanced seismicity.'is not necessarily harmful since the

Richter magnitude of the induced events has not been: high:enough to cause damage.

"Moreover, the. considerable experience associated with injection of waste brines at oil

fields has not shown a signiﬁ'cantvris‘k of destructive earthquakes,lsq This should not

imply - that. induced seismicity is inconsequential. Geophysical  techniques should be

developed to screen resource areas with respect to their seismic potential. In this regard,

-the work of Raleigh et g_l_.LGa could prove helpful.. For the long-term,.the development of

predictive tools to assess seismic problems is also needed.
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. CONCLUSIONS-

The analyses in this HEED provide some valuable insights into the manageability of
‘health and environmental risks of geothermal power production, the relative importance
" of different effects, and the need for future research to reduce-the uncertainties of the
risk analyses. In our analysis of hydrogen sulfide, for example, we showed that emissions
of that gas from geothermal facilities would probably have to be kept below 1 g/s to avoid
the occurrence of unwanted odors in the vicinity of power plants. We further estimated
that nearly 60% of the resource areas would have at least one power plant with emissions
greater than | g/s, assuming that no controls are implemented and that geothermal fluids
contain 0.7 mg/kg of hydrogen sulfide. The use of hydrogen sulfide abatement equipment
* to minimize potential odor problems has a second-order benefit--the reduction of health
risks from exposure to particulate sulfate, the oxidation by-product of hydrogen sulfide in
“the atmosphere. The chemical treatment of noncondensing gases to remove hydrogen
sulfide may also lower emissions of mercury, benzene, and radon. However, the degree of
~ control in that particular situation is not known at this time. Interestingly enough, efforts
to abate hydrogen sulfide have led to a secondary health problem, occupational exposure
to toxic substances used in the control systems (e.g., sodium hydroxide).. Thus, the
mahagement of one health risk can actually lead to another unless precautions are taken.

The public health risks of geothermal development could be greatly reduced by
implementing binary-fluid power plants, which are not expected to release noncondensing
gases so long as geothermal fluids are under pressure. Again, the occupational risks of the
- newer, binary-fluid technologies could be greater than flashed-steam systems--this should
be the subject of future research. One drawback of the binary-fluid plants is their need
for external sources of cooling water. In the arid West, the siting of those facilities may
-be a real problem and consequently their use may be severly restricted.

We used occupational data from similar industries to calculate the occupational risks,
and unfortunately there is no way of knowing the direction of bias caused by using the
surrogate data until more data become available on operating geothermal facilities.
Furthérmore, until more is known about the sources of occupational illnesses and deaths,
it is not possible to determine how effective industrial hygiene practices will be in

reducing risks.
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During our analyses of the health and environmental risks of producing geothermal
- energy, several avenues of future research became apparent that should help to reduce

uncertainties in our risk estlmates.

o In general, more data are needed on the chemistry of geothermal fluids. A
* program -of sampling and analyses of fluids from more geothermal resources
“would be a cost-effective way of reducing one source of uncertainty in our

analyses. This is especially true for benzene, an organic gas that has only
recently been discovered in noncondensing gases. Additional data on hydrogen

sulfide and mercury would also be helpful.

° Improved models for calculating the population exposures resulting from the
long-range transport of noncondensing gases are needed. For example, none of
the existing models we reviewed could simulate the chemical conversion of

hydrogen sulfide to sulfate.

. A major source of uncertainty involves the dose-response relationships of the
substances we have assessed. It is clear that more laboratory and
epidemiological studies are needed to increase our understanding of the
toxicology of the different gases. Additional information would be particularly
helpful on the dose-response function for sulfate aerosols. Our analysis of the
health risk of mercury would be improved if we knew more about the clearance
rate of mercury from the brain. More research is needed on the homeostatic

function of arsenic.
® Data should be collected on the frequency of occupational illnesses associated

with the geothermal industry. These data would be instrumental in developing

industrial hygiene programs to manage potential risks.
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APPENDIX A
BACKGROUND DATA ON GEOTHERMAL RESOURCE AREAS

The following table contains geophysical data (e.g., energy potential, fluid
- temperature, reservoir depth and radius) that we used in our analyses of the 5l
geothermal resource areas comprising the reference industry. These data are from

Mariner et a_l.5 Z addition, we have included data on the population densities around
“each of the resource areas.
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Table A-l. Background data on the 51 geothermal resource areas in the western U.S. that comprise the reference
geothermal industry 2223 ‘ '

P

Geothermal Resource Area, Energy Temp, Population Reservoir Reservoir Thick-
State and County potential (deg.C) density depth " * - area ness
MWe ¢ 30 y (people/mil)  (km) - (km?)  (km) ' Rock types
© ¢ ALASKA~ . ‘ . ,
Hot Springs Cove, Aleutian Is. 27 164 0.5 1.7 2 1.7 Andesite, argillite keratophyre, diabase
Geyser Bight, Aleutian Is. 136 208 0.5 1.5 6.3 1.7 Andesite
Bailey Bay, Ketchikan 26 162 |8 1.5 2 1.7 Granite
ARIZONA
Power Ranches, Pinal 23 165 17 2 . 3.3 0.8 Alluvium over andesite or granite
CALIFORNIA " : ' , s :
Surprise Valley, Modoc 1490 152 2 1.5 128.3 1.7 '‘Alluvium over rhyolite
Morgan Springs, Lassen 116 217 5 1.5 "5 1.7 Dacite, andesite
Sulphur Bank, Colousa 75 194 11 1.5 4 1.7 Basalt flows over Franciscan rks
Clear Lake, Lake - . 900 190 29 1.5 50 1.7 Rhyolite, dacite, basalt
Long Valley, Mono ' 2100 227 3 1.5 81.7 1.7 Rhyolite tuffs, flows, domes
Coso, Inyo 650 220 2 0.5 27.3 1.7 Rhyol. & basalt over granitic & metamorphic rks
Randsburg, ‘San Bernardino 84 172 44 1 5.7 1,7 Andesite overlying quartz ‘
Salton Sea, Imperial 3400 260 22 0.5 60.3 1.9 Deltaic sediments
Westmorland, Imperial 1710 217 22 14 80 1.5 Deltaic sediments
Brawley, Imperial : : 640 253 22 1.9 25.7 1.3 Sandy deltaic sediments
East Mesa, “Imperial 360 182 22 1.8 32 1.1 Sandy deltaic sediments
Border, Imperial 31 160 22 1.8 3.5 1.1 ‘Sandy deltaic sediments
Heber, Imperial 650 182 122 1.5 41,7 1.7 Sandy deltaic sediments
: COLORADO , . L . :
Paradise Hot Spring, Dolores 24 154 2 1.5 2 1.7 Sandstone, shales, siltstone
HAWAII SR ; o o
Kamaili, Hawaii =~ . Lo 210 S 213 20 1 7.3 1.3 Basalt
Kapoho, Hawaii ® - * S | - 275 . 20 .. 2.2 2 0.9 Basalt
' IDAHO ~ - : ; ,
Crane Creek, Washington 340 171 6 1.5 23.3 1.7 Basalt & fluvial deposits
Big Creek, Lemhi .. " - ; 26 162 2 1.5 2 1,7 Granite
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Table A-

(contmued)

Geothermal Resource Area, Energy Temp. Population Reservoir Reservoir Thick~
State and County potential (deg.C) density depth area ness
Miee 30 y (people/mil) (km) (km?) (km) Rock types

NEVADA
Baltazor, Humboldt 46 158 1 1.5 3.7 1.7 Alluvium, volcanics, granodiorite
Pinto, Humboldt 90 173 1 1.5 6 1.7 Granodiorite
Great Boiling, Washoe 32 178 31 1.5 2 1.7 Alluvium, lake sediments, granodiorite
San Emedio, Washoe 28 166 31 1.5 2 1.7 Alluv, over basalt, andesite, tuffaceous sed.
Steamboat, Washoe 350 200 31 0.3 11,7 2,5 Volcanics,: granite. metamorphics
Lee Hot Spring, Churchill 28 166 3 1.5 2 1.7 Volcanics -
Soda Lake, Churchill 146 157 3 1 11.3 1.7 Lake deposits, basaltic tuff
Stillwater, Churchill 450 159 3 1 35.3 1.7 Alluvium & basalt
Fernley, Churchill 33 182 3 1.5 2 1.7 Alluv, over basalt, andesite, tuffaceous sed,
Brady, Churchill 157 155 3 1 13 1.7 Basalt/alluvium :
Desert Peak, Churchill 750 221 3 1.5 30 1.7 Andesite, basalt, tuffs, metavol.
Humboldt, House, Pershing 47 217 0.6 1.5 2 1.7 Playa deposits over carbonates
Kyle Hot Springs, Pershing 97 159 0.6 1.5 7.7 1.7 Alluvium metamorphic rocks
Leach Hot Springs, Pershing 77 162 0.6 1.5 5.8 1.7 Alluvium, sed. rocks, basalt
Beowawe, Eureka 127 229 0.3 1.1 5.3 1.5 Alluvium, basalt, andesite
Hot Sulphur, Elko 27 165 1 1.5 2 1.7 Lacustrine rocks
Sulphur Hot Springs, Elko 74 178 1 1.5 4,7 1.7 Alluvium, granite, metamorphics

NEW MEXICO

Valles Caldera, Sandoval/Rio Ar 2700 273 7 1 75 1.7 Rhyol. flows & tuffs, andes. over(?) sandstones

OREGON
Newberry Caldera, Deschutes 740 230 21 1.5 28.3 1.7 Andesite, basalt
Crump's Hot Spring, Lake 61 167 0.9 1 4,3 1.7 Basalt overlain by alluvium
Mickey Hot Springs, Harney 160 205 0.8 1.5 7.7 1.7 Andesitic tuff-breccia, basalts, andesite
Alvord Hot Spring, Harney 49 181 0.8 1.5 3 1.7 Rhyodacite, basalt & andesite
Hot Lake, Harney 91 191 0.8 1.5 5 1.7 Alluvium & playa deposits, basalts
Trout Creek, Harney 24 154 0.8 1.5 2 1.7 Basalt, andesite, rhyolite
Neal Hot Springs, Malheur 36 188 3 1.5 2 1.7 Basalts
Vale Hot Springs, Malheur 870 157 3 1.5 70 1.7 Lacustrine deposits over basalt & rhyolite

UTAH
Cove Fort, Beaver 330 167 2 1.5 24,6 1.6 Latite & andesite over paleozoic sedim. rks
Roosevelt, Beaver 970 265 2 0.8 23.7 2 Granite intruded to gneiss

WASHINGTON

Gamma Hot Springs, Snohomish 27 165 161 1.5 20 1.7 Dacite & rhyolite tuffs
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. APPENDIX B - I
METHODOLOGY FOR ADDING THE LOGNORMAL DISTRIBUTIONS -
ASSOCIATED WITH EXPOSURES TO EMITTED GASES

The uncertainties in the parameters defining the mulitiplicative equation we use to
quantify the health risks of atmospheric emissions (i.e., eq. (3)) are propagated by
summing - the logarithmic variances. This procedure, however, cannot be used when
lognormally distributed parameters are added, for example, when the near- and far-field
exposure distributions are combined. To estimate the mean and GSE of the composite
distribution for the sum of the population exposures, we use the following methodology.
- First, we convert the lognormal parameters for both exposures to the equivalent normal
- 'means and variances. Those values are then added ,fo obtain values for a composite
-normal distribution, which are subsequently converted to logno;r_nal parameters.

. In mathematical terms, we define B as -
B =In@s) +0.5 In? ) o SR , (B-1)

and assume, as Land23 does, that it is normally distributed. The arithmetic mean of the
lognormal distribution defined by ug and 'og is exp(B), denoted /M. The approximate

“variance of B for a sample size of n is

yz = lnz(og)/n + 0.5 lna(og)/(n+l ). o = (B-Z)
;l;he arithmetic variance is expressed as

512\1 =‘e>‘<P(ZB Y9 (exP(Yz)‘-l)‘ "‘;* . S e e (5‘3)
and the arithmetic mean eq;ivale‘rit \is | | | | |

Xy = exp@ + 0.5 ) | (B-t)

The arithmetic mean and variances of the near- and far-field exposures are computed
using equations B-3 and B-4 and then added to obtain the values of the composite normal
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distribution. Those values are converted to the lognormal equivalents by the following

expressions
M= Xy (L + (/%)) 72 | (B-5)
Y2 = In (1 + Sp/X)D) | (B-6)

" The GSE is computed as exp(y).

We will now illustrate this procedure using the estimates of the near- and far-field
exposures for sulfate. The mean values of the near- and far-field sulfate exposures were
1.7 x 10“ and 1 x7106 g ° persons/m3,»respectively, with GSE's of 4.86 and 5. The

10

- corresponding arithmetic variances computed from Eq. (B-3) were 3.9 x 10 and

1.6 x 10“‘. - The  equivalent - means, computed from Eq. (B-4), were
5.9 x 104 g persons/m3 for the near-field exposures and 3.6 x 106 Mg ° persons/m3 for
the far-field exposures. We added the variances and means to obtain values of the
composite normal distribution. We then converted those values to the lognormal values,
using Eqs. B-5 and B-6, or

M =37 x 105 (1 + (1.3 x 107 /3.7 x 105%) ~1/2
M=1x10° ug * persons/m3 (B-7)
yz =ln(l + (1.3 x 107/3.7 x 1099 ,

YZ = 2-59 : (B_s)

and the GSE is computed as exp(2.59l/ 2), which is equal to 5. In this particular example

the uncertainty of the near-field exposure contributed little to the overall estimate of

uncertainty because of the magnitude of the far-field exposure.
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: APPENDIX C
ATMOSPHERIC EMISSIONS FROM COOLING TOWERS

A portion of the water circulating through the cooling system of a flashed-steam
geothermal power plant is emitted to the atmosphere as water droplets that are entrained
.. in the air exhausted from its mechanical-draft cooling water. The emitted water, known
- as drift, contains the dissolved substances present in.the circulating water. Condensed

steam is the primary source of cooling water - for - flashed-steam facilities, and
-consequently, the water circulating through the tower can contain soluble substances
~derived - from the steam (e.g., boron and arsenic). The: rate by which a dissolved
contaminant is discharged from a tower in the form of drift depends on the contaminant's
concentration in steam, the number of times the source water (i.e., condensate) is
concentrated by tower evaporation, and the drift rate.

The drift rate is calculated as a percentage of the mass or volumetric flow rate of
- water circulating through a cooling system, which in turn is governed by the amount of
heat that must be transferred or rejected from the condenser. For example, a | MWe
- power plant operating with a thermal efficiency of 10% will reject approximately 9 MW t
and require some 5.6 x. 105 kg/h of water circulating through the cooling system with a
13.8°C temperature change across the condenser. With an increase in thermal efficiency
to 15%, the ratio of heat rejected to energy produced and the water circulation rate
become 5.7 MWt /MW and 3.4 x 10° kg/h, respectively. Drift rate percentages range
from about 0.0l to 0.001% of the circulating water flows through mechanical-draft
towers. Drift elminators are used to reduce the entrainment of water droplets in exiting
air. Without such eliminators or_if they are poorly designed or maintained, percentages
can range from 0.1 {(no elimination) to 0.01% (poor elimination) of circulating flow. The
concentrating effect of evaporation on the levels of dissolved solids in the circulating
water is contrdlled by discharging a portion of that water as waste (known.és blowdown).
If 20% of the condensed water produced is discharged as blowdown and the remainder
evaporated, the dissolved solids are concentrated four times.

Deposition of drift on the ground around a cooling tower is governed by the
meteorology of the site, properties of the emitted drift (i.e., droplet size distribution and
salinity), and the physical characteristics of the cooling tower. A model of the drift
transport must address the rise of the vapor plume from the tower, the points at which
droplets break away from the plume, the subsequent evaporation of droplets, and the
settling velocities associated with the changing droplet sizes. For assessments of the
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health and environmental effects of drift we used a model developed by Dunn et al.
incorporates these important features. The model has been validated, in part, against
field data, and it predicts drift deposition generally within a factor of 3. Input to the
simulation includes characteristics of a cooling tower and the emitted drift together with
seasonal or annual meteorological data. '

Table C-1 includes the physical parameters of the reference cooling tower used in
our calculations of drift deposition. - The droplet spectrum we used in the drift model is
from Laulainenls 0 (see Table C-2), who measured the diameters and corresponding mass
- fractions of dropleté emitted from a mechanical-draft cooling tower operating at a power
" plant in California. A significant portion of droplets (v 45 wt%) have diameters greater
‘than 600 ym, which means that more drift deposition is to be expected near towers rather
- than far away. (v 1 km). Thisis in general agreement with previous studies of vegetative
effects of cooling tower emissions that have shown plant stress adjacent to towers
(<200 m).l34,168

Another factor influencing the deposition of drift is the salinity of the water
droplets. With higher salinity, evaporation from droplets is suppressed, larger droplet
sizes are maintained, and thus deposition is higher nearer the tower. Figure C-1 shows
how the predicted salt deposition decreases with distance for cooling waters of 4000 and
20,000 mg/% TDS but with the same drift droplet size distribution. Within 300 m of the
tower, the deposition values for the 20,000 mg/% TDS water are more than a factor of 5
higher than for the 4000 mg/% TDS water.
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Table C-l. Parameters used to
define the mechanical-draft cooling

tower used in the simulations .of

cooling tower drift.

Parameter Value
Number of cells 10
Diameter of cells | 9.6 m
Tower height 183 m
Tower width ©12m
Tower length 122 m
Heat rejected 450 MW,

Water: air mass ratio 1.6

Table C-2. Distribution of droplet
diameters by wt %.150 )

Droplet diameters

(um) W%
10 to 60 243
60 to 150 10.3

150 to 300 68
300 to 600 131
600 to 1200 189
1200 to 2200 19
2200 to 3400 113

TOTAL 99.7
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Figure C-1. Annual, sector-averaged salt deposition for a mechanical-draft cooling tower
operating with cooling waters of two different salinities. Variations in the two curves are
due in part to the salinity-controlled evaporation rates of the droplets. Droplets of saline
water do not evaporate as quickly as fresh droplets, and consequently the saline droplets
will fall to the ground more rapidly.
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APPENDIX D
Calculation of Crop Losses
We adapted the model given byr Hotfman é a_l.8u to estimate the concentration of a
substance in a crop after foliar and root uptake. Their mode! has the basic form

C:D[G+Q],' - . (D-1)

where

L l-exp (-wet) | )

0=l l-exn(.._l.f,_tb) TR o . (D-3)
and :
C . = the concentration of the deposited substance in the vegetation, Lg/g;
"D = the deposition rate of the substance of interest, u;_’,/m2  h-(see Table D-I);
r = the proportion of the deposited substance that is mtercepted by 'the" standmg
&k vegetation, dimensionless; ’ : ' \
yb = the bxologxcal yield in dry welght of the standing crop, g‘/m2
‘w = the rate constant for the environmental removal of material deposxted on the
| surface of vegetanon (i.e:, weathering term), h™ o :
t = the amount of time that the vegetatlon is exposed to deposmon pnor to the time

of harvest, th t /2f (see Fig. 11);
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Table D-1. Drift deposition at 100 m increments from the cooling tower.

