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INTRODUCTION

The Geothermal Training Programme of the United Nations University (UNU) has
operated in Iceland since 1979 with six month annual courses for professionals from
developing countries. The aim is to assist developing countries with significant
geothermal potential to build up groups of specialists that cover most aspects of
geothermal exploration and development. During 1979-2014, 583 scientists and
engineers from 58 developing countries have completed the six month courses, or
similar. They have come from Asia (37%), Africa (36%), Central America (15%),
Europe (11%), and Oceania (1%) There is a steady flow of requests from all over the
world for the six-month training and we can only meet a portion of the requests.
Most of the trainees are awarded UNU Fellowships financed by the Government of
Iceland.

Candidates for the six-month specialized training must have at least a BSc degree
and a minimum of one year practical experience in geothermal work in their home
countries prior to the training. Many of our trainees have already completed their
MSc or PhD degrees when they come to Iceland, but several excellent students who
have only BSc degrees have made requests to come again to Iceland for a higher
academic degree. From 1999 UNU Fellows have also been given the chance to
continue their studies and study for MSc degrees in geothermal science or
engineering in co-operation with the University of Iceland. An agreement to this
effect was signed with the University of Iceland. The six-month studies at the UNU
Geothermal Training Programme form a part of the graduate programme.

It is a pleasure to introduce the 38" UNU Fellow to complete the MSc studies at the
University of Iceland under the co-operation agreement. Mariela Alejandra Arauz
Torres, BSc in environmental quality engineering, from the Ministry of Energy and
Mines, Nicaragua, completed the six-month specialized training in Environmental
Sciences at the UNU Geothermal Training Programme in October 2011. Her
research report was entitled: Environmental monitoring of geothermal projects in
Nicaragua. After one year of geothermal research work at home in Nicaragua, she
returned to Iceland for MSc studies at the Faculty of Earth Sciences in August 2012.
In May 2014, she defended her MSc thesis presented here, entitled: Modelling H>S
dispersion from San Jacinto-Tizate geothermal power plant, Nicaragua. Her studies
in Iceland were financed by the Government of Iceland through a UNU-GTP
Fellowship from the UNU Geothermal Training Programme. We congratulate her
on her achievements and wish her all the best for the future. We thank the Faculty of
Earth Sciences at the School of Engineering and Natural Sciences of the University
of Iceland for the co-operation, and her supervisors for the dedication.

Finally, I would like to mention that Mariela’s MSc thesis with the figures in colour
is available for downloading on our website www.unugtp.is, under publications.
With warmest greetings from Iceland,
Ludvik S. Georgsson, director

United Nations University
Geothermal Training Programme
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ABSTRACT

One of the main environmental concerns during the operation of geothermal power
plants is related to hydrogen sulphide emissions (H>S), which negatively affect the
air quality in its environs. National ambient air guidelines for H>S have not been
developed in Nicaragua; hence, project developers voluntarily follow international
guidelines for atmospheric emissions and occupational safety. Solution-mineral
equilibria considerations and assumed steam consumption by the 72 MW geothermal
power plant in San Jacinto-Tizate were used to constrain the annual H,S emission at
1436.2 tons/year.

Dispersion modelling of the H»S emission from the power plant was carried out using
AERMOD model to predict H,S ground level concentrations in the vicinity of the
project. The prevailing spatial distribution of the plume was identified in the west
direction of the power plant, spreading towards west-northwest and west-southwest.
The modelling results show that the operation of the San Jacinto-Tizate geothermal
power plant does not have significant impact on air quality of the neighbouring
communities, since populated places are located outside of the predominant plume
pathway during the modelled period January-December 2012.

A comparison of the model predictions with averaged measured concentrations in
the area shows an underestimation of the measured values in most of the monitoring
points, suggesting that the model predictions should be considered indicative rather
than accurate. Different sources of discrepancy were identified, namely the source
input data used for modelling, the characteristics of the location of the control points,
the operation conditions of the power plant when the measurements are done as well
as the influence of natural sources of H,S in the reported measured concentrations
The results, however, provide useful information to analyse the spatial distribution
and the extents of the plume during a given period, and can assist policy makers and
project developer to review and improve the air quality monitoring plans.
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1. INTRODUCTION

Nicaragua, the largest country in Central America (129,500 km?) has the greatest potential for
developing geothermal resources in the region (Zudiga, 2003). The first investigation studies in the
country began in the fifties; however, utilisation of geothermal resources started in 1983 in the
Momotombo geothermal field.

The Geothermal Master Plan of Nicaragua was completed in 2001, estimating the potential of the
country as 1,519 MW.. Since then, geothermal concessions have been awarded to private foreign
companies. A special feature of geothermal areas in Nicaragua is that most of these are located within
protected areas in Los Maribios Volcanic Range; therefore geothermal development is of special
concern in relation to nature conservation.

Despite the geothermal potential in the country, this renewable energy resource has not been widely
utilised. The most significant project in the last decade was the commissioning of a 72 MW Power Plant
in the San Jacinto-Tizate Geothermal field, in north western Nicaragua.

Polaris Energy Nicaragua S.A. (PENSA), subsidiary of Ram Power Corporation, has the concession
rights for the development of a 40 km? area in the San Jacinto-Tizate geothermal field. A 10 MW, power
plant with 2x5 MW back pressure units was operated from June 2005 to April 2012. The project
expansion works began in 2008 for a new 2x36 MW condensing units power plant. The first 36 MW
condensing unit was commissioned on January 2012 and the second unit in December 2012, bringing
the installed capacity of the plant to 72 MWe.. To date, full electricity production has not been reached
due to lack of steam and PENSA is currently conducting a remediation program to increase the steam
resource of the field and to bring the total generation to approximately 59 - 63 MW (Ram Power, 2013).

With the recent change of technology and increased installed capacity of the power plant, concerns about
the effect of the H,S emissions on air quality of the neighbouring communities have arisen. The question
of whether the concentration of H>S in the vicinity of the San Jacinto-Tizate geothermal power plant
could exceed ambient air standards and occupational safety guidelines when the plant operates at full
load is addressed in this study. For this, a Gaussian dispersion model (AERMOD) is used to estimate
H,S ground level concentration at different locations and time periods.

1.1 Statement of purpose

Electricity generation is considered the dominant industrial source of air emissions and the main driver
of climate change. The development and utilisation of renewable energy resources is of outmost
importance for climate change mitigation and the search of alternatives for meeting the global growing
energy needs.

The government of Nicaragua aims to switch from fossil fuel based energy to renewable energy in the
next decade. In order provide reliable energy to the national grid, oil imports saving and reduction of
carbon dioxide emissions to the atmosphere, the development of geothermal projects is of great
importance in the current energy strategy.

Although geothermal energy is generally considered an environmentally benign energy source, when
geothermal areas are developed, pollutants are usually emitted at a higher rate to the environment than
before development (Kristmannsdottir ef al., 2000). In geothermal fields in which all waste fluids are
reinjected, non-condensable gases (NCG) in steam are the most important discharges from an
environmental perspective (Hunt, 2000). The emission of NCG to the atmosphere during the operation
of geothermal power plants can negatively affect the air quality in the vicinity of the projects. Among
all the NCG emitted, H>S is of the greatest environmental concern not only because of its noxious smell
in low concentrations, but also its toxicity and health impacts at high concentrations (Kristmannsdottir
et al., 2000).



The commissioning of the San Jacinto-Tizate geothermal power plant certainly means a big step for
geothermal development in Nicaragua. Nevertheless, the environmental effects of the project operation
on air quality need to be further investigated.

National guidelines for H>S has not been developed in Nicaragua, hence project developers are
encouraged to follow international standards, usually the WHO guidelines. Villages located near the
San Jacinto-Tizate project may be exposed to H>S ambient air concentrations due to emissions from the
power plant; however this has not been yet studied in relation to the extent and relevance of the impacts.
To date, the only background data on air quality in the area consist of reports prepared by the project
developer PENSA, based on limited air quality monitoring carried out at the project site twice a year
since 2006.

Dispersion software based on Gaussian plume equation has been widely applied to estimate the diffusion
of various air pollutants (Seangkiatiyuth et al., 2011; Thorsteinsson et al., 2013). The present study
denotes the first attempt to assess the temporal and spatial distribution of H,S emissions from the San
Jacinto-Tizate power plant using a dispersion model. It is anticipated that the results of this study could
assist regulatory bodies and stakeholders in the review and improvement of the air quality monitoring
plans as well as the management of the project’s environmental effects.

1.2 Objectives

The present study aims to assess the temporal and spatial distribution of H,S in the surrounds of San
Jacinto-Tizate geothermal power station using dispersion modelling. In order to achieve this, the
following specific objectives will be met:

» To estimate the H,S emissions of the 72 MW geothermal power plant.

= To explore the effect of different meteorological parameters on H,S dispersion in the San Jacinto-
Tizate project area.

= To predict H»S ground level concentrations due to emissions from San Jacinto-Tizate geothermal
power plant using AERMOD model.

= To identify areas where high concentration of H,S could be expected.

» To analyse predicted H>S ground level concentrations for comparison with international ambient
air quality guidelines and occupational safety standards.

= To compare the model predicted H>S concentrations with measurements during the same period.

» To recommend improvements to the air quality monitoring plan based on the modelling results.



2. BACKGROUND
2.1 History of geothermal development in San Jacinto-Tizate

Exploration studies in the San Jacinto-Tizate geothermal area has been conducted by several institutions
and in various successive phases. A summary of the exploration history is given in Table 1. The first
geoscientific studies in the area were conducted in 1953 and consisted of measurements of heat flow
from surface manifestations. Exploration studies conducted from 1969 to 1971 included geological,
geochemical and geophysical surveys, and the drilling of shallow temperature gradient wells. Further
exploration carried out from 1970-1980, indicated that a high temperature (250 to 300°C) resource
existed with a potential resource area of 6 km?, and a potential considered to be around 100 MWL.

In late 1992, Intergeoterm S.A., a joint venture between the Nicaraguan electricity company ENEL
(77%) and Burgazgeoterm (23%), a subsidiary of Gazprom of Russia, began work on a feasibility study
for development of the concession for electricity generation. This work included further surface
exploration and the drilling of wells ranging in depth from 728 to 2,339 m. Five of the wells were tested,
either by production and/or injection, and three in the Tizate area (SJ4, 5 and 6) were considered to be
commercial producers.

In 2001, a concession in the San Jacinto-Tizate geothermal area was awarded to Intergeoterm S.A under
an exploitation agreement for a period of 25 years. In 2004 the concession was transferred to San Jacinto
Power Company S.A., now Polaris Energy Nicaragua S.A. (subsidiary of Ram Power, Corporation).

Polaris Energy Nicaragua S.A. (PENSA) holds a concession of 40 km® in San Jacinto-Tizate area.
Electricity production began in 2005 with the commissioning of a 10 MW power plant with 2x5 MW
back pressure units. In 2012 a new power plant with 2x36 MW condensing units was commissioned and
the backpressure units were taken out of service, bringing the installed capacity of the plant to 72 MW..
To date, a total of seventeen wells have been drilled in this geothermal field, 7 are production wells (SJ-
4, SJ-5, SJ6-2, SJ9-1, SI9-3, SJ12-2, SJ12-3), 3 reinjection wells (SJ-1, SJ-10 and SJ-11) and one
pressure monitoring well (SJ-3). The remaining wells are non-producers or were not completed due to
technical problems during drilling.

TABLE 1: Investigation history of the San Jacinto-Tizate geothermal resource
(modified from Ogryzlo and Randle, 2005)

Year Activity
1953 Heat flow measurements by McBirney (McBirney and Williams, 1965)
1969-1971 | USAID identified San Jacinto- Tizate area as high priority resource
1970-1980 |UNDP delineated potential resource of 6 km?
1992 DAL SpA (DAL) reviewed previous work and continued survey. Upflow for the
field located in the Tizate area with an outflow southward to San Jacinto.
1992 Intergeotherm S.A feasibility study
1993-1995 | Drilling of 7 commercial diameter wells
1998-2001 |Exploitation concession and power purchase agreement (PPA)
2001-2002 |PENSA well testing and feasibility study

2005 Backpressure power plant commissioning
2007-2011 |Drilling of new wells and expansion works
2012 Condensing power plant commissioning and backpressure power plant shut down

2013-2014 |PENSA remediation program

2.2 Characteristics of the project area

San Jacinto-Tizate geothermal field is located in the municipality of Telica, Department of Leon,
Nicaragua. The geothermal concession covers an area of 40 km” and it is divided into an eastern section
and an undeveloped western section. The estimated geothermal potential of the area is 200 MW. The



project site is concentrated in the eastern sector of the concession, encompassing an area of 4 km?,
including the power plant and well platforms, 2.3 km of pipes corridor, access roads (~ 3 km) and a 138
kV transmission line of 12.5 km length (IDB, 2010).

The project site is located approximately 2 km to the north of San Jacinto, a village of approximately
1,400 inhabitants (Figure 1). The village is isolated from the project site by low hills. Four settlements
dispersed into small dwellings are also found in the eastern sector of the concession area: El Chorro with
a population of approximately 245 inhabitants, E1 Apante Central with 401 inhabitants, La Cruz del
Apante with 243 inhabitants and El Ojochal de Liston with 128 inhabitants (IDB, 2010). No indigenous
people live in the area and there has been no evidence to date of any archaeological sites finds. Sparse
subsistence farming and low-scale non-intensive livestock activity predominates in the area.

The project is located in highly intervened fragmented dry habitat, which is sparsely inhabited, although
some subsistence farming activities such as cattle grazing takes place in the eastern sector of the
concession. The area does not encompass habitats that could be considered critical or natural, finding a
fragmented habitat on the most part of the eastern sector of the concession. No threatened or endangered
species have been documented in the project’s area (PENSA, 2008).

The geothermal concession overlaps with a protected area; the Volcanic Complex Telica-Rota Nature
Reserve, mainly located in the western sector of the concession. The Reserve was created in 1983,
covering an area of approximately 9,053 ha, from which 6,846 ha pertain to the Telica Volcano and the
remaining area belongs to the Rota Volcano (Figure 1). The protected area has been classified within
Category IV in the International Union for Conservation of Nature (IUCN), which management
approach is to maintain, conserve and restore species and habitats in areas that have already undergone
substantial modification, necessitating protection of remaining fragments, with or without intervention
(IUCN, 2012).
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FIGURE 1: Settlements in the San Jacinto-Tizate geothermal concession area
(based on IDB, 2010)
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The Ministry of the Environment and Natural Resources (MARENA by its Spanish acronym) is in
charge of the management of the natural reserve, defining the protected area in the 300 m elevation
contour line. In the western sector of the natural reserve, there are small hamlets or isolated farms with
an approximate population of 3,800 inhabitants. Similarly to the overall region, the protected area has
been highly affected by anthropogenic activities (IDB, 2010).

A large part of the vegetation in the vicinity of the project area has been extremely modified by
agriculture activities, cattle farming and firewood extraction. A substantial part of the area is covered
by pasture land. There is an abundance of grazing lands, vast prairies; thin forests with somewhat dense
tree patches of 4 to 10 m in height, where caducifolias or subcaducifolias prevail, and arboreal species
are limited to more elevated zones in the volcanic complexes. In addition, in areas with high geothermal
activity, the vegetation is scarce due to the soil conditions (high acidity) and high temperature, not prone
to development of vegetation (IDB, 2010). Throughout the concession area, natural geothermal
manifestations such as fumaroles, mud pools and hot springs are found.

Most of the surface watercourses in the project area have a short path and are intermittent. Both phreatic
and artesian aquifers are found in the area as well as hot and cold springs. The chemical composition of
water is variable. Analyses performed indicate a calcium bicarbonate composition for springs and
calcium bicarbonate and sulphates for freshwater wells in El Tizate area. Natural contamination from
geothermal origins is evidenced by abnormal concentrations of mercury, silica and chloride observed.
However, the values reported are below the limits recommended by the World Health Organization
(WHO) guidelines for drinking water (IDB, 2010). Bored wells or naturally occurring springs represent
the main water supply of the rural population in the project area.

2.3 Geothermal development and gas emissions

Geothermal fluids naturally contain various non-condensable gases (gases not easily converted to liquid
form via a cooling process); which are also naturally vented to the atmosphere through diffusive gas
discharges from areas of natural leakage, including hot springs, fumaroles, geysers, hot pools, and mud
pots. These natural discharges have taken place throughout the history of the Earth and continue today
independent of geothermal power production. Carbon dioxide is the most widely emitted gas, because
geothermal systems tend to be found in areas with large fluxes of carbon dioxide (Holm et al., 2012).

The amount of gases that are present in the geothermal fluid and which might be emitted depends on a
variety of factors. The main factors are the resource fluid chemistry, water phase (dry steam or liquid),
and temperature, but the type of power plant (back pressure, flash, dry steam, binary, or combined cycle)
and the plant characteristics (efficiency and H»S or other gas abatement systems) also influence emission
levels (Bloomfield et al., 2003).

Gas discharges from low-temperature systems do not usually cause significant environmental impacts,
however in high-temperature geothermal fields, power generation using a standard steam-cycle plant
may result in the release of non-condensable gases (NCG) and fine solid particles into the atmosphere
(Webster, 1995). In vapour-dominated fields in which all waste fluids are reinjected, non-condensable
gases in steam will be the most important discharges from an environmental perspective (Hunt, 2000).

The concentration of NCG varies not only between fields but can also from well to well within a field,
thus changes to the proportion of steam from different wells may cause changes in the amount of NCG
discharged. Gas concentrations and composition cover a wide range, but the predominant gases are
carbon dioxide (CO,) and hydrogen sulphide (H»S). The emissions are mainly from the gas exhausters
of the power stations, often discharged through a cooling tower. Gas and particulate discharges during
well drilling, bleeding, cleanouts and testing, and from line valves and waste bore water degassing, are
usually insignificant (Hunt, 2000).

In liquid dominated geothermal fields, the majority of the gases are dissolved in the fluid in the
geothermal system. During utilisation and depressurisation of the geothermal fluid the gases are



concentrated in the steam phase and are finally vented out of the condensers of the turbines to
atmosphere (Gunnarsson et al., 2013). The gas emission therefore inevitably affects the air quality
around the power plants as the concentration of the geothermal gases increases. Under certain weather
conditions and if good distribution of the gases at the disposal site is not secured, the gases can affect
air quality tens of kilometres from the power plant site (Gunnarsson ef al., 2013; Thorsteinsson et al.,
2013).

The amount of sulphur gases (mainly H,S) emitted from a geothermal power station (average 0.03
g/kWh) is less than 2% of that emitted from equivalent size coal and oil fired power stations (9.23 and
4.95 g/kWh, respectively). Hydrogen sulphide is contained in most geothermal steam sources and
depending on the type of condenser employed the H,S will partition itself in various ratios between the
condensate and the non-condensable gas (NCG). In most populated areas, this H»S must be removed
from the NCG streams prior to exhausting the NCG to atmosphere, and the optimum type of process for
removing the H,S depends on the amount of H,S in the NCG (Nagl, 1999).

Conventional steam turbine units can be of the back pressure or condensing type. In the back pressure
type, the turbine exhaust is simply vented to the atmosphere, which results in an inexpensive but very
inefficient operation. The more common condensing turbine is more expensive than a back pressure
turbine; however, it is approximately twice as efficient. In condensing units, the mixture of steam and
brine from the production wells is flashed and separated. The separated brine is usually reinjected to
provide a continual source of fluid for the production of geothermal steam, while the separated steam is
directed to the turbine-generator set. The exhaust from the turbines passes through a condenser which
produces a condensate stream and a non-condensable gas stream. The NCG can vary from 1% to 20%
of the inlet stream to the turbine (Nagl, 1999). In some cases, hydrogen sulphide abatement systems are
required, depending on the amount of gas emitted, the characteristics of the geothermal reservoir, the
design of the power plant and the local regulatory requirements (Nagl, 1999).

Studies on H»S emissions to the atmosphere have been made in many geothermal areas around the world.
In some countries with extensive geothermal development and utilisation, H,S emissions have posed
the utmost environmental concern. The studies have shown that after the development of geothermal
areas, the air quality has been negatively affected in nearby towns and villages (e.g. Iceland and New
Zealand).

In Iceland, the main environmental concern of high temperature geothermal utilisation is the
atmospheric disposal of H,S. Numerous dispersion modelling studies have been conducted for
geothermal power plants located in the Hengill area (e.g. Chow-Pineda, 2007; Khoirunissa, 2011;
Olafsdottir, 2007; Olafsdéttir et al., 2014; Thorsteinsson et al., 2013). Since commissioning of
Hellisheidi power plant in 2006, the characteristic smell of H»S is much more frequent in Reykjavik and
the H»S concentration increased in nearby communities. As a result, a new regulation on atmospheric
concentration of H,S was set by the government of Iceland in 2010 and is due to become valid in July
2014. The new regulation puts high pressure on the geothermal industry in Iceland to lower gas emission
from geothermal power plants and more focus was put on H,S abatement. Currently, experimental
projects have been undertaken to develop methods to treat the geothermal gases (Gunnarsson et al.,
2013).

Understanding how natural emissions are altered by industrial utilisation would require a baseline
determination prior to power development, since NCG are present in both producing and non-producing
geothermal systems. Such baseline information is usually unavailable in practice unless the area has
been the subject of academic research or the measurements have been required for regulatory reasons
(Holm et al., 2012).

In the San Jacinto-Tizate geothermal field in Nicaragua, a moderate low gas concentration in the steam
has been reported. Ambient air concentration of H,S in the range of 0.001-0.02 ppm averaged over 24
hours, have been reported in the vicinity of the power plant (PENSA, 2012, 2013). However, studies on
the dispersion and spatial distribution of the power plant emissions have not been carried out to date.



2.4 Characteristics of hydrogen sulphide

2.4.1 Physical and chemical properties

Hydrogen sulphide (H»S) is a colourless toxic gas characterized by a rotten eggs odour; it is soluble in
various liquids including water and alcohol. It can be formed under conditions of deficient oxygen, in
the presence of organic material and sulphate (WHO, 2003). A description of the physical and chemical

properties is presented in Table 2.

TABLE 2: Properties of hydrogen sulphide (AIHA, 1991; WHO, 2000, 2003)

Description Hydrogen sulphide
Molecular formula H,S
Molar mass 34.08 g/mol
Boiling point -60.4 °C
Melting point -85.5°C
Density 1.39 g/l at 25°C
Solubility in water 0.5 g/100 ml at 20°C
Explosive limits 4.3-46 vol% in air
Vapour pressure 1 atm at -60.4°C
Conversion factor 1 ppm = 1.4 mg/m? at 25°C

2.4.2 Health effects

Hydrogen sulphide is both an irritant and asphyxiant gas. Levels of up to 20 ppm have generally no
effects on healthy people while for asthmatic people this level has to be reduced to 2 ppm (WHO, 2003).
Concentrations above 20 ppm may irritate the eyes and respiratory tract, above 50-100 ppm neurotoxic
effects appear and 500-1000 ppm are considered of immediate life danger (WHO, 2003). Although the
human odour threshold is very low (0.02 ppm), at a concentration of 150 ppm it leads to loss of smell.

H,S is heavier than air and it can accumulate in closed and/or depressed areas. Some of the fatal incidents
with volcanic gases have been attributed to the effect of H,S released by low temperature fumarolic
vents or by gas bubbling through thermal springs (D’ Alessandro, 2006).

Health effects depend upon the type and amount of pollutants present, the durations of exposure, and
the state of health, age and level of activity of the person exposed (Morris and Therivel, 1995). Although
numerous case studies of acute toxic effects of H»S exist, studies about long-term exposure effects in
humans are scarce. The interpretation of most of the studies conducted is very complex because the
subject population was in many cases exposed to other pollutants in addition to H>S. A brief description
of selected studies conducted in areas exposed to both natural and industrial sources of hydrogen
sulphide is made below.

The city of Rotorua, New Zealand, is located on an active geothermal field and therefore, is frequently
exposed to geothermal gas emissions. Some studies have evidenced health effects from chronic exposure
to H»S (0.1- 2 ppm), strengthening the suggestions that there are chronic health effects from low levels
Ha,S exposure concerning nervous system diseases and cardiovaculatory diseases (Bates et al., 2002), as
well as respiratory diseases (Bates et al., 2002; Durand and Wilson, 2006).

Bates et al. (2013) also investigated whether long-term, low-level hydrogen sulphide gas is a cause of
asthma in the population of Rotorua city in New Zealand. The study provided no evidence that asthma
risk increases with H»S exposure. Suggestions of reduced risk in the higher exposure areas were
consistent with recent evidence that H»S has signalling functions in the body, including induction of
smooth muscle relaxation and reduction of inflammation. However, the authors state some limitations
of the study, including possible confounding that preclude definitive conclusions. Another study was
recently conducted in the same city by Reed et al. (2014). In this, the possible effects on cognitive
function in an urban population with chronic, low-level exposure to H,S were investigated. The results



evidenced that chronic H,S exposure, at the ambient levels found in and around Rotorua, is not
associated with impairment of cognitive function.

Kilburn and Warshaw (1995) investigated whether people exposed to sulphide gases, including H,S
demonstrated persistent neurobehavioral dysfunction. The study was conducted on former workers and
neighbours of a coastal oil refinery in California, who complained of headaches, nausea, vomiting,
depression, personality changes, nosebleeds, and breathing difficulties. Statistically significant
neurophysiological abnormalities were associated with exposure to reduced sulphur gases, including
H,S from crude oil desulphurisation.

Community residents living near industrial hog operations in eastern North Carolina exhibited acute
physical symptoms related to air pollutants comprised mostly of hydrogen sulphide and lower levels of
other atmospheric sulphides and amines. Odour and hydrogen sulphide were associated with respiratory
symptoms and with eye irritation (Schinasi ef al., 2011). Another study in a community bordering a
landfill showed a strong association of odour and hydrogen sulphide concentrations with mucosal
irritation and upper respiratory symptoms (Heaney et al., 2011).

Carlsen et al. (2012) investigated the association between daily ambient levels of hydrogen sulphide,
PM, nitrogen dioxide (NO:) and ozone (O3) and the use of drugs for obstructive pulmonary diseases
in adults in Iceland’s capital area, Reykjavik. Intermittent increases in levels of particle matter from
traffic and natural sources and ambient H»S levels were weakly associated with increased dispensing of
drugs for obstructive pulmonary disease, however, the authors stated that the weak association could be
confounded by unevaluated variables and hence further studies are needed.

2.4.3 Environmental effects

Most of the atmospheric hydrogen sulphide has natural origins, occurring around sulphur springs and
lakes, and it is an air contaminant in geothermal areas (WHO, 2000). Volcanic and geothermal areas are
one of the major natural sources of H,S to the atmosphere; however, atmospheric concentrations of H,S
in these areas are generally below toxic levels (D’ Alessandro et al., 2009).

HaS is oxidized by photochemical generated free radicals, especially by hydroxyl radicals, forming the
sulthydryl radical and ultimately sulphur dioxide or sulphate compounds (WHO, 2003). The
atmospheric residence time of H»S is typically less than 1 day, but may be as high as 42 days in winter
time (WHO, 2003). The resident time varies depending on the presence of photoactive pollutants,
temperature, and geographic conditions.

Hydrogen sulphide is unstable in air compared to sulphur dioxide (SO-) and if conditions are favourable
oxidation may take place (Kristmannsdottir ez al., 2000). H,S dissolved in water aerosols, such as fog,
reacts with atmospheric oxygen to form more oxidized sulphur-bearing compounds; some of these
compounds have been identified as components of acid rain, but a direct link between H,S emission and
acid rain has not been established (Hunt, 2000).

Several studies about the effect of H,S on different plant species have been carried out. Thompson and
Kats (1978) studied the effects of H,S and CO, from geothermal emission on four important crops:
lettuce, sugar beets, cotton and alfalfa. The continuous fumigation of the referred species with 3000
parts per billion (ppb) H»S in greenhouses caused leaf lesions, defoliation, reduced growth, and death of
sensitive species and a concentration of 300 ppb caused lesser but similar effects. Sulphur accumulated
in leaves depending upon dosage and fast growing plants accumulated sulphur more rapidly. Lower
levels of H,S, 30 ppb and sometimes 100 ppb, caused significant stimulation in growth of lettuce, sugar
beets, and alfalfa. A more recent study also reported H,S positive effects on plant growth and increased
development of plant stress tolerance. Hydrogen sulphide has been identified as a priming agent of seed
germination and a photosynthesis enhancement agent (Li, 2013).

Bacci et al. (2000) studied the effects of H,S in vegetation near geothermal power plants in Mt. Amiata
(Tuscany, Italy), reporting that sensitive plant species may be affected when exposed to hydrogen



sulphide concentrations of 100 pg/m? (70 ppb). Idriss et al. (2004) reported no observable effects on
vegetation for long-term H,S exposure at concentrations lower than 140 pg/m* (100 ppb).

2.5 H>S ambient air guidelines

The ambient air standards are generally health-based guideline values to protect people's health and
well-being. Many countries do not have ambient air quality guidelines for H,S, as it is not perceived as
a problem in most regions (IVHHN, 2014). A summary of the WHO guidelines and other ambient air
guideline values from countries with extensive geothermal development and utilisation is given in Table
3.

TABLE 3: H,S ambient air guidelines in different countries

Value
Countr Guideline/Regulation Averaging period

International WHO Air Quality Guidelines 24 hours 150
2™ edition, 2000 30 minutes 7
H»S Concentration in the

Iceland Atmosphere (Regulation No. 24 hours 50%
514/2010)

New Zealand Ambient Air Quality Guidelines, 1 hour 7
2002

State of California, | CAAQS, State Ambient Air Quality 1 hour 43

USA Standards

* The limit can be exceeded 5 times per year in the effect from the publishing of the regulation (2010).
From 1st July 2014, the limit shall not be exceeded.

The WHO Air Quality Guidelines also gives a value for smell to become a nuisance at 7 pg/m’ over at
30 minute average. In New Zealand, the guideline value for hydrogen sulphide is based on preventing
odour annoyance and the resulting impacts on well-being rather than specific health effects, stipulating
that the guideline value may not be suitable for geothermal areas. In the case of Iceland, the limit value
for H,S concentration in the atmosphere was set to prevent harmful effects to the general population and
the environment as a whole.

The California Ambient Air Quality Standard for hydrogen sulphide was based on the geometric mean
odour threshold measured in adults, which purpose was to decrease odour annoyance. The U.S. EPA
presently does not classify hydrogen sulphide as either a criteria air pollutant or a Hazardous Air
Pollutant; however it has developed a chronic Reference Concentration (RfC) of 1 pug/m? for hydrogen
sulphide (USEPA, 1999, 2003). The RfC is an estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily inhalation exposure of the human population (including sensitive subgroups) that
is likely to be without an appreciable risk of deleterious non-cancer effects during a lifetime (Collins
and Lewis, 2000; USEPA, 2003).

2.6 H>S Occupational standards

The occupational exposure standards provide threshold limits for chemical substances in the working
environment based on health effects safety guidelines. In Table 4, occupational exposure limits for H,S
from different international standards and safety limits are presented.

The exposure is defined as follows:

Threshold Limit Value (TLV): exposure limit "to which it is believed nearly all workers can be exposed
day after day for a working lifetime without ill effect" (ACGIH, 2009).



TABLE 4: International occupational safety guidelines for H,S exposure

. Limit value . .
Occupational standard . 3 Exposure Averaging period
(ppm*)  (pg/m’)
10 14200 TLV-TWA 8 hour
ACGIH (2009) 15 21300 TLV-STEL 15 minute
OSHA (2006) 20 28400 PEL-C -
NIOSH (2005) 10 14200 REL-C 10 minute
. 5 7100 TLV-TWA 8 hour
European Commission (EC, 2009) 10 14200 TLV-STEL 15 minute

* At 20°C and 1 atm, 1ppm = 1420 pg/m’

Time-Weighted Average (TWA): time-weighted average concentration for a conventional 8-hour
workday and a 40-hour workweek, to which it is believed that nearly all workers may be repeatedly
exposed, day after day, without adverse effect.

Short Term Exposure Limit (STEL): the concentration to which it is believed that workers can be exposed
continuously for a short period of time without suffering from irritation, chronic or irreversible tissue

damage, or narcosis.

Permissible Exposure Limit (PEL-C): regulatory limit (ceiling) on the amount or concentration of a
substance in the air, and they are enforceable.

Recommended Exposure Levels (REL-C): refers to the concentration that should not be exceeded during
any part of the working exposure (ceiling).
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3. GEOLOGICAL SETTING

3.1 Regional geology and tectonic setting

Nicaragua is located in the centre of the Chortis block (Figure 2), one of the major structural units of the
continental crust forming the Caribbean Plate (Weinberg, 1992). Volcanism in the region results from
subduction of the Cocos Plate along the Central American Trench. A volcanic arc known as Central
America Volcanic Arc (CAVA) extends along the Pacific coastline of the Central American Isthmus,
from Guatemala in the northwest to Panama in the southeast (CNE, 2001).

i ike-sli retion
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MAY= Maya block; CHR= Chortis block; CHT= Chorotega block; CHC= Choco block

FIGURE 2: Tectonics of Central America and the Caribbean
(modified from Giunta and Orioli, 2011)

The rate of subduction of the Cocos plate is amongst the fastest in the world at 8 cm/yr (Weinberg,
1992), with a comparatively steep angle of subduction of 60° (Gill, 1981). This angle is thought to have
increased since the Pliocene, resulting in westward migration of the volcanic front (Weinberg, 1992).

The active volcanic arc with a NW-SE orientation in Nicaragua is known as Los Maribios range,
occurring within the Nicaraguan depression. The Nicaraguan depression is a major tectonic structure
parallel to the Central American Trench, which extends the length of western Nicaragua. The depression
has been defined as a half-graben (a zone of structural subsidence) limited by NW-SW striking normal
faults, generally dipping NE (McBirney and Williams, 1965).

Nicaragua is divided into four physiographical provinces, from west to east these are: The Pacific
Coastal Plain, The Nicaraguan Depression, the Interior Highlands and the Atlantic Coastal Plain
(McBirney and Williams, 1965). The stratigraphy of the Pacific Coastal Plain is divided into sequences
of neritic sediments, mostly volcanoclastic deposited between the late Cretaceous and upper Miocene.
Formations from this interval are folded, eroded and covered by carbonates and volcanic rocks of the
Pliocene (Weinberg, 1992 and references therein). In the northwest sector of the Pacific Plains, outcrops
with thin layers of ignimbrites and lavas are found. The Nicaraguan Depression is partially covered by
the Nicaragua and Managua Lakes (McBirney and Williams, 1965) and is filled by alluvial sediments
and volcanic rocks (Weinberg, 1992).
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3.2 The San Jacinto-Tizate geothermal field

The San Jacinto-Tizate geothermal field is located in northwestern Nicaragua, some 75 km NW from
the capital Managua (Figure 3). The geological and tectonic history of the western region has been
related to the geodynamic evolution of the pacific continental margin, characterized by subduction of
the Cocos Ocean plate beneath the Caribbean Continental Plate (CNE, 2001).

FIGURE 3: Location of San Jacinto-Tizate geothermal field
(modified from MEM, 2008)

The closely spaced Quaternary volcanic centres in northwestern Nicaragua form a semi-continuous
range, the Maribios cordillera. The San Jacinto-Tizate geothermal field lies on the eastern part of the
Telica volcanic complex which is located near the centre of this range (Figure 3). The geothermal field
comprises an active andesite volcano (Telica) at the northwest end with increasingly older volcanic
centres to the southeast (White ef al., 2008). Thermal features comprise mud pools in the San Jacinto
village and fumaroles and weak seasonal warm springs in the Tizate area to the north.

3.2.1 Geology and stratigraphy

The San Jacinto-Tizate field constitutes the base of the eastern flank of the Telica volcanic massif
(Figure 4). The eastern part of the Telica volcanic massif includes the lower slopes of San Jacinto
volcano, Santa Clara volcano and the remains of the old volcanic edifice El Chorro. Other relatively old

volcanic structures include the Rota volcano, located SSE of the geothermal field (CNE, 2001).

The surface geology of San Jacinto largely consist products from the surrounding volcanic centres of
Telica, Santa Clara and Rota, which overlie a suite of older volcanic and epiclastic rocks that are locally
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intruded by porphyritic diorites. Similarly, extrusive volcanic rocks (lavas and tuffs) and related
breccias, mainly of andesitic composition, with some intercalated volcanogenic sediments and intrusive
diorites have been largely encountered in wells. There are not big differences in lithology between wells,
but neither are there any beds that can be correlated across the field (White ef al., 2008).

MINISTRY OF ENERGY AND MINES
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FIGURE 4: Geological map of San Jacinto-Tizate (MEM, 2008)

The geological succession of the field consists mostly of igneous, pyroclastic and intrusive rocks of
basic-to-intermediate composition and sedimentary deposits of primary volcanic origin. The age of the
rocks varies from late Miocene to Holocene. Different stratigraphic units have been identified, including
pyroclastic-effusive units of the recent San Jacinto, Santa Clara and Rota volcanoes, a late Pleistocene
unit of the El Chorro-Tizate volcano, the extrusive domes of Ignacio del Bosque, proluvial sediments of
the San Jacinto Depression, and other units encountered only in the deep wells (Spektor, 1994).

According to Ostapenko et al. (1998), three main groups of faults have been identified in San Jacinto-
Tizate: NNE-trending, NW-trending, and volcano-tectonic ring faults. The geothermal field is located
within the composite structure formed by the superposition of the San Jacinto graben on the eastern part
of the volcano-tectonic Telica Depression. The northern part of the structure (Tizate area) is intensively
fractured by the intersection of faults with different trends.

3.2.2 Hydrothermal alteration mineralogy

Hydrothermal alteration is the mineralogical, textural and chemical response of the rocks when subjected
to drastic changes in their formation environment. It is mainly dependent on permeability, temperature,
pressure, rock types, fluid composition and duration of the activity (Browne, 1978). Hydrothermal
alteration and mineralization are the results of an irreversible chemical exchange between an aqueous
solution and adjacent rocks. Certain components are extracted selectively from the wall-rock and are
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added to the fluid and other components are selectively incorporated by secondary minerals and removed
from the hydrothermal fluids.

The essential feature of the hydrothermal alteration is the conversion of a set of initial minerals into a
new association of more stable minerals. Secondary minerals form by different hydrothermal alteration
processes (replacement, leaching or deposition).

The formation of selected alteration minerals is mainly dependent on temperature. Table 5 presents the
temperature stability ranges of selected alteration minerals present in geothermal fields in Nicaragua
(SKM, 2008). Alteration mineralogy is widely used to analyse temperature conditions in a geothermal
system and outline whether the system is in thermal equilibrium or whether heating or cooling has
occurred.

TABLE 5: Formation temperature for alteration minerals

Minerals Tmin (°C) Tmax (°C)
Zeolites 30 130-150
Laumontite 120 190-220
Wairakite 200
Smectite 50 <200
Mixed-layer clay 200 230
Chlorite 230 >300
Illite 230 >300
Calcite 50-100 300
Quartz 160-180 >300
Epidote 230-250 300
Actinolite 280 >300

The hydrothermal alteration produces different alteration mineral assemblages in the rock at
progressively increasing temperatures in the geothermal system. In the San Jacinto-Tizate geothermal
field, hydrothermal alteration has been studied based on examination of drill cuttings. Depth-mineral
zonation, which reflects the temperature stability of the hydrothermal minerals, is displayed at San
Jacinto-Tizate in agreement with typically observed in high temperature geothermal systems.

According to White et al. (2008), five alteration assemblages have been identified in the wells drilled in
San Jacinto-Tizate, although only three of these are common. With increasing depth from surface, these
are:

1. Argillic: smectite and interlayered clays (chlorite-smectite and illite-smectite) are accompanied by
zeolites (clinoptilolite, chabazite, epistilbite/heulandite, stilbite/mordenite), quartz, pyrite, iron
oxides, calcite and chlorite, with rare opal and cristobalite. The zeolites are more or less zoned
according to their temperature ranges in the shallower sections.

2. Mixed argillic-prophylitic: epidote is typically encountered at a depth of about 400-600 m, before
illite replaces interlayered clays, meaning that instead of a purely phyllic zone, there is a zone of
mixed argillic and prophylitic minerals.

3. Prophylitic: epidote is accompanied by minerals such as illite, laumontite, wairakite, adularia,
prehnite, quartz, chlorite, calcite and pyrite.

4. High temperature prophylitic: rare amphibole, indicative of higher temperatures, occurs at depth in
SJ9-2.

5. Contact metamorphic: minor biotite, amphibole and garnet were observed adjacent to diorite in
SJ10-1.

Petrographic studies reveal disequilibrium mineral assemblages in all of the wells examined to date,
with the coexistence of epidote with interlayered illite-smectite being one of the most obvious signs.
This indicates that reservoir conditions have fluctuated over time (White et al., 2008). The relatively
low calcite content compared with the common presence of zeolites is consistent with low gas in the
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deep fluids, while the general absence of minerals such as alunite indicates that acid fluids are restricted
in their distribution, if they occur at all in this part of the system (White et al., 2008).

From the hydrothermal minerals reported in San Jacinto-Tizate geothermal system, of outmost interest
to this study are the alteration minerals involved in controlling the activity of dissolved gases. In the
case of HaS these are: epidote, quartz, prehnite, pyrite, pyrrhotite, wollastonite, anhydrite and magnetite.
A Dbrief description is made bellow.

Epidote (Ca; (Al, Fe); Siz (OH)) is a common mineral in geothermal reservoirs, being recognized as a
key index mineral related to temperature, permeability, and fluid composition (Bird and Spieler, 2004).
In well SJ9-2 at San Jacinto-Tizate, epidote is first identified at 600 m depth, increasing in abundance
below 921 m depth. Epidote is usually associated with wairakite and quartz (Quintero-Roman, 2010).

The composition of epidote in active geothermal systems indicates a near complete solid solution
between clinozoisite (Ca,Al;Si3(OH)) and epidote (Ca,Al,FeSiz(OH)), involving substitution of Fe*" for
AI’" on one of the three octahedral sites. The Fe end-member (Ca,Fe;Si;(OH)) is referred to as pistachite
and the composition of epidote minerals is commonly expressed in terms of mole fraction of pistachite
(Xps) which is defined as:

Npe

T (1)

P* Npe + 1y
Epidote composition in San Jacinto-Tizate has not been reported to date.

Quartz (Si0;) is commonly reported in all wells and through all depths. In well SJ9-2 quartz first
appears around 129 m depth, as a small crystal (>160-190°C). With increasing depth it occurs as
euhedral and anhedral crystals, often replacing other minerals especially plagioclase or zeolite. It also
occurs as vesicles fillings or as fine veins. In thin sections quartz is associated with epidote, calcite,
wairakite and clay (Quintero-Roman, 2010).

Prehnite (Ca,AlLSiz010(OH)) commonly occurs as a secondary mineral in basalts and related rocks. In
well SJ9-2 at San Jacinto-Tizate appears as a small crystal at 681 m, where it is associated with epidote,
being scarce in the entire well (Quintero-Roman, 2010).

Prehnite is a common mineral in geothermal fields, where it generally forms at temperatures between
250 and 350°C (Bird et al., 1984). Prehnite composition depends on the substitution of ferric iron (Fe’")
for aluminium (A1*") in the octahedral sites, defined as moles of Fe ** per formula unit equivalent
XFe, preh = NFe. The composition of prehnite in the San-Jacinto Tizate geothermal field has not been
reported to date.

Pyrite (FeS;) has been reported at different depths in well SJ9-2. The stratigraphy in the well consists
primarily of interlayered andesitic lavas and tuffs, where pyrite is observed disseminated in the rock and
also filling vesicles and veins (Quintero-Roman, 2010).

Anhydrite (CaSO,) is a common mineral in saline geothermal areas or in sedimentary hosted
geothermal system where inflow of fluid with a saline composition commonly results in the precipitation
of anhydrite. This mineral was rare in SJ9-2, just observed in thin sections at 600 m and 1350 m depth
(Quintero-Roman, 2010).

The hydrothermal minerals wollastonite (CaSiOs), pyrrhotite (FeS) and magnetite (Fe;04) have not
been reported in the San Jacinto-Tizate wells.

3.2.3 Geochemistry

According to data from well testing and gas chemistry, the San Jacinto-Tizate is a liquid-dominated
reservoir with outflows of steam and water to surface thermal areas (CNE, 2001). The deep fluid from
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the reservoir has been sampled from production wells, reporting a slightly alkaline, medium salinity,
Na-Cl waters (CNE, 2001; White ef al., 2008). The chemistry for El Tizate wells is quite uniform, with
calculated reservoir chloride concentrations falling in a range of 1,800 to 2,400 ppm and approximately

neutral pH, typical of high temperatures hydrothermal systems developed in young volcanic rocks
(CNE, 2001).

The composition of the gas dissolved in the deep liquid is represented by 95% in volume of CO, and
1% - 5% in volume of H,S. The proportion of gases in the steam is of approximately 0.5% to 1.5% in
weight, and the concentration of H»S in the steam is approximately 300 to 600 ppm in weight (CNE,
2001). The gas content in the steam from San Jacinto-Tizate reservoir has also been reported by IDB
(2010), presenting a moderate low concentration (in production to date) with measured amounts of
0.45% in weight, from which only about 8% is H,S. This represents an H,S concentration of about 360
ppm in the steam.
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4. CONSTRAINTS ON THE H,S EMISSION OF THE SAN JACINTO-TIZATE
GEOTHERMAL POWER PLANT

Detailed information on the concentration of dissolved gases in the steam from the San Jacinto-Tizate
geothermal field was not available for this study, nor was the steam flow from wells and geochemistry
of the deep liquid in the geothermal system. Therefore, an alternative method for estimating the content
of dissolved gases in the geothermal fluid was used, being the gas of interest hydrogen sulphide (H»S).
The known installed capacity of the power plant (72 MW) and its estimated efficiency (in terms of MW
per kg of steam) was used to estimate the steam flow. Mineral equilibrium considerations in the
geothermal system are used to assess the H»S concentration in the steam.

Fluids form geothermal systems contain dissolved gases, such as CO,, H,S, H,, N2, CH4 and Ar. The
concentration of individual gases varies depending on geological settings, temperature and composition
of the geothermal reservoir (Gunnarsson et al., 2013). The origin of the gases is either magmatic,
meteoric or they are formed in the geothermal reservoir through water rock reactions. The dissolved
gases can be either considered reactive and conservative constituents and have long been used by
reservoir scientists to characterize the physical nature of the fluid and manage production from
hydrothermal systems (e.g. Armannsson et al., 1982; Gudmundsson and Arndrsson, 2002).

Production of fluids from high-temperature (>200°C) geothermal reservoirs by deep drillings has
provided extensive information on the origin and chemistry of these fluids, the associated hydrothermal
alteration and various hydrological characteristics of such systems (Karingithi et al, 2010). Many
studies carried out on the chemistry of the fluids discharged from wells have focused on evaluating the
processes that control fluid compositions (e.g. Arnorsson and Stefansson, 1999; Arnoérsson et al., 1990;
Armnorsson et al., 1998; Arndrsson and Gunnlaugsson, 1985; Arnorsson et al., 1983; D’Amore and
Panichi, 1980; D" Amore and Truesdell, 1985; Giggenbach, 1980, 1981; Gudmundsson and Arnorsson,
2002, 2005; Nehring and Damore, 1984; Stefansson and Arnérsson, 2000) and some others on the source
of specific chemical constituents in the fluid (e.g. Armannsson ez al., 1982; Giggenbach, 1992).

Recent studies have successfully demonstrated that the gas concentration in geothermal well discharges
is controlled by temperature-dependent equilibria between alteration minerals in the reservoir rock and
gas concentration or gas ratios in the producing aquifer (Arnérsson and Gunnlaugsson, 1985).

Karingithi (2002) studied the state of equilibrium between the reactive gases and selected hydrothermal
mineral buffers in the liquid-dominated, volcanic geothermal system Olkaria in Kenya. Subsequently,
Karingithi et al. (2010) used chemical geothermometers to evaluate which processes controlled the
aquifer fluid compositions in the same geothermal system. The approach largely focused on minerals
that constitute assemblages that potentially could control the aquifer liquid water concentration of the
reactive gases, CO,, H,S and H,.

Gonzalez-Contreras (2010) also analysed secondary mineral assemblages that could be involved in
controlling the concentration of components present in the fluid such as CO,, H,S and H in the
Reykjanes Geothermal system, SW Iceland. In this study, the control of mineral buffers on the gas
chemistry in the geothermal fluid was analysed, determining trends of gas concentration as a function
of temperature.

A similar approach can be used to estimate H»S gas concentration in the deep liquid from the San-Jacinto
Tizate geothermal system, given the alteration mineralogy and temperature reported for this geothermal
field. In the following sections, the method applied to constrain the H»S concentration in the deep liquid
and steam in the geothermal system under study is depicted.

4.1 Thermodynamics and mineral equilibria

Many authors have postulated about the equilibrium of mineral assemblages in controlling the activity
of dissolved gases at geothermal systems. Stefansson and Arndrsson (2002) propose mineral buffers
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likely to control the activity of CO,, H,S and H, for saline geothermal fluids. Arnoérsson et al. (1998),
Stefansson and Arnérsson (2002) and Freedman et al. (2009) agree in that the mineral buffer of epidote,
calcite, quartz and prehnite controls the activity of CO». For H»S and H» gases, Arnérsson et al. (1998)
propose a mineral assemblage involving pyrite, pyrrhotite, epidote and prehnite, and Stefansson and
Arnérsson (2002) suggest mineral assemblages for saline geothermal fluids including pyrite, prehnite,
magnetite, anhydrite, clinozoisite and quartz for H»S and Ho.

Here the activity of dissolved H»S in the deep geothermal liquid from the San Jacinto-Tizate geothermal
system is predicted assuming equilibrium with the mineral assemblages proposed by Gonzalez-
Contreras (2010) and Karingithi ez al. (2010), as follows: pyrite, pyrrhotite, prehnite and epidote; pyrite,
pyrrhotite and magnetite; wollastonite, pyrite, anhydrite, quartz and magnetite; prehnite, pyrite,
clinozoisite, anhydrite, quartz and magnetite.

The following balanced chemical reactions represent mineral buffers that may control H,S in a given
geothermal system:

(a) ; FeS, + < FeS + 2Ca,Al,Siz059(0H), + H,0 = =Ca,Al,FeSi; 01, (0H) + HzS4q
(b) ~FeS, +>FeS + H,0 = ~Fe30, + H,S,q

4 2 4
(c) CaSiO3 + 6FeS, + 11H,0 = CaS0, + Si0, + 2Fe;0, + 11H,S,q

(d) 3Ca,Al,Si;0,,(0H), + 12FeS, + 20H,0 = 2Ca,Al;Si;0,,(0H) + 2CaS0,
+3Si0, + 4Fe30, + 22H,S,4

Each of these reactions was solved numerically for gas concentration for a given temperature.
Equilibrium constants (K) as a function of temperature were computed using SUPCRT92 software
(Johnson et al., 1992) for reactions ¢ and d. In the case of reactions a and b, K was computed based on
temperature equations for equilibrium constants presented by Karingithi et al. (2010) for the selected
mineral assemblage reactions. The computed equilibrium constants are presented in Appendix A.

For the evaluation of mineral control of gas concentration, the activity of dissolved species is calculated.
The aqueous solutions composition presented in terms of molality, (m) is related to the activity (a;) by
an activity coefficient (y;).

a; =m; *y; (2)

The activity model most commonly used in geochemical studies (Debye-Huckle model) assumes that
the natural logarithm of the activity coefficient of a given dissolved species is a function of its charge.
As a result the value of the activity coefficient for the uncharged species is equal to unity and thus the
activity equal to molality.

Hydrothermal minerals such as quartz (Si0.), calcite (CaCO3), pyrite (FeS;), pyrrhotite (FeS), anhydrite
(CaS0s), magnetite (Fe;O4 ), wollastonite (CaSiO3) and water were considered to be pure and therefore
their activity equal to 1. In the case of solid solutions as prehnite (Ca,Al>Siz010(OH),) and epidote
(Cay(AlFe);Siz012(0OH)), activity values were computed from data published by Bird and Spieler
(2004), where the mineralogical characteristics and composition of epidote in active geothermal systems
by global tectonic setting is presented.

In the case of convergent plate boundaries of the Circum-Pacific Margin, where Central America is
located, epidote and prehnite composition from Miravalles geothermal system in Costa Rica has been
reported. For this study, the composition from the above mentioned minerals in Miravalles geothermal
system was deemed to be representative of the San Jacinto- Tizate geothermal system in Nicaragua,
given the similarity of geothermal areas located within the same region.
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In the Miravalles geothermal field, epidote compositions range from Xps=0.18 - 0.32, and prehnite from
Xre—=0.04 - 0.24 (Bird and Spieler, 2004). A mean value for composition of epidote X;—0.25 and
prehnite Xr.~0.14 was used for obtaining the following activity values: ac~0.75, ac,~0.25 and
apren™0.86.

For the mineral buffers considered to be controlling H,S, equilibrium constants were used according to
the following principle in terms of activities of the species, which values were explained above.

aA+ BB =yC+ 48D 3)
_[c)[p)®
K = aeE7 @

The predicted concen-
trations of HZS as a a. %pyr + %pyrr + gpre + gHZO = gepi + HyS4q
function of temperature
in the deep liquid for
each mineral buffer 160 1
considered is calculated
for the reported
temperatures in San
Jacinto-Tizate geother-
mal system, 250-290°C
(Figure 5). Reactions
for reduced conditions
in the geothermal
system (lines a and b in
Figure 5) predict high
H,S concentration
VahIeS, while reactions c. wol + 6 pyr + 11H,0 = anhy + qtz + 2mag + 11H,S4

f()r oxidized COIlditiOl’lS d. 3pre + 12pyr + 20H,0 = 2czo + 2anhy + 3qtz + 4mag + 22H,S 44
(lines ¢ and d) predict 0 : ‘ :
low concentration 200 225 250 275 300
values. The variation in Temperature (°C)

the predicted concen-

tration depends on the FIGURE 5: H,S gas concentration in the deep liquid as a function of
mineral  assemblages temperature for theoretical mineral equilibrium, where lines a and b
controlling H,S in the represent reduced conditions and lines b and ¢, oxidized conditions
geothermal system.

Different scenarios can be inferred depending of the conditions in the geothermal system. The low
concentrations predicted by reactions ¢ and d, are representative of geothermal systems controlled by
oxidized conditions, as is the case of saline geothermal systems.

1 1 1
b. —pyr+;pyrr+ H,0 = ;mag+ HySqq

Cst (ppm) in deep liquid

The concentration of H,S in the San Jacinto-Tizate geothermal system is assumed to be controlled by
mineral assemblages considered in reaction b (reduced conditions), which represents the second worst
case scenario for H>S emissions. Highly reduced conditions, represented by reaction a, have not been
reported for the San Jacinto-Tizate geothermal field.

4.2 Concentration of H,S in steam

Given the concentration of H»S in the deep liquid from San Jacinto-Tizate geothermal system, the H,S
concentration in the steam can be computed under the assumption that all the gas is contained in the
steam phase when the deep liquid boils. The gas concentration corresponds to the ratio between the
concentration in the deep fluid and the steam fraction correspondent to a reference temperature and
pressure.
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The steam fraction was computed based on the following assumptions:

* The temperature of the deep liquid in San Jacinto-Tizate ranges from 250-290°C.

= The geothermal system is liquid dominated.

= The separation pressure set to 10 bar-a.

* Boiling in the geothermal system is taken to be adiabatic, when the fluid rises to the surface it boils
due to reduced hydrostatic pressure.

= Conservation of enthalpy, assuming that no heat or mass is lost or gained to the environment when
the fluid rises. The enthalpy content in the fluid is constant.

The steam fraction is computed in terms of enthalpy by the following equation,

dl l
_ ht” — hps
T RS l
hyps — hps

)

where / refers to enthalpy, the superscripts d/, [ and s refer to deep liquid, liquid and vapour phases,
respectively. Subscripts refer to reference temperature (f) and separation pressure (ps). For the
considered temperature range the calculated steam fraction varies from 0.160 to 0.262 (Table 6).

TABLE 6: Reference temperatures and calculated steam fraction

Temperature (°C) Steam X at 10 bar-a
200 0.045
210 0.067
220 0.090
230 0.113
240 0.136
250 0.160
260 0.185
270 0.210
275 0.222
280 0.235
290 0.262
300 0.289

The H»S gas concentration in steam was calculated from the following equation, assuming all the gas is
contained in then steam phase,

0
mi = Xm$ +—mﬁ (6)

m; = (7

Where m; refers to the concentration of the gas i, the superscripts, d/, s, and / refer to deep liquid, steam
phase and liquid phase, respectively and X refers to the steam fraction for the reference conditions.

For the purpose of the present study, the concentration of H,S in San Jacinto-Tizate geothermal system
is assumed to be controlled by reaction b (Figure 6). Taking reaction b as reference, the predicted
concentration of H,S in steam will be 64% higher if the system is controlled by minerals in reaction a;
and 67% to 73% lower if HaS is controlled by minerals in reaction ¢ and d respectively.
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In the San Jacinto-
Tizate geothermal field, 1000 | a. Ipyr+pyrr+ 2pre+2H,0 = Zepi+ H,Sq
a temperature in the
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boreholes.  Assuming
that the mineral
assemblages conside-
red in reaction b
represent the conditions
in the geothermal
system, a concentration
of H,S in steam in the
range of 186-445 ppm
is predicted. In this
study, a mean tempera-
ture of the deep liquid d
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100 -

CHaS (ppm) in steam at 10 bara

c. wol + 6 pyr + 11H,0 = anhy + qtz + 2mag + 11H,5,,
. d. 3pre + 12pyr + 20H,0 = 2czo + 2anhy + 3qtz + 4mag + 22H,S,,
at 275°C is assumed, 10 ! \ s
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tration of 317 ppm of
H>S in the steam. This

value is W_ithin the H>S FIGURE 6: H,S concentration in the steam from San Jacinto-Tizate
concentration range of geothermal system, where lines a and b represent reduced

300-600 ppm reported conditions and lines b and ¢, oxidized conditions
by CNE (2001) in the

steam from San Jacinto-Tizate geothermal field, and in agreement with the concentration reported by
IDB (2010) of 360 ppm of H>S in the steam.

Temperature (°C)

4.3 H,S emissions from San Jacinto-Tizate power plant

The known installed capacity of the power plant (72 MW) and its estimated efficiency (in terms of MW
per kg of steam) is used to estimate the steam flow. Given the concentration of H,S at 317 ppm in the
steam and a steam consumption of 2 kg/s per MW in a standard condensing turbine (Figure 7), the H.S
emissions from San Jacinto-Tizate power plant when it operates at full load for a whole year is estimated
as 1436.2 tons/year, or an emission rate of 45.5 g/s.

In the San Jacinto-Tizate geothermal power plant, 2x36 MW condensing turbines were commissioned
in 2012. The steam exhaust from the turbines passes through a condenser which produces a condensate
stream and a non-condensable gas stream. The non-condensable gases (including H,S) are vented out of
the condensers to atmosphere in the cooling towers to enhance dispersion (Figure 8).
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FIGURE 7: Condensing turbine steam consumption curves
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geothermal power plant (modified from Dickson and Fanelli, 2004)
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5. DISPERSION MODELLING

This chapter comprises the different steps needed to carry out the dispersion modelling study. First the
emission data from San Jacinto-Tizate power plant is presented, then the meteorological data used in
the model and the reported H,S concentration measurements in the vicinity of the power plant are
described. Finally the simple Gaussian plume approach used in this study and AERMOD dispersion
model is described.

5.1 Input data
5.1.1 Source emissions data

The concentration of hydrogen sulphide in the steam of San Jacinto-Tizate was computed as described
in Chapter 4. The emission rate when the power plant operates at full load (72MW) was estimated as
45.5 g/s.

The stack characteristics were defined according to the configuration of the San Jacinto-Tizate Power
Plant. The H»S emissions are made through the cooling towers. The NCG are discharged below the
cooling tower fans to ensure mixing with the air and steam as it is blown high into the atmosphere. The
H>S is then mixed in the plume emitted through five closely spaced outlets in the cooling tower. There
is a cooling tower for each 36 MW condensing unit in San Jacinto-Tizate Power Plant. The cooling
tower outlets are modelled as one point source with a combined area. The stack inside diameter was
estimated as 24.6 m for each cooling tower.

Based on preliminary design parameters of the San Jacinto-Tizate power plant reported by
Ingimundarson and Thorhallsson (2012), the gas temperature used is the steam temperature in the
cooling tower exhaust (~40°C) and the gas exit velocity was estimated from the airflow through the
cooling towers based on a simplified scheme of the cooling needs in the system (condenser-cooling
towers). The gas exit velocity is approximately 3 m/s.

5.1.2 Meteorological data

Meteorological data is needed to calculate air pollution distribution. For this study, hourly measurements
of wind speed, wind direction, air temperature, pressure, relative humidity and precipitation from the
weather station run by the project developer, PENSA in the San Jacinto-Tizate power plant site were
obtained for the period January 2012 to June 2013. Cloud cover is not measured in the station at the
project site; therefore cloud cover reports for the same period were obtained from Leon weather station
(code 64043), run by Nicaraguan Institute for Territorial Studies (INETER) 22 km west of the project
site.

The Leon weather station is a manned observation station and cloud cover measurements are just
reported for day time (10 hours a day). Night time cloud cover for the modelling period was estimated
using a linear interpolation function available within R statistic software (R Core Team, 2013).

Weather data processing from the SJT weather station included the use of linear interpolation methods
to fill gaps in different meteorological parameters. The methodology recommended by the EPA
regarding “Procedures for substituting values for missing NWS Meteorological Data for use in
regulatory air quality models” was used whenever possible. According to this method, a data set which
is less than 90% complete should not be used for air quality modelling purposes (Atkinson and Lee,
1992).

Predominant wind speed and direction was identified in the project area (Figure 9). The mean wind

speed reported is 3 &= 2 m/s, with prevailing ENE (15.6% of the time), E (14%) and SSW (13.7%) winds.
The average air temperature is 27 + 3°C and the average relative humidity (RH) 63 &+ 16%.
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FIGURE 9: a) Wind rose for the SJT weather station January-December 2012,
b) Wind class frequency distribution

5.1.3 Concentration of H,S in the project area

The San Jacinto-Tizate Project developer (PENSA) implemented an Air Quality Monitoring Program
since 2006. Hydrogen sulphide ambient air concentration levels are measured and reported twice a year
around well platforms, power plant and some receptors.

For each monitoring cycle, measurements of H>S concentration at approximately 1-hour interval are
made during periods of 24 hours. A Jerome 631-X Hydrogen Sulphide Analyser, with a detection range
of 0.003-50 ppm or 4.26-71000 pg/m’ (Arizona Instrument LLC, 2014) is used for the measurements.
Only the averaged concentrations from each monitoring period are reported to regulatory bodies.

In this study, the average concentration at different monitoring points (Table 7) is used for comparison
purposes with predicted concentrations from dispersion modelling. The power plant installed capacity
and operation conditions during each monitoring period were different. In March 2012, the installed
capacity of the plant was 46 MW (2x5 MW backpressure units and 1x36 MW condensing unit) with a
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highly variable electricity generation (10-40 MW). In September 2012 and June 2013 the installed
capacity was 72 MW (2x36 MW condensing units) with a steady electricity generation, 38 MW and 59
MW respectively.

TABLE 7: Reported H,S concentrations in the project area (PENSA, 2012, 2013)

Monitoring Average concentration (ug/m’)
points/receptors 6 - 7 March 19 - 20 September 6 -7 June
2012 2012 2013
SJ-11 1.42 1.99 0.99
SJ-12 2.84 4.12 3.27
SJ-4 5.68 6.11 2.98
SJ-5 15.62 8.66 3.12
SJ-6 22.72 6.39 2.27
SJ-9 5.68 5.68 2.41
El Tizate 2.13 2.70 1.70
Receptor A 2.56 2.56 0.99
Pumping Station 22.58 11.22 2.84
Cooling Tower 19.88 3.27 5.25
Power Plant U1,2 28.83 - -
Power Plant U3 30.10 2.98 3.69
Power Plant U4 - - 3.55

5.2 Gaussian plume dispersion model

The Gaussian plume model is the most common air pollution model for single and multiple sources. It
is based on a material balance where a point source is considered and a downwind concentration is
computed. In this project a simple Gaussian plume approach is used by assuming the plume travels
straight downwind from the source and no obstacles or terrain interfere in its way. The calculation is
made to analyse the effect of distance and atmospheric stability on ground level concentration in the San
Jacinto-Tizate project area.

The three dimensional concentration

: z Plurme
field generated by a point source, [ certerling
under stationary meteorological and Pollutant l

emission conditions, is called a concentration —s-
plume (Figure 10). The origin of the profiles
coordinate system is placed at the
base of the smokestack with the x
axis aligned in the downwind
direction. The plume is assumed to
be emitted from a point with
coordinates (0, 0, H) where H is the
effective stack height which is the
sum of the physical height and the 4y Hs
height to which the plume rises
before levelling off. For a thin sheet
of air that extends a certain distance
in the x direction, to infinity in the y
and z directions and moves with the
local wind speed, materials are FIGURE 10: Gaussian plume schematic representation
transferred up and downwind of it by (BMacZero, 2012)

turbulent  dispersion.  Assuming

negligible net transfer in the x-direction makes the spreading problem two-dimensional (Nevers, 2000).

Hz = Actual stack height
Ha = Effective stack height
pallutart release height
H: + fh

Ah = plume rise
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5.2.1 Gaussian plume equation

The basic Gaussian equation estimates the concentration at a receptor located at x downwind, y
crosswind, and at a height z above the ground that results from a point source with an effective stack
height H above the ground (Nevers, 2000). The basic Gaussian equation is:

2 —H 2
y 2] exp [(Z ZJZZ) ] ®)

— e —_—
2may, o,up p[ 20y

where X is the air pollutant concentration in mass per volume (g/m*), Q is the pollutant emission rate in
mass per time unit (g/s), u; is the wind speed at stack height (m/s), oy is the standard deviation of the
concentration distribution in crosswind direction at the downwind direction x (m), o, is the standard
deviation of the concentration distribution in vertical direction at the downwind direction x (m), y is the
horizontal distance from the receptor to the plume centre, z is the vertical distance from the receptor to
the plume centre and H is the effective height of the centreline of the pollutant plume (m).

The wind speed at stack height is calculated from the equation by Schulman and Scire (1980):

P

up=u (Z—h) )

z
where u; is the wind speed at stack height, u is the measured wind speed, z; is the physical stack height,
z is the height at which the wind speed is measured and P is the wind shear exponent. P is dependent on

the air stability class (see Section 5.2.2) and its value can be found in Table 8.

TABLE 8: Values for the wind shear exponent, P (Schulman & Scire, 1980)

Stability class P

0.10
0.15
0.20
0.25
0.30
0.30

MmO w >

The Gaussian distribution equation
requires only two dispersion parameters
(i.e. oy and o) to identify the variation of
pollutant concentrations away from the
centre of the plume. This distribution

equation determines ground level pollutant  _ 1

concentrations based on time-averaged | | 1 !
atmospheric variables (e.g. temperature, -3 -2 -la i +1g 42 +3
wind speed) under the assumption that the

pollutant concentration in the plume is T - Mean (madmum concaniration)
normally distributed as shown in Figure 11 @ - Wandand deviation symbol

(USEPA, 2005).

FIGURE 11: Gaussian distribution (USEPA, 2005)
While the plume travels it spreads and
reaches the surface of the ground, being reflected. The Gaussian equation for the concentration with a
mirror-image plume is,

. Q (z— H)? (z + H)?
G R e | I

For a ground level receptor, the equation becomes:
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5.2.2 Stability classification

The stability of the atmosphere depends on temperature difference between an air parcel and the air
surrounding it. Therefore, different levels of stability can occur based on how large or small the
temperature difference is between the air parcel and the surrounding air (USEPA, 2005). For dispersion
estimation and modelling purposes, the atmosphere stability is classified into six classes: A = Extremely
unstable, B = Moderately unstable, C = Slightly unstable, D = Neutral, E = Slightly stable, F = Stable.

The stability classes are referred to as Pasquill-Gifford stability classes (Table 9) and are based on five
surface wind speed categories, three types of daytime insolation, and two types of night-time cloudiness.

TABLE 9: Atmospheric stability classification

. Day solar insolation Night cloudiness
Surface wind b c < 1 Cloudy Clear
m/s Strong Moderate Slight ~4/8 <3/8

<2 A A-B B E F

2-3 A-B B C E F

3-5 B B-C C D E

5-6 C C-D D D E

>6 C D D D D

* at 10 m above ground, ® sun higher than 60° and clear sky,
¢ sun 35-60° and few broken clouds or clear sky, 4 sun 15°-35° and cloudy.

5.2.3 Plume dispersion coefficients

The basic Gaussian equation predicts a plume that is symmetrical with respect to y and z. The standard
deviation parameters of the concentration distribution in horizontal and crosswind direction (o, and o
respectively) are called horizontal and vertical dispersion parameters and are dependent on the air
stability and the distance from the source. When the dispersion coefficients increase the centreline
concentration decreases and the plume can be detected farther away from the plume centre (Nevers,
2000; Turner, 1994).

These g, and o. dispersion coefficients have units of meters and correspond to an air pollutant sampling
time of 10 minutes. The dispersion coefficients are function of the atmospheric stability class and the
downwind distance x from the air pollutant emission source. The magnitude of the g, and o. dispersion
coefficients in meters can be estimated using the equations reported by Martin (1976),

o, =cx?+f, o, =ax? (12)

Values for four of the stability dependent constants (a, ¢, d, and f) are given in the Table 10. There are
different values for the constants as a function of the downwind distance x. The value for b is constant
=(.894.

5.2.4 Plume rise

The gases emitted through stacks and cooling towers are pushed out by fans. As the turbulent exhaust
gas exit the stack it mixes with ambient air. This mixing of ambient air into the plume is called
entrainment, causing the plume diameter to grow as it travels downwind. The gas has momentum as it
enters the atmosphere. When the gas is warmer than the outdoor air, it is less dense than the outside air
and is therefore buoyant (USEPA, 2005).
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TABLE 10: Values of a, c, d, and f for calculating o, and o, (Martin, 1976)

Stability x<1km x>1km

Class 4 p p 7 p p 1
A 213 440.8 1.041 9.27 459.7 2.094 -9.6
B 156 106.6 1.149 33 108.2 1.098 2.0
C 104 61.0 0911 0.0 61.0 0911 0.0
D 68 332 0.725 -1.7 44.5 0.516 -13.0
E 50.5 22.8 0.675 -1.3 554 0.305 -34.0
F 34 14.35 0.740 -0.35 62.6 0.180 -48.6

A combination of the gas momentum and buoyancy causes the gas to rise. This is referred to as plume
rise and allows air pollutants emitted in the gas stream to be lofted higher in the atmosphere. Since the
plume is higher in the atmosphere, it will disperse more before it reaches ground level (USEPA, 2005).
The final height of the plume, referred to as the effective stack height H, is the sum of the physical stack
height and the plume rise A/. The plume rise is the height to which the plume rises before levelling off.

The plume rise is found for the buoyant and momentum rise and the plume rise is taken as the higher

rise of the two. The buoyancy flux is used to calculate buoyant rise, which can be obtained from the
equation reported by Turner (1994),

F = gvd?AT /(4Ts) (13)
where F is the buoyancy flux (m*/s*), g is the acceleration of gravity (9.8 m/s), v is the stack gas exit
velocity (m/s), d is the top inside stack diameter (m), 47 is the stack gas temperature minus ambient air
temperature (K) and T is the stack gas temperature (K).

In San Jacinto-Tizate geothermal power plant, the gas is emitted from the cooling towers as described
in Section 5.1.1. The diameter and exit velocity of the steam from the cooling towers is used to calculate
the buoyancy flux.

For unstable or neutral conditions the buoyant rise can be calculated from the following two equations:

For buoyancy flux less than 55 (F<55),

3/4
Ah = 21.425— (14)
Up
and for F>55,
3/5
Ah = 38.71— (15)
Up

where 44 is the plume rise and u; is the wind speed at stack top.

The momentum rise is calculated by,

B 3dv
=

Ah (16)

where the parameters are defined as before. The buoyant rise and momentum rise values are compared
and the larger one is used for unstable and neutral conditions.

For buoyant rise in stable air a stability parameter, s, is evaluated (Turner, 1994),
do /

s=g T@ (17)
a
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where g is the acceleration of gravity (9.8 m/s?), df/dz is the change of potential temperature with height
(K/m) and Ty, is the ambient air temperature (K).

If the change of potential temperature with height is not known, the following values can be used:
d0/dz =0.02 °K m™" for E stability
d6/dz =0.035 °K m™" for F stability

The stable buoyant rise is then calculated from the following two equations,

Y

Ah =26 (L) ’ (18)

uhS

and
1

F/
Ah = 43—4 (19)

s/s

The lower of these two is then used to compare to the stable momentum rise. The stable momentum rise
is also calculated from two equations, that is Equation (16) and

”deT“>1/3 (20)

Ah = 1.5< AT,

where all parameters are defined as before. The lower of the two stable momentum rise is then compared
to the lower stable buoyant rise and the higher of those two is taken for the final plume rise for stable
air.

5.3 AERMOD dispersion model

AERMOD software for atmospheric dispersion modelling, with the commercial interface AERMOD
View, version 8.2 (Lakes Environmental Software, Canada) was used to predict the H,S concentration
in the vicinity of San Jacinto-Tizate geothermal power plant for different time periods. The model
description and data needed to run the model is depicted below.

5.3.1 Model description

The American Meteorology Society-Environmental Protection Agency developed AERMOD model, a
software package based on Gaussian plume equation. It is the recommended model by the U.S EPA for
air quality simulations.

AERMOD is a steady-state plume model designed to estimate the near-field (less than 50 km)
concentration and run with a minimum of observed meteorological parameters. In the stable boundary
layer (SBL), it assumes the concentration distribution to be Gaussian in both the vertical and horizontal.
In the convective boundary layer (CBL), the horizontal distribution is also assumed to be Gaussian, but
the vertical distribution is described with a bi-Gaussian probability density function (pdf). It treats both
surface and elevated sources on simple and complex terrain. Special features in AERMOD include its
ability to treat the vertical heterogeneity of the planetary boundary layer, special treatment of surface
releases, irregularly-shaped area sources and the limitation of vertical mixing in the stable boundary
layer (Cimorelli et al., 2004).

AERMOD input data is prepared from output files from AERMET and AERMAP pre-processors

(Figure 12). AERMET uses meteorological data and surface characteristics to calculate boundary layer
parameters (e.g. mixing height, friction velocity, etc.) needed by AERMOD. This data, whether
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Surface characteristics in the form of albedo, surface roughness and Bowen ratio, plus standard
meteorological observations (wind speed, wind direction, temperature, and cloud cover), are input to
AERMET. AERMET then calculates the PBL parameters: friction velocity, Monin-Obukhov length,
convective velocity scale, temperature scale, mixing height, and surface heat flux. These parameters are
then passed to the INTERFACE (which is within AERMOD) where similarity expressions (in
conjunction with measurements) are used to calculate vertical profiles of wind speed, lateral and vertical
turbulent fluctuations, potential temperature gradient, and potential temperature (Cimorelli et al., 2004).

5.3.2 Input data

Source data

The H,S emissions from San Jacinto-Tizate geothermal power plant are made through the cooling
towers. When the power plant operates at full load, these are modelled as two stacks with the
characteristics shown in Table 11.

TABLE 11: Source input data for AERMOD

SJT Power Plant (72 MW) Coordinates* X Y
Base elevation (m a.s.l.) 185
Release height (m) 14 Stack 1 524516.17 1393922.64
Stack inside diameter (m) 24.6
Gas exit velocity (m/s) 3 Stack 2 524599.22 1393931.39
Gas exit temperature (°C) 40
Emission rate (g/s) 45.5

*Coordinates UTM, Zone 16 Northern Hemisphere

Meteorological data

Time series of weather parameters (hourly surface observations) were input to AERMET meteorological
pre-processor, which organize the available meteorological data into a format suitable for AERMOD.
Upper air data (vertical temperature gradient and wind profile) was computed by the upper air estimator
within AERMET, based on hourly surface data.
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AERMET calculates atmospheric parameters needed by AERMOD dispersion model, such as
atmospheric turbulence characteristics, mixing heights, friction velocity and sensible heat flux. The
standard meteorological data pre-processing accounts for site specific parameters such as land surface
characteristics (albedo, surface roughness, Bowen ratio) within a 3 km radius around the weather station
where the surface observations are made.

For this, the land cover classification was made based on three sources of data:

= Google earth satellite imagery.
* Land use maps from the project” Environmental Impact Assessment.
= Topographic map (Scale 1:5000) provided by INETER.

The surface parameter coefficients (albedo, Bowen ratio and surface roughness) for AERMET
meteorological pre-processor were set to summer conditions for both wet and dry season model
simulations of the climate in Nicaragua. This was considered to represent the closest analogue for
seasonal conditions in the US and Canada, where the model was developed.

Variable surface roughness parameters were used based on the land cover around the SJT weather
station. The Wieringa-Davenport roughness classification (Wieringa, 1992) was used as reference for
selecting the values to use within AERMET options. Given the different land use in the area, the
classifications used were “Roughly open” (zo = 0.1 m) for cultivated areas with low crops or plant covers,
“Rough” (zo = 0.2 m) for cultivated areas with crops of varying heights and “Very Rough” for areas
with clumps of trees and bush land (zo = 0.8 m).

Finally, AERMET creates two files for AERMOD: a surface file of hourly boundary layer parameters
estimates and a profile file of multiple-level observations of wind speed and direction, temperature, and
standard deviation of the fluctuating components of the wind.

Terrain data

Terrain is one of the factors that affect air pollution where atmospheric vertical motion due to low or
high pressure system or complex terrain effect and elevation above the ground (Zannetti, 1990). The
presence of elevated terrain can significantly affect ground level concentrations of air pollutants emitted
from elevated sources, by reducing the distance between the plume centreline and ground level and
increasing turbulence and funnelling of plumes around topographical features.

AERMAP terrain pre-processor uses gridded terrain data to calculate a representative terrain-influence
height and assigning elevation data to each receptor. This is input to AERMOD to handle the
computation of pollutant impacts in both flat and elevated terrain. A digital elevation model (DEM) with
a resolution of 30 m of posting interval and 7-14 m accuracy was downloaded from ASTER GDEM
website, data provided by METI/NASA. The DEM was directly input to AERMAP and considering the
topography in the project area, the flat and elevated option was chosen when running AERMOD
dispersion model.

Buildings

AERMOD incorporates the effects of buildings in the plume growth and plume rise. For sources
influenced by a building, the plume rise is estimated using a numerical model that includes effects from
streamline deflection near the building, vertical wind speed shear, enhanced dilution from the turbulent
wake and velocity deficit. In general, these building induced effects act to restrict the rise that the plume
would have in the absence of the building (Cimorelli et al., 2004).

The movement of air over and around buildings generates areas of flow circulation, which can lead to
increased ground level concentrations in the building wakes. Downwash effects can be significant,
where building heights are greater than about 30 - 40% of the stack height (RPS, 2009), and distance
less than 1 km from the emission source (Zannetti, 1990).
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In the San Jacinto-Tizate project area, the
only buildings likely to affect dispersion
are the power house and the cooling
towers’ own structure. Rectangular
buildings were selected to represent the
layout of the power plant (Figure 13).
The location and dimension of the
buildings was input to AERMOD to
incorporate the buildings downwash
effect in the modelling results. The
dimension (L, W, H) of the cooling
towers used in the model was 74.7 x 18.7
x 12 m and 77.8 x 32 x 16 m for the
power house building.

o

@0

Receptors

Discrete Cartesian receptors and uniform
Cartesian grids were defined within the
modelling domain to identify areas of
maximum predicted H>S concentrations.
The location of populated areas in the
vicinity of San-Jacinto Tizate power plant was carried out through a review of satellite imagery from
Google Earth and a topographic map (scale 1:5000) from the study area.

ot

FIGURE 13: San Jacinto-Tizate power plant
layout in the model

Within the discrete receptors, control points were defined in agreement with points from the air quality
monitoring program implemented by PENSA. Additional receptors were located in populated areas in
the surrounding villages.

Different grid sizes were used to provide a good resolution of predicted concentrations near the power
plant area (where concentrations can vary greatly over a smaller distance), as well as for covering a
wider area from the source (modelling domain). The following grid sizes and resolutions were used
together:

* @rid 1: 30 x 30 km with 1000 m grid spacing
= Grid 2: 5 x 5 km with 300 m grid spacing; and
* Grid 3: 1.5 x 1.5 km with 50 m grid spacing

5.3.3 Modelled periods
Three different short periods were modelled in AERMOD, in agreement with air quality monitoring
dates. The input data was adjusted to different power plant operation conditions for the specific dates

(Table 12). The last modelled period represents the power plant operating at full load for a whole year,
using meteorological data from January to December 2012.

TABLE 12: Input data for the modelled periods

March September June
SJT Power Plant 6-72012 | 19-202012 | 6-72013 | Fullvear
Electricity generation (MW) 39 38 59 72
Emission rate (g/s) 24.7 241 373 45.5
Gas exit velocity (m/s) 3 3 3 3
Number of stacks 1 1 2 2
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6. MODELLING RESULTS
6.1 Simple Gaussian plume estimates

A simple Gaussian plume approach was used to analyse the change in concentration with distance from
the source. Three different periods were modelled according to the weather conditions for each specific
date (6 - 7 March 2012, 19 - 20 September 2012 and 6 - 7 June 2013) and the H»S concentration at
ground level considering different atmospheric stability was computed. The emission rate used was that
of the power plant operating at full load for all periods (45.5 g/s).

The atmospheric stability was classified as shown in Section 5.2.2. For atmospheric stabilities 4 and B
(more unstable), an air temperature of 32°C and a wind speed of 1 m/s and 3 m/s was used in the model.
For C and D (slightly unstable and neutral) stabilities, the wind speed used was 7 m/s and an air
temperature of 30 and 28°C, respectively. During stabilities £ and F' (more stable), the air temperature
used was 25°C and wind speed of 2 and 3 m/s, respectively. Wind direction is assumed to be constant.

In 6 - 7 March 2012

(dry season) the o

atmospheric  stability a~ 95 -

class changed from %ﬁ 50 |

neutral (D) to slightly = gl

unstable (C), slightly T

stable (E) and stable e sy

atmosphere (F). The S

plume travels farther £ 5 |

away during stable g

conditions, indicating : o

very low £ 20

concentrations close to -

the source at night-time £

and  reaching the Hlk

maximum ground level 5 -

concentration some 8 0 . ; ‘ . : ;
km from the source 0 3 6 9 12 15 18
(Figure 14). During Distance (km)

neutral and slightly

unstable  atmospheric FIGURE 14: H,S concentration as a function of distance from the source

conditions (day time), for the atmospheric stability classes occurring on 6 - 7 March 2012
higher ground level

concentrations are expected closer to the source, with maximum concentrations occurring within a
distance about 2-4 km.

The months of September and June correspond to wet season in Nicaragua. The atmospheric stability
for the periods 19 - 20 September 2012 and 6 - 7 June 2013 was very similar. The atmospheric stability
class changed from extremely unstable (4) to moderately unstable (B), slightly stable (E£) and stable
atmosphere (F). The plume travelled farther away during stable conditions, indicating very low
concentrations close to the source at night-time and reaching the maximum concentration at a distance
greater than 8 km from the source. During extremely unstable and moderately unstable conditions (day
time), the maximum concentrations occur about 1-2 km from the source for both months (Figure 15).

6.2 AERMOD model results

Four different periods were modelled in AERMOD. The first one considering the San Jacinto-Tizate
power plant operating at full load (72 MW) for a whole year, using meteorological data from the period
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maximum average for the atmsospherli)c stability c&asses occurring on
concentration (1h, 8 h 19 - 20 September 2012 and 6 - 7 June 2013

and 24 h) during the year 2012 were chosen to study the distribution of hydrogen sulphide. Lastly, the
number of times that the WHO ambient air guideline for H,S (150 pg/m’ averaged over 24 h) and the
guideline value set in Iceland (50 pg/m’ averaged over 24 h) are exceeded during the modelled period
is presented.

Annual Average

The San Jacinto-Tizate power plant operating at full load for a whole year was modelled. In AERMOD
modelling software, the long-term averages do not include calm or missing hours in their calculations.
The annual average is simply the sum of the concentrations from the non-calm/non-missing hours
divided by the number of non-calm/non-missing hours.

The modelling showed that the highest concentrations are to be expected in the immediate vicinity of
the power plant (Figure 16). The maximum concentration predicted was 116pug/m® and occurs next to
the power plant building. The San Jacinto village and other smaller settlements are located outside of
the plume pathway, except for few isolated dwellings or farms located in the places identified as
Receptor A, Los Prados and El Ojochal del Liston (Figure 16).

Highest 24-hour average

The short term average results from AERMOD represent the highest concentrations reported by receptor
for the averaging period. The contours are based in the highest 24h average concentration by receptor,
occurring at different times for different locations (Figure 17).

The spatial distribution of the plume for 24h averaging time extends over a wider area than the annual
average, including populated places, where H»S concentrations up to 50 pg/m’ are predicted (Figure
17). The highest concentration occurs about 1.2 km west from the source, and also near the power plant
building, where a peak value of 1462 pg/m’ is predicted on 7 March 2012. In these places, the WHO
ambient air guideline of 150 pg/m’ averaged over 24 h is greatly exceeded.
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Highest 8-hour average

The highest concentration in an 8-hour averaging time was also modelled. The results show that the
concentration can reach really high levels in the immediate vicinity of the power plant, reporting a peak
value of 2382 pg/m* on 7 March, 2012 from 16:00 to 00:00, located in between the Power House
building and the Cooling Tower 1 structure (Figure 18). In most of the populated places the H»S
concentration range from 10-150 pg/m’. The 8-hour average concentration is mainly used for
occupational safety purposes, where the exposure limit may vary from 7100 - 14200 pg/m’ (European
Commission and ACGIH respectively). None of these exposure limits for 8-hour averaging period is
exceeded in the study area.
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FIGURE 18: Highest H,S 8-hour average concentration at
any given location for the modelled year 2012

Highest 1-hour average

This represents the shortest averaging time that can be modelled in AERMOD. For a one-hour average,
only a single hour with the highest concentration during the modelled year is taken by receptor to build
the concentration contours (Figure 19). The results do not represent a snapshot in time, as the highest
values occur at different times for different locations. A peak concentration value of 2871 pg/m’ is
predicted on 8 March 2013 at 13:00, occurring in between the power house building and Cooling Tower
1 structure.

The location of maximum concentrations for all the modelled averaging periods occurs at the same site,
the west sector from the power plant site. This result is in agreement with the prevailing east-north-
easterly and easterly winds in the San Jacinto-Tizate project area.

The peak concentration values occurred in between the Cooling Tower 1 structure and the Power House
building for all averaging times. This can be associated to building downwash effects, since the
movement of air over and around buildings generates areas of flow circulation, which can lead to high
ground level concentrations in the building wakes (RPS, 2009).
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FIGURE 19: Highest H»S 1 hour average concentration at any given location for the
modelled year 2012

Ambient air threshold violation predictions

The number of times that the WHO ambient air guideline for H,S (150 pug/m® averaged over 24 h) is
exceeded in a year was also obtained from the modelling in AERMOD. It can be noticed in Figure 20
that the WHO guideline value is exceeded at least 1-5 times within a distance about 1 km from the power
plant in the W, WNW and WSW direction. In the immediate vicinity of the power plant the value is
exceeded numerous times, predicting up to 77 times in a year next to the exhaust from the cooling
towers.

In order to better assess the environmental effect of H>S emissions on air quality in the surrounds of the
San Jacinto-Tizate geothermal power plant, the ambient air guideline set for H,S in Iceland (50 pg/m’
averaged over 24 h) was also used for analysing the threshold violation predictions. This guideline value
is given for the same time averaging indicated by the WHO guidelines (24 hours).

The result shows that the H>S ambient air guideline set in Iceland is exceeded at least 2-10 times a year
within a distance about 2.5 km west from the power plant (Figure 21), however, no populated places
were identified within the threshold violation area. Near the power plant the value is highly exceeded,
predicting up to 166 times in a year close to the exhaust from the cooling towers.

6.2.2 The period 6 - 7 March 2012

This period was modelled for comparison purposes with averaged H,S concentrations reported by
PENSA. The modelling period started on 6 March at 20:00 and ended on 7 March at 19:00, covering
the same hours considered in the averaged concentrations. During these days, the average air
temperature was 28 + 2°C and the average wind speed was 7 £ 3 m/s. The prevailing wind direction was
east-northeasterly (55 % of the time) and northeasterly (33%).
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The same coordinates and monitoring points set by PENSA were used for predicting the average
concentration at ground level: Receptor A, El Tizate, SJ-12, SJ-11, SJ-9, SJ-6, SJ-5, SJ-4, Cooling
Tower (C.T), Pumping station (P.St), Power Plant Unit 1 and 2 (U1-2) and Power Plant Unit 3 (U3).
The spatial distribution of the plume was identified in SW direction (Figure 22), in agreement with
prevailing ENE and NE winds for these days. Very few monitoring points were found within the plume
during the modelled period, these are SJ-6, C.T and U1-2. The maximum concentration was predicted
near the power plant site.
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FIGURE 22: Predicted H,S average concentration for 6 - 7 March 2012

When comparing the predicted averaged concentrations from modelling with the reported averaged
concentration, it was found that AERMOD underestimated the concentration in all the control points
(Figure 23). Considering that the reported concentrations for the period under study correspond to the
highest values reported in the project area in 2012, a review of the possible reasons for the discrepancy
in predicted concentrations by the model was done.

Based on a review of the electricity generation for the period, it was found that the San Jacinto-Tizate
power plant was not operating normally, reporting highly variable electricity generation for some hours
due to power plant restrictions. The daily generation reports from the National Load Dispatch Centre
(CNDC by its Spanish acronym) available in the online database were reviewed, finding that during the
H>S monitoring period, the old backpressure power plant (Unit 1-2) was operated for some hours and
the condensing power plant (Unit 3) had some operational restrictions (Figure 24). The backpressure
power plant consist of a different technology (lower efficiency or higher steam consumption),
discharging all the steam and non-condensable gases directly from the turbine exhaust at atmospheric
pressure, meaning a different emission rate, much higher exit temperature (~ 100°C) and velocity and
very close to the ground (~ 4 m). When the emissions are made close to the ground, like in this case,
higher H>S ground level concentrations are to be expected. In addition, when the condensing unit had
operational problems, the steam in the production pipeline is discharged through a rock muffler close to
the power plant and other times through the silencers in the production wells, which emissions
characteristics are similar to the backpressure power plant.
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The majority of the H>S monitoring points were located outside of the predicted plume pathway for the
modelled period, as shown in Figure 25. The maximum concentration occurred some 1.3 km NW from
the power plant.

When comparing the measured average concentration with predicted concentrations, the model
underestimated the measurements in the majority of the monitoring points, except for Receptor A, where
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the predicted concentration was slightly higher (Figure 26). In the case of the Pumping station (P.St),
the high measured concentration may not be associated to the power plant emissions but to the specific
characteristics of the point location. This site lies next to the separated water pond (brine) and very close

in the
area,
H,S

to fumaroles
surrounding

which  natural
emissions might be
captured by the
measurements in every
monitoring period.

6.2.4 The period 6 — 7
June 2013
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June at 14:00, covering
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reported averaged con-
centrations. The moni-
toring points for this
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in September 2012,
except that a point for
the Power Plant Unit 4
(U4) was added. In the
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average air temperature
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FIGURE 26: Relation of measured and predicted H,S

concentrations on 19-20 September 2012
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time), south-southeasterly (21%) and southwesterly (14%) winds.
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was 27 + 3°C and average wind speed was 2 + 1 m/s, with prevailing south-southwesterly (29 % of the

During this period, many of the H>S monitoring points were located within the plume (Figure 27), with
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FIGURE 28: Relation of measured and predicted H»S
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maximum concentra-
tions occurring some
0.3 km WNW from the
power  plant.  The
comparison of the
measured and predicted
averaged  concentra-
tions showed that some
points  were fairly
predicted (Cooling
Tower, Power plant
Unit 3 and Unit 4)
while others (Receptor
A and SJ-11) were
largely overestimated
by the model. The rest
of the monitoring
points were underesti-
mated, as happened
with other modelled
periods (Figure 28).



7. DISCUSSION

The results from modelling show that the operation of the San Jacinto-Tizate geothermal power plant
does not significantly affect the air quality of the neighbouring communities. Populated places are
located outside the prevailing plume pathway during the modelled periods.

Understanding the atmospheric stability according to different weather conditions and time of the day
is very important for the proper interpretation of dispersion modelling results. During stable conditions,
high concentrations of a pollutant can be expected farther away from the emitting source and very low
close to it (Figure 15). On the other hand, during unstable conditions higher concentrations may occur
very close to the source as a result from turbulence caused by rapid overturning of air (USEPA, 2005).

When modelling the San Jacinto-Tizate geothermal power plant operating at full load for a whole year,
using weather data from 2012, AERMOD model shows that H,S emissions mostly affects the air quality
in the immediate vicinity of the project. The plume centreline was oriented towards W, spreading to NW
and SW most of the time, in agreement with prevailing east-north-easterly and easterly winds in the
area. The surrounding villages are located outside of the most common plume pathway the majority of
the time, however when modelling short averaging times (1 and 8 hours) over a whole year,
concentrations in the range of 50 -150 pg/m? are predicted at some populated places.

The WHO ambient air guideline value for H>S (150 pg/m’ averaged over 24 h) is only exceeded within
1.2 km distance from the power plant in the west direction. Nevertheless, the occupational safety
guidelines (7000-14200 pug/m® averaged over 8 h) are never exceeded at any location in the study area.

When comparing the results form AERMOD model with measured averaged concentrations in the
periods 6-7 March 1012, 19-20 September 2012 and 6-7 June 2013, the model predicted very low
concentrations for the majority of the points in every modelling period. For two specific points located
north from the source (Receptor A and SJ-11), the model predicted much higher concentrations, results
that could be associated to the effect of the terrain and surface roughness characteristics of the location,
where land cover was classified as grassland. In the case of Receptor A, the high predicted
concentrations could be also related to its proximity to a small depression for which high ground level
concentrations are also predicted in the west side of the power plant site.

Natural release of H,S from fumaroles in the project area is not accounted for in modelling; however
these natural sources can affect the measured concentrations used for comparison with the model results.
In one of the three periods for which H,S measurements were available (6-7 March 2012), the source
input parameters used in the model did not apply to the power plant conditions, given the operation of
the backpressure power plant for some hours and the unstable operation of the condensing power plant
throughout the monitoring period.

The accuracy of the location of some of the monitoring points may also affect the concentrations values
predicted by AERMOD. For example in the power plant area, the measurements reported to be taken in
the Unit 3 (west sector from the power house building) and in the cooling tower, seems to be shifted to
the East by some meters, affecting its location within the proper concentration contours calculated by
the model. However for the location of the control points in the modelling domain, the same coordinates
reported by PENSA for the concentration measurements were used.

The modelling predictions showed a better agreement with measured concentrations when the
monitoring points were located closer to the plume centreline whereas the agreement was generally very
poor for points located near the plume edge. However it should be mentioned that the fair prediction of
some of the measured values at some monitoring points indicates that assumptions made to constrain
the H,S concentration as well as other source characteristics like emission temperature and velocity are
not completely off from real values but in a range of divergence.

Sensitivity analysis was conducted on two source input parameters, the gas exit velocity and rate of gas
release from the power plant, the latter based on two possible conditions that could control the H,S
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concentration in the geothermal system. If the concentration of H,S in the geothermal reservoir was
controlled by the more reducing reaction a instead of reaction b, the predicted concentrations at ground
level will increase by a constant factor (linear increase) at each receptor or monitoring point considered,
predicting 64% higher values. This however is unlikely to occur in the San Jacinto-Tizate geothermal
reservoir, because the mineral assemblages considered in reaction a represent highly reduced conditions
in a geothermal system, a condition that has not been reported for this geothermal field.

When reducing the gas exit velocity from 3 m/s to 2 m/s the predicted concentrations increased by
variable factors, depending of the location of the specific monitoring points. In the case of points located
very close to the source, the predicted concentration increased up to 200% while for points located
further away the concentration increase is about 20-40%.

To provide a better analysis of the relevance of the model prediction in relation to measured
concentrations, some adjustment in the input data should be made in accordance to the real operation
conditions in the power plant, meaning the use of measured H>S concentration in the steam and the air
flow in the cooling towers to compute the exact gas exit velocity. In addition, increasing the number of
monitoring points to cover a wider area in the west direction from the source could provide better
background data for comparison with the modelling results. The actual measurements are made at
locations aligned to the north and south from the source, without providing a wider spatial distribution
to account for some spreading of the plume.

The concentration contours obtained from modelling are certainly a useful visualization tool. It has to
be underlined; however, that a model is a simplification of a complex process in which many factors
interact and therefore the results are approximations that may not accurately reproduce or fit to measured
concentrations in a given place.
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8. POLICY RECOMMENDATIONS

In this section a review of the national policies relevant to air pollutants and emissions from geothermal
power plants is made and some recommendations based on the findings of this study are proposed.

In Nicaragua the first air quality policy was passed in 2002, entitled Nicaraguan Mandatory Technical
Regulation on Air Quality (NTON 05 012-02). This regulation attempted to improve the air quality in
the country by establishing emissions limits for the following air pollutants: particulate matter (PM),
carbon monoxide (CO), nitrogen oxides (NO;), sulphur dioxide (SO>), ozone (Os3) and lead (Pb). This
regulation is basically limited to pollutants related to combustion of fossil fuels from both stationary and
mobile sources.

Hydrogen sulphide (H»S) has not been addressed in any national policy in Nicaragua. While no national
guideline is available, project developers are encouraged to follow international standards, usually the
World Health Organization guidelines.

The Nicaraguan Environmental Impact Assessment Act (Decree 76-2006), requires all geothermal
projects to obtain an environmental permit from the Ministry of the Environment and Natural Resources
(MARENA). The issuance of the permit entails an Environmental Impact Assessment (EIA), in which
the environmental effects of a proposed development are documented and the proper management of
significant environmental impacts is secured.

An EIA for the San Jacinto-Tizate geothermal project was completed in 2003 and an environmental
permit was issued by MARENA. Subsequently, a new EIA was completed for the expansion and
technological reconversion of the project to a 72 MW condensing power plant, followed by the issuance
of a new environmental permit in 2008 (Administrative Resolution No. 30-2008). The EIA concluded
that the main environmental impacts of the project were related to air quality and noise, which could be
mitigated through chimneys, silencers, forestry, sound barriers and the use of personal protection
equipment by staff (PENSA, 2008).

Air quality monitoring is included in the Environmental Management Plan proposed by the project
developer PENSA in the EIA. The environmental permit issued to the San Jacinto-Tizate project
includes a clause on the implementation of the proposed plans, where the frequency for the monitoring
periods is set at least twice a year during the project operation phase. However, no details about the
location of ideal monitoring points or duration of the monitoring periods are stated.

In Nicaragua, the Ministry of Energy and Mines (MEM), the Ministry of the Environment and Natural
Resources (MARENA) and the Nicaraguan Energy Institute (INE) are jointly responsible for regulating,
supervising and controlling geothermal resource exploration and utilisation activities. In the case of
geothermal projects, the environmental permits are considered the main tool to regulate the operations
of the power plants. Reporting of air monitoring to regulatory bodies and municipalities is also addressed
in the environmental permits.

The main weakness identified in the review of the regulation process is related to the design and
implementation of the air quality monitoring plans, which is mainly left in the hands of the project
developers, without being properly discussed and agreed upon between stakeholders. These plans should
be proposed by project developers based on technical and scientific background for locating control
points in areas suitable for both monitoring of occupational health and safety and exposure of populated
places near the project site. Regulatory bodies should enforce the revision and upgrading of the proposed
plans in order to provide more reliable data and a good baseline for decision making.

To date, the H,S reported concentrations correspond to the average of hourly instantaneous
measurements in a 24h period carried out twice a year. The reported concentrations are influenced by
the meteorological conditions at the time of the measurements that may or may not represent the
predominant H,S ambient air concentration in the area. It is highly recommended to increase the duration
and frequency of the monitoring periods to provide a better time resolution of the H,S concentration in
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the project area. The original air monitoring plan proposed by PENSA in the EIA and considered for the
issuance of the environmental permit, included the installation of an H»S monitoring station along with
the weather station recently installed in the project area. Compliance of the existing commitments under
the environmental permit should be enforced.

The suggested measures are necessary to determine the extent and severity of the hydrogen sulphide
emissions and ensure that the public is not exposed to concentrations that may cause a nuisance condition
or pose a potential risk to public health. The Ministry of Health (MINSA) should be informed about the
ambient air conditions in the area in order to properly document the incidence of diseases that could be
associated to changes in air quality. This can provide valuable data for further research.

The energy sector should be encouraged to work in close cooperation with INETER, the institution
responsible for operating the meteorological network in the country. These institutions therefore need
to develop criterion for defining suitable power plant sites considering the prevailing weather conditions.
This will mitigate negative effects on air quality. Energy projects will then be properly planned
minimizing potential impacts to nearby communities.

Dispersion modelling could be also used as a tool in the EIA of geothermal projects, which results can
be accounted for in the design of the power station structures in order to guarantee enhanced dispersion
of the emissions as well as for defining a feasible location of the power plants to avoid further air quality
impacts.

Lastly, a very important issue to be address is the lack of publicly available data for research purposes.
Project developers should be encouraged to provide sufficient data to regulatory bodies and research
institutions to carry out research projects on various environmental and resource management aspects
from geothermal developments. This poses the biggest barrier for both regulatory bodies and project
developers in the implementation of shared actions and continuous research to address technical and
scientific solutions to different issues in the sector.

46



9. CONCLUSIONS

The method used to constrain the gas concentration in the geothermal fluid and the emissions from the
power plant can be used as an alternative approach in cases where no reference data is available. The
H,S emissions from San Jacinto-Tizate power plant when it operates at full load for a whole year were
estimated as 1436.2 tons/year. The same approach could be later used for planning purposes prior to
project development in certain areas.

The results from AERMOD modelling for a whole year when the San Jacinto-Tizate power plant
operated at full load (72 MW) shows that H,S concentration at ground level can exceed the WHO
ambient air guideline (150 ug/m’® averaged over 24 hours) in the immediate vicinity of the power plant
(within 1 km W), but not in populated places and surrounding villages. The occupational exposure limits
for H»S in the working environment are not exceeded.

When comparing AERMOD predictions with measured H,S concentrations during three different
periods, the model underestimated the measured values in most of the monitoring points, except for two
points that were greatly overestimated to the north of the power plant. The discrepancy can be associated
to factors like the source input data used for modelling and the characteristics of the location of the
control points, as well as the specific operation conditions of the power plant when the measurements
are done and the influence of H»S natural sources in the reported measured concentration.

Reporting the power plant operation conditions along with individual H,S measurements could be used
to analyse the variability of both measured and predicted concentrations depending on the weather
conditions at a given time. A better analysis of correlation between the model predictions and measured
concentrations could be done and additional sources for discrepancies in the results could be identified.

The spatial distribution of the plume was identified predominantly to the west, west-northwest and west-
southwest of the power plant for the majority of the modelled periods. The air quality trend in case of
future expansion of the power plant could be easily identified based on the modelling results, as well as
the extension of the new impacted area. The most important weather conditions affecting the modelling
results are the wind speed and direction along with the atmospheric stability during different hours of
the day.

The modelling could be refined based on reliable data from the San Jacinto-Tizate Power plant. For this,
the chemical composition of the steam as well as operational parameters from the cooling towers where
the H»S is emitted to the atmosphere is needed.

The results from AERMOD modelling provide useful information to analyse the spatial distribution and
the extent of the plume during a given period; however the predicted H,S concentration at specific
locations should be considered indicative rather than accurate predictions of ground level
concentrations. The modelling results however can assist policy makers and project developers to review
and propose improvements to the air quality monitoring plans as well as mitigating measures if needed.

The weather station installed in the project site by PENSA provides substantial data for air quality
modelling. Nevertheless the installation of additional instruments to measure clouds and solar radiation
at the site is recommended in order to provide a complete database of meteorological parameters.

The installation of a continuous monitoring station for H,S at the project site is highly recommended to
document the changes in air quality in real time. Until this measure is not implemented, the monitoring
plan should be improved by increasing the duration and frequency of the monitoring periods. Air quality
monitoring reports should also be upgraded by including hourly measurements in addition to averaged
concentrations reported for comparison with air quality guidelines.
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APPENDIX A: Calculated equilibrium constants as a function of temperature for mineral
assemblage reactions considered in this study

TABLE A-1: Equilibrium constants for reactions, correspondent activity and H»S concentration
in deep liquid and steam at 10 bar-a

Temperatire | Reaction| LOGK | LOG (H:S) if(‘ﬁsjs) ;{;fp(ﬁg:ﬁzi a8 (ppm)
200 a 38312 | 37916 | 1.62E-04 549 12337
210 a 36407 | 36011 | 2.51E-04 8.52 127.08
220 a 34553 | -34157 | 3.84E-04 13.05 145.32
230 a 32747 | 32350 | 5.82E-04 19.79 175.21
240 a 30082 | -3.0585 | 8.74E-04 29.71 217.78
250 a 29254 | 28858 | 1.30E-03 4423 275.85
260 a 27559 | 27163 1.92E-03 65.34 35371
270 a 25893 | 25497 | 2.82E-03 95.89 457.31
275 a 25070 | -24674 | 3.41E-03 115.91 521.17
280 a 24252 | 23856 | 4.12E-03 139.92 594.64
290 a 22633 | -22237 | 5.97E-03 203.14 776.34
300 a 21032 | -20635 | 8.64E-03 293.72 1016.47
200 b 38600 | -3.8600 | 1.38E-04 4.6936 105.39
210 b 36912 | -3.6912 | 2.04E-04 6.9226 103.26
220 b 35260 | -35269 | 2.97E-04 | 10.1050 112.49
230 b 33667 | -33667 | 430E-04 | 14.6149 129.39
240 b 32100 | -32100 | 6.17E-04 | 209648 153.66
250 b 30564 | -3.0564 | 8.78E-04 | 29.8577 186.21
260 b 29056 | -2.9056 | 124E-03 | 422564 | 228.74
270 b 27571 | 27571 175B-03 | 594815 | 283.66
275 b 26836 | -2.6836 | 2.07E-03 | 704465 | 31675
280 b 26106 | -26106 | 245E-03 | 833459 | 35422
290 b 24657 | -24657 | 342E-03 | 1163430 | 444.62
300 b 23222 | 23222 | 476E-03 | 1619094 | 560.32
200 ¢ 49416 | -44924 | 3.22E-05 1.0942 24.57
210 ¢ 47259 | -42963 | 5.06E-05 17187 25.64
220 ¢ 45172 | -41065 | 7.82E-05 2.6603 29.61
230 ¢ 4315 | 39227 | 1.19E-04 4.0621 35.96
240 ¢ 4119 | 37445 | 1.80E-04 6.1226 44.88
250 o 139288 | 35716 | 2.68E-04 9.1168 56.86
260 o 3744 | 34036 | 395E-04 | 13.4228 72.66
270 o 35642 | -32402 | S575E-04 | 19.5568 93.26
275 o 34761 | 31601 | 6.92E-04 | 23.5173 105.74
280 ¢ 33891 | -3.0810 | 8.30E-04 | 282149 119.91
290 ¢ 32183 | -29257 | LI9E-03 | 40.3415 154.17
300 ¢ 30512 | -27738 | 1.68E-03 | 57.2349 198.07
200 d 1103347 | 46518 | 223E-05 0.7580 17.02
210 d 98783 | -44443 | 3.59E-05 12222 18.23
220 d 94368 | -42437 | 5.71E-05 1.9401 21.60
230 d 90.092 | -40493 | 8.93E-05 3.0352 26.87
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Temperature . a(H,S) = H,S m H,S m
pe Reaction | LOGK | LOG (H:S) 1; (lez)s) Deep(ﬁguia Stgﬁl )
240 d -85.947 -3.8609 1.38E-04 4.6838 34.33
250 d -81.926 -3.6781 2.10E-04 7.1346 44.50
260 d -78.02 -3.5006 3.16E-04 10.7378 58.12
270 d -74.221 -3.3279 4.70E-04 15.9808 76.21
275 d -72.36 -3.2433 5.71E-04 19.4173 87.31
280 d -70.522 -3.1597 6.92E-04 23.5361 100.03
290 d -66.914 -2.9957 1.01E-03 34.3348 131.22
300 d -63.387 -2.8354 1.46E-03 49.6652 171.88
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