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ABSTRACT 
 

During the operation phase of geothermal power plants, environmental engineers 
and scientist are entrusted with the task of monitoring their impacts on the 
environment.  With a well designed monitoring plan, they are kept informed of the 
conditions of the system which they are responsible for maintaining and a sound 
environmental management plan helps ensure that the monitoring is carried out in 
an effective manner within the boundaries of their observation space, in accordance 
with regulation and best practices.  As is the case with the power plant engineer, 
the environmental engineer should strive to apply preventive measures, to ensure 
continued sustenance of the natural environment. 

 
 
1.  INTRODUCTION 
 
As all other anthropic projects, geothermal power plants interact with their surrounding environment 
in various ways over the course of their lifetime.  They thus become a part of the complex planetary 
environment without any obvious demarcated boundaries.  The impacts can vary in nature, severity 
and scope over the different phases of development, which according to Steingrímsson (2009) consist 
of a preliminary study, an appraisal study, project design and construction, commissioning and 
operation, and finally shutdown and abandonment. 
 
Early impacts during surface exploration are usually minimal, but they become gradually more 
pronounced as the project moves through exploratory drilling and on to the appraisal study phase 
(Figure 1).  The greatest impacts are brought about during the design and construction phase, when the 
local environment in the geothermal field and at the power plant site may change significantly with the 
clearing of land and the construction of man-made structures, when wells are being flow tested and the 
economic and social effects of the power plant are felt most profoundly in the neighboring 
communities.  After commissioning, the power plant usually falls into a rather steady interaction with 
the environment if maintenance and operation activities are carried out according to best practices.  
This interaction finally stops when the plant is shut down and abandoned, although there will be 
lingering local effects, depending on the reversibility of impacts and the degree of restoration. 
 
The intent of this paper is to present a broad overview of environmental monitoring of geothermal 
power plants in operation and to examine to a limited extent the role of environmental engineers and 
scientists in that context.  To that end, a somewhat broad philosophical approach is taken at the outset, 
but specific potential environmental concerns are addressed in more detail in a table in Appendix I. 
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FIGURE 1:  Hypothetical relative degrees of the environmental impacts of the 

different phases of geothermal power plant development 
 
 
2.  GEOTHERMAL POWER PLANTS IN THE ENVIRONMENT 
 
Geothermal power plants in operation cannot be viewed as isolated systems.  They rely upon high 
enthalpy geothermal fluids that may draw their heat content from rocks several kilometers beneath the 
surface of the earth – heat that may have been locked in the deep interior of the planet since its 
formation around 4.5 billion years ago or released from radioactive heavy elements that captured and 
locked away some of the tremendous energy of supernovae long before the formation of the solar 
system.  The plants process these fluids and re-emit them to the environment in different states and 
compositions: water and dissolved substances are reinjected or discharged to the surface and steam 
and noncondensable gases are emitted to the atmosphere, where they may be advected and dispersed 
over long distances while undergoing chemical reactions with other atmospheric components.  One of 
these gases is CO2, which has an estimated 200 years combined lifetime in the atmosphere, biosphere, 
and upper ocean (Seinfeld and Pandis, 1998).  Over this period, it can contribute to radiative forcing of 
the climate and acidification of the oceans.  Geothermal power plants therefore interact with the 
environment over vast distance and time scales. 
 
Geothermal power plants need cooling fluids to discard waste heat to the environment.  These can be 
fresh or salt water that makes a one-time pass through a condenser, carrying the waste heat into a 
nearby river, lake or ocean.  The cooling fluid can also be water that carries waste heat into the 
environment in latent form through an evaporative process in a cooling tower or air that cools a dry 
condenser.  The first method increases the temperature of the receiving river, lake or ocean, which 
may affect the biosphere, the second increases the temperature and humidity of the local atmosphere 
and the third increases the temperature of the local atmosphere.   
 
In addition to geothermal fluids and cooling fluids, a geothermal power plant in operation needs to 
discard various substances, materials and equipment and new ones are required for maintenance 
purposes.  A pump made by workers in China may be bought for maintenance in a power plant in El 
Salvador, Iceland or Kenya, and transformer oil or cooling water treatment chemicals may likewise be 
shipped between continents.  Last, but not least, geothermal power plants may provide electricity to 
the public and industry on a country-wide scale and hot water to district heating systems on a 
municipal scale, thereby affecting the social and economic fabric in these spaces.  It is thus clear that 
geothermal power plants in operation affect the environment and socio-economic sphere near and far. 
 

PS AS D&C C&O S&A

PS: Preliminary Study D&C: Design and Construction
AS: Appraisal Study C&O: Commissioning and Operation

S&A: Shutdown and Abandonment
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A common practice in environmental engineering, fluid mechanics and thermodynamics is the 
application of control volumes to systems of interest.  They can range from the infinitesimal to the 
very large depending on the problem at hand and are used for simplification to draw an arbitrary 
border between the system of choice and its surroundings.  The goal is usually to bundle the various 
processes of the system within the control volume together without regard to the details of system 
components.  The interaction of such systems with the surrounding environment can be evaluated on 
the basis of mass, energy or information exchange through the imaginary borders of the control 
volume. 
 
One way of selecting the control volume, or observation space, of a geothermal power plant is to 
imagine the borders as consisting of the land surface and the borders of man-made structures and 
equipment, or perhaps extending them below the surface to the casings of wells (Figure 2).  This may 
be the preferred observation space of power plant engineers who are concerned with daily operations 
and maintenance of their power plants.  In order to keep the plants in optimum shape for future 
operations, they may apply preventive maintenance philosophies within this space, since the key to 
reliable operation is constant monitoring and condition-based maintenance (Thorolfsson, 2010).   In 
such an observation space, the environment may be a concern primarily as an outside agent of 
influence on the system of relevance (the power plant), as weather conditions and the chemistry of 
surrounding fluids may detrimentally affect equipment and materials. 
 
The environmental engineer may take the stance of looking at a bounded or unbounded observation 
space surrounding the power plant to look at the effects of the plant on the environment.  In this case, 
the power plant has become the outside agent of influence on the system of relevance, which is the 
environment, often extended to the socio-economic sphere.  The environmental engineer is concerned 
with sustaining the environment, so that it is passed on to the future in the same or better shape than at 
present.  As one synonym of the verb to „sustain“ is to „maintain“, the goals of the power plant 
engineer who seeks to maintain his system in optimum working condition is analogous to that of the 
environmental engineer who seeks to sustain the system which he or she is responsible for monitoring. 
 

FIGURE 2:  A simple presentation of one possible demarcation of the environmental 
and power plant observation spaces 
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In this respect, it is important to note that the environmental engineer may choose to look at details or 
overall effects within the observation space.  An example is the clearing of a patch of land and the 
associated loss of vegetation and wildlife, which may or may not be considered acceptable depending 
on the scarcity of the affected flora and fauna and the magnitude of the effects, but which may 
possibly be compensated for by restoring another patch of land to similar conditions.  Therefore 
sustained balance of the system on a predetermined scale is sometimes what should be sought rather 
than simply keeping individual small scale parts of the system in sustained condition. 
 
While arbitrary compartmentalization into observation spaces can be useful, it should be remembered 
that the power plant and its surrounding environment can also be viewed as a single system of 
interacting parts and perhaps such an approach is most fit. 
 
 
3.  INTERACTION WITH THE ENVIRONMENT 

The interaction between geothermal power plants and the surrounding environment can be divided 
into the impacts of the power plants on the environment and the impacts of the environment on the 
power plants.  Kristmannsdóttir and Ármannsson (2003) have classified the former into the following 
categories: 
 

• Surface disturbances; 

• Physical effects of fluid withdrawal; 

• Noise; 

• Thermal effects; 

• Chemical pollution; 

• Biological effects; and 

• Impact on (protected) natural features. 

Surface disturbances include the clearing of land, changes in landscape and the introduction of man-
made structures where none existed before.  Physical effects of fluid withdrawal include subsidence, 
lowering of the groundwater table and induced seismicity as earth layers consolidate due to the 
removal of fluids from matrix pore spaces or when increased pressure due to injection causes the relief 
of accumulated geological stresses.  Thermal effects include elevated temperatures of rivers, lakes and 
groundwater due to thermal fluid discharges and changes in cloud formation and local weather due to 
steam emissions.  Chemical pollution can be caused by steam and non-condensible gas emissions to 
the atmosphere and the discharge of brine to surface or subsurface water bodies.  All of these have the 
potential of impacting wildlife, vegetation and the socio-economic sphere around a geothermal power 
plant, as well as altering natural features for the short term or permanently.  Monitoring and 
controlling sources and their impacts is therefore of utmost importance. 
 
On the other hand, the impacts of the environment on geothermal power plants include: 
 

• The application of external dynamic forces to power plant structures.  These include seismic 
forces changing over short time scales and deforming forces that may change over much 
longer time scales due to subsidence.  Wind (hurricanes), floods, snow and ice are also 
examples of dynamic environmental forces that may follow a seasonal pattern and affect 
power plant structures. 

• Degradation of equipment and materials due to environmental chemistry.  These effects 
include corrosion and scaling. 

All of these effects need to be monitored to maintain and sustain the power plant and its environment.   
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4.  ENVIRONMENTAL MONITORING 

The goal of environmental monitoring is to keep the environmental engineer informed of the 
conditions of the system which he/she is responsible for maintaining.  Ideally, information about all 
possible factors of concern should be available at all times to give instantaneous snapshots of the 
system when needed.  The environmental engineer, however, does not have the same elaborate 
monitoring and control system at his/her disposal as the power plant engineer, where the most 
important parameters of power plant operations are constantly monitored and recorded, and can be 
viewed on a display in a central location.  While such frequent information may be obtained by 
chemical, meteorological and seismic sensors in the environment, the environmental engineer will in 
most cases have to make his/her own observations and measurements.  As this can be costly, it is 
important to design a well structured monitoring program that fulfills the demands of regulations and 
best practices, while minimizing cost.  Quality of data should be emphasized over quantity, since data 
volume by itself is not an indicator of meaningful information, but rather the context in which the data 
is collected and how it is related to processes of interest. 
 
In 1999, the World Bank Group (WBG) listed the common components of a pollution monitoring 
program in the following manner: 
 

The elements of a monitoring plan normally include selection of the parameters of concern; the 
method of collection and handling of samples (specifying the location, the frequency, type, and 
quantity of samples, and sampling equipment); sample analysis (or, alternatively, on-line 
monitoring); and a format for reporting the results. 
 

While pollution monitoring is essentially the monitoring of various chemical species and other 
potentially harmful agents (such as particulate matter) in the environment and unmistakably important 
in the context of geothermal power plants, it is only a part of a thorough and well rounded geothermal 
environmental monitoring program.  The WBG description is therefore not complete in the context of 
geothermal power plants, but can nevertheless serve as a basis that can be extended to the other factors 
of concern to design a sound environmental monitoring program. 
 
According to the WBG (1999), “an environmental management system is a structured program of 
continuous environmental improvement that follows procedures drawn from established business 
management practices”.  One such system is the ISO 14000 series, which helps delineate well 
organized management programs.  As it provides structure more than content, it leaves the 
responsibility of identifying environmental concerns to the users of the system.  The ISO 14001 
environmental management system has for example been implemented by Instituto Costarricense de 
Electricidad for the Miravalles power plant in Costa Rica and has allowed continuous improvement in 
controlling the environmental impacts of the power plant (Guido-Sequeira, 2010). 
 
In order to clarify the goals of monitoring and establish the content of an environmental management 
plan, it can be helpful to keep the following basic questions in mind: 
 

1. What aspects need to be monitored? 
2. Why are they a concern? 
3. Where should the monitoring take place? 
4. How should monitoring and analysis be carried out? 
5. When is monitoring needed? 

 
An attempt is made to answer these questions for some issues of concern in a table in Appendix I, 
roughly following the categorization of Kristmannsdóttir and Ármannsson.  The table is intended as an 
aid or a checklist for environmental monitoring of geothermal power plants in operation and the issues 
addressed cover various environmental aspects that are of concern in disparate countries.  As concerns 
may differ between countries, it is probable that the table is not relevant in its entirety to any one 
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power plant.  It is certainly not exhaustive and is meant to evolve as new concerns and information 
may be brought to light. 
 
While environmental monitoring programs can be designed meticulously, they are meaningless 
without references to compare observations against, and these mainly take two forms: 
 

• The natural state before alteration; and 
• Laws, regulations, standards, codes, guidelines, and best practices. 

 
 
5.  BASELINE ESTABLISHMENT 
 
It is necessary to know the natural state of the environment before it is changed by exploration, testing 
or utilization.  Baseline data collection involves collecting background information for this purpose on 
the physical, chemical, biological, social and economic settings in the vicinity of a proposed 
geothermal power plant and is usually carried out as part of scoping or an environmental impact 
assessment.  The information may be obtained from secondary sources or gathered through 
measurements, field samplings, surveys, interviews and consultations (Achieng Ogola, 2009).  A well 
established baseline allows the environmental engineer to assess how significantly specific 
environmental conditions deviate from the natural state during the power plant operation phase and to 
what extent they are caused by the plant. 
 
 
6.  THE ROLE OF LAWS, REGULATIONS, STANDARDS, CODES, GUIDELINES AND 
BEST PRACTICES 
 
Most countries have established specific laws that address the environment, and environmental 
regulations may be issued by relevant ministries.  The particular aspects addressed and the detail in 
which they are covered can however vary from country to country.  Power plant designers and 
operators may be obliged to follow certain standards, norms and codes that may be relevant to the 
environment, and financing institutions may condition the financing of projects to the observation of 
environmental guidelines that they have established.  Companies and developers can also decide on 
their own accord to follow best practices without being obliged to do so by outside parties. 
 
Environmental laws are important in channeling and placing constraints on human interaction with 
nature.  Governmental and municipal regulations are an extension of the law, which may address 
specific topics in more detail than the laws themselves and dictate limits, such as the allowable 
concentration of pollutants in the environment.  They may also provide a framework for the 
development of geothermal resources and address issues as diverse as planning, the acquisition of 
land, the application of concessions, exploration, exploitation, rights, permits, performance guarantees, 
taxation, general procedures and obligations of actors. 
 
Engineers may be constrained by standards and codes in their design work that are pertinent to the 
environment.  Civil engineers who design concrete containment structures for conveying, storing or 
treating liquid or solid wastes may for example have to take account of specific codes in structural 
design and materials selection in order to ensure that those wastes will not find their way into the 
environment. 
 
A provision in the International Development and Finance Act of 1989, known as the Pelosi 
Amendment, requires the World Bank and all the regional multilateral development banks to review 
the potential environmental impacts of development projects for which they provide funding and to 
make these environmental assessments publicly available (BIC, 2010).  This provision and the 
establishment of stringent guidelines within development banks has helped ensure that the 
environmental impacts of projects financed by these entities are within acceptable limits.  
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Additionally, such guidelines have had spillover effects on various other bodies.  A case in point is 
noted by Arévalo (2009), who reports that “in the 1980’s, the Latin American Energy Organization 
(OLADE) under the auspices of the Inter-American Development Bank (IDB) established a guideline 
for the development of geothermal projects for the countries in the region”.  She further notes that “the 
application of the OLADE guidelines in the region helped raise awareness in countries where 
geothermal resources are explored”. 
 
Health guidelines are important to the environmental engineer as they often provide advice on 
maximum allowable concentrations of particular pollutants over a set time period.  Such guidelines are 
issued by national agencies or international organizations such as the World Health Organization 
(WHO) and are often specific to the fluid medium carrying the pollutants, such as the atmosphere or 
water bodies.  One of the tasks of the environmental engineer is to assess measured concentrations 
against such guidelines and to devise mitigation schemes if they are surpassed. 
 
 
7.  ENVIRONMENTAL ENGINEERING AND MITIGATION 
 
It is important that environmental considerations be taken into account from the very first stages of 
geothermal resources development and that these considerations are noted in the design of a power 
plant.  To this end, it is important to start gathering environmental baseline information as soon as 
possible and that an environmental impact assessment be carried out – the results of which will be of 
use in the power plant design.  If environmental constraints are likely to be broken based upon 
available information about the geothermal fluid properties and composition and initial proposals for 
utilization, it is the task of the environmental engineer to devise schemes to prevent such scenarios 
from unfolding.  A geothermal power plant that is well designed with regard to the environment and 
well managed is not likely to cause environmental harm.  However, as regulations and guidelines may 
change and conditions become more stringent with time, the environmental engineer must keep 
abreast of developments in the regulatory sphere that may increase environmental demands on a power 
plant, even if the operation remains in a steady phase. 
 
 
8.  CONCLUSION 
 
During the operation phase of geothermal power plants, environmental engineers and scientist are 
entrusted with the task of monitoring their impacts on the environment.  With a well designed 
monitoring plan, they are kept informed of the conditions of the system which they are responsible for 
maintaining, and a sound management plan helps ensure that the monitoring is carried out in an 
effective manner.  It is important to monitor both the sources of potential problems and their effects.  
The role of the environmental engineer is to ensure the maintenance of the system within the 
boundaries of the chosen observation space, in accordance with laws, regulations, standards, 
guidelines and best practices.  If problems arise, countering or mitigative measures should be taken in 
order to deal with them.  As is the case with the power plant engineer, the environmental engineer 
should strive to apply preventive measures to ensure continued sustenance of the system within the 
relevant observation space and to collaborate with colleagues of other disciplines to attain the 
necessary goals. 
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APPENDIX I:  Potential environmental concerns in the operation of geothermal power plants 
 

 



Haraldsson 12 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 13 Haraldsson 
 

 



Haraldsson 14 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 15 Haraldsson 
 

 



Haraldsson 16 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 17 Haraldsson 
 

 



Haraldsson 18 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 19 Haraldsson 
 

 



Haraldsson 20 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 21 Haraldsson 
 



Haraldsson 22 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 23 Haraldsson 
 

 



Haraldsson 24 Env. monitoring of power plants in operation 
 

 



Env. monitoring of power plants in operation 25 Haraldsson 
 

 