Distance from tower m ' . D3 (yg/m2 « h)

100 to 200 : ‘ 64

200 to - 300 - ‘ 6.2

300 to %00 1.7

400 to 500 1.2

500 to 600 0.90

600 to 700 0.56

700 to 800 0.44

800 to 900 | 0.38

900 to 1000 0.15

a Deposition rate for a 100-MW, geothermal power plant with a cooling tower operating
at 0.002% drift rate and 5 cycles of evaporative concentration.

B = the ratio of the amount of substance in the dry weight of the vegetation, ug/g, to
the amount of substance in the soil, ug/g; presumed to be 0.29 based on boron
measurements in crops and soil in the Imperial Valley of California169;

p = the effective surface density of the soil, based on a 15-cm depth for the root zone,
g/m%;

Q = the rate constant that describes the downward migration of the deposited substance
out of the 15-cm root zone, h'l; and

tb = the operating lifetime of the geothermal power plant, h.

The coefficient of foliar interception and absorption (I) in Eq. (12) is obtained by
multiplying G in Eq. (D-2) by the proportion of the substance absorbed into the leaves of
_ the crop after deposition n (see Table D-2) and by a conversion factor K (see Table D-2),
which represents the ratio between biological dry weight and leaf dry weight. The
coefficient of root uptake (R) in Eq. (12) is obtained by multiplying Q in Eq. (D-3) by the
conversion factor K (see Table D-2). We assume that all boron from root uptake is
translocated into the leaves. The Y, terms and conversion factors for the crops in

Table D-2 were derived from relationships between economic yield, biological yield, crop
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dry weight, and leaf dry weight reported for each crop in the litera’ture.l39’158’170’188

The Y, terms and conversion factors are necessary because boron accumulates in the
leaves of crops and toxicity thresholds are reported in terms of pg of boron per g of leaf
dry weight; however, only economic yields are usually reported for commercial crops.
The value for p (see Table D-2) is the figure given by Hoffman et a_l.84 The value for Q

was calculated according to the equation and parameters described by Bae':s.167

A=v@ D2t | o (D-4)

where

<
]}

- ) *
the vertical percolation rate of water, assumed to be 74 cm/y ;

Q.
[{]

the depth of the soil root zone, assumed to be 15 cm;

2
[ »]
]

the ratio of the bulk density of the soil to its water content, g/m%;

k = the equilibrium distribution coefficient for boron between soil and water;
considered to be 0 for our purposes (i.e., all of the boron is readily solubilized in
water and therefore does not absorb onto the soil but instead is present in the
water occupying the interstitial soil spaces).

* The median value for this parameter based on statistical analyses presented in Ref. 170.
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Table D-2. Parameters used in the dose model for calculating leaf concentration of boron in commercial crops.

CROPS
Alfalfa Wheat Sudan grass  Sugar beets Lettuce Cotton Sorghum Cantaloupe Rye grass

2 (dimensionless) 0.77 0.95 0.65 1.0 0.80 0.92 1.00 0.80 0.15

y, (8/m?) . 500 1000 350 2400 6200° 830 2600 1400° 54

w (h") 0.0024 0.0024 0.0024 0.0024 0.0024 0.0024 0.0024 0.0014 0.0024"
t. h) 450 1900 330 2400 1800 2200 1600 1400 4300

nc (dimensionless) 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74

P (g/mz) 213,000 213,000 213,000 213,000 213,000 213,000 213,000 213,000 213,000
ﬂ(h'l ) 0.00056 0.00056 0.00056 0.00056 0.00056 '0.00056 0.00056 0.00056 0.00056
% (h) 260,000 260,000 260,000 260,000 260,000 260,000 260,000 260,000 260,000
K 2.6 1.3 3.7 4.2 1.5 4.2 3.7 1.9 1.0

1

. l-exp-(uyb), where p = 3.0 mz/kgl >3 and Y = CFOP specific yield, kg/mz.
b Wet weight, as specified by Hoffman _e_t__a_\_l.”

€ Based on absorption of boron into radish leaves.
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