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Executive summary 

This report on environmental concerns has the objective to present all environmental effects 

of geothermal operations. Some of the considered phenomena are only potential risks, 

whereas other are intrinsic to the standard operation procedures, and should be expected as 

actual impacts. The analysed adverse environmental effects that are considered of relevance 

for the geothermal development and here described in detail and in an exhaustive and 

transparent way. The goal is to list them and present these environmental concerns for both 

geothermal market actors and scientists, and selected experts from the GEOENVI target 

groups: Decision makers from European, national, regional and local authorities, in order to 

tackle together these concerns and develop the mitigation measures properly all over Europe. 

Deep geothermal has a great potential for development in many European countries. However, 

the advantages of using geothermal resources f or power production and heating & cooling 

are not widely appreciated. There is a concern that the negativity of Shale Gas industry 

activities could foster unfavourable perceptions to the production of deep geothermal energy 

which could seriously hamper its market uptake. Thus, environmental impact assessment is a 

prerequisite to the deployment of the deep geothermal resources.  

A large majority of the environmental effects listed in this report are inherent to all industrial 

activity. But geothermal, being a renewable energy source, and developed in a sustainable 

way, is contributing to the fight against climate change. These effects are: 

• Surface Operations: Energy and Water Consumption and Emissions 

• Waste Production from Surface Operations 

• Surface Disturbance: Noise, Vibration, Dust, Land Occupation, Visual and Smell 

• Leak Due to Surface Installations and Operations 

• Liquid and Solid Effusions on Surface 

• Degassing 

• Radioactivity 

• Blowout 

• Ground Surface Deformation 

• Seismicity 

• Pressure and Flow Change 

• Impact on the Underground Fluid: Interconnection of Aquifers and Disturbance of Non-

Targeted Aquifers 



  10 | D 2.1 

Report on environmental concerns 

 

They consider the different geothermal technologies and the geological settings of Europe. For 

each topic, after a synthetic review, the report describes the cause of the phenomenon, the 

phases where it can occur, the influencing context promoting or inhibiting its occurrence, its 

classification as a risk or an impact and its environmental consequences, how can it be 

monitored and how it can be prevented and/or mitigated, an illustrative example. 

This report is the deliverable for task 2.1 of GEOENVI project and focuses on “collect[ing] 

environmental quantitative and qualitative data and adopted solutions to limit impacts and risks 

of deep geothermal energy in Europe”. The report D2.2 [1] that is associated to task 2.2 of 

GEOENVI project focuses on collecting mitigation measures, available protocols for data 

monitoring and earth observation if available. For a comprehensive coverage for all aspects of 

environmental concerns in D2.1 it was deemed necessary for the report to include also the 

main results published in D2.2 on prevention and mitigation measures. These results are 

presented in subsections “Monitoring” and “Prevention and mitigation” of each chapter in the 

present report. This report will also complement the database on environmental matters, a 

webtool which will be regularly updated. The database will also include the results of D2.2 

(focus on prevention and mitigation measures). This report will be complemented by the report 

D4.1 on environmental regulatory framework in Europe that expose national regulations 

associated to these environmental events.  
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Introduction 

The objective of this report is to collect and present reliable and up to date information about 

the potential environmental effects of geothermal utilization in Europe. The data collected will 

also be available in an on-line database that is being developed as a part of the GEOENVI 

project. The database will be made publicly available and is dedicated notably to stakeholders 

of deep geothermal projects. A certain expertise is needed to fully understand all parameters 

presented in the present report. It is the reason why the target of such a report are geothermal 

market actors and scientists, and selected experts from the GEOENVI target groups: Decision 

makers from European, national, regional and local authorities. 

The environmental concerns from geothermal development have been categorized in various 

ways. In this report and in general for the GEOENVI project environmental concerns have been 

categorized based on safeguard subjects, i.e., endpoint indicators, emphasizing environmental 

burdens. Any environmental phenomena, risk or impact, can be represented by a sequence of 

event, which consist of: 

1. An initiating mechanism, located upstream and constituting a cause of the 

modifications.  

2. An impacting phenomenon resulting from this cause that can harm people or 

the environment 

3. The potential effects on people or the environment 

Within the present report, environmental concerns assessment is based on the impacting 

phenomenon analysis. These impacting phenomena are separated between risks and 

impacts. 

Risks are defined through a probability of occurrence and a severity. They can be realized and 

become an accident (if it effectively reaches people or environment) or an incident. Impacts 

are defined as alterations to property, human activity or the environment [2, 3]. The difference 

between risk and impact as defined within the GEOENVI project is illustrated in Figure 1. 

An impact is unavoidable and can be chronic or not. A third category of impacting phenomena 

would be disturbances, such as noise and smell. For simplicity this category is classified as an 

impact throughout this report.  

This distinction between risk and impact is important and regulation handles these issues on 

a different ground (for example in France there is a distinction between an impact assessment 

and a danger assessment). It is important to note that the term impact, used in the work 

package 3 of GEOENVI project, dealing with Life Cycle Assesment is not a « general » term 

unlike in all deliverables of WP2 (deliverables D2.1, D2.2, and D2.3). For LCA the term impact 
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is always associated with a category (which could be seen as a potential impact for instance 

climate change, acidification). 

 

Figure 1: Representation of the difference between risk and impact. 

By definition, risks and impacts are characterized by their gravity and probability of occurrence. 

The gravity of risks and impacts rates the consequence of this environmental effect (given 

mitigation measures applied). Once gravity and probability have been estimated (quantitatively 

or qualitatively), a criticality of risks and impacts can be defined. It is the combination of the 

gravity and the probability of occurrence and it evaluates the phenomenon in its entirety. The 

three levels of criticality used within the risk and impact analysis presented in this report are 

defined according to Table 1. 

Table 1: Criticality factor depending on the gravity and probability of an event 

Gravity/probability Improbable Unlikely Possible Probable 
Very 

likely 

Minor Low Low Low Low Low 

Moderate Low Low Medium Medium High 

Serious Medium Medium High High High 

 

This report includes the results of deliverable D2.2 (Report on mitigations measures: Adopted 

solutions and recommendations to overcome environmental concerns). This choice was made 

to associate prevention and mitigation measures to the potentially damaging events exposed 

in the present report, to identify their effective gravity and criticality given the measures that 

can be adopted. 

The environmental events are, for the purpose of clarity, divided into 12 different topics in this 

report and each of them described in a separate chapter. Each topic/chapter is again divided 

time 

                      impacts 

NCG emissions, 
Seismicity,  
Subsidence 

Etc. 
Risk 

mitigation 
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in several subtopics with the same headings for all topics. This structure should make it easy 

to compare the description of the main topics, although the choice has been made to be 

exhaustive and to have broad categories, so there is some overlap between some topics. 

Some of these events (risks and impacts) are limited to specific geological and/or technological 

settings, i.e. they are not encountered in all geothermal operations. For a given geothermal 

site, only some of these events must be considered. This report exposes in which context each 

topic can be encountered. 

To prepare this report a large number and a great variety of sources of information were used. 

They include available public information, mainly in Europe but also worldwide, like 

publications, reports, papers, websites etc. Experts within the GEOENVI consortium have 

been responsible for compiling the material with input from other project partners that have 

reviewed the report at different stages. 

All phases of a geothermal project (synthetically represented in Figure 2), that we separated 

in 4 main categories, can potentially have an environmental implication, which requires to be 

accounted for in order to make geothermal projects environmentally sustainable.   

 

 

Figure 2: Description of the different phases of a geothermal project 

The environmental footprint of geothermal exploration - excluding exploratory wells - is very 

minor. In the other phases of a geothermal project, the main activities affecting the environment 

can be roughly synthetized as:  

• Site preparation including access roads and drilling pads construction. 

• Well field development and operation including drilling, testing and stimulation 

(hydraulic, thermal and chemical enhancement of wells connection with the reservoir). 

Exploration

• Exploration of 
subsurface by 
indirect data 
(geophysical, 
geochemical 
and geological 
data acquisition 
and analysis)

• Exploratory 
drilling and 
resource 
confirmation

• Reserve 
estimates and 
preliminary 
design

Development

• Building access 
roads and 
drilling pads

• Drilling of 
injection-
production 
boreholes and 
production 
tests

• Stimulation

• Laying of pipe-
and 
transmission 
lines

• Surface 
installations

Operation

• Production of 
electricity/heat

• Drilling of new 
wells

• Inhibitor 
injection

• Stimulation

• Maintainance 
of installations 
and boreholes 
(work over)

Decommissioning 
and abandonment

• Deconstruction 
of surface 
facilities

• Sealing, 
permanent 
plugging of 
wells

• Material 
disposal

• Site clearance 
and restoration

• Monitoring of 
installations
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• Power system erection and operation, including pipelines, power unit and electric grid 

connection. 

• Decommissioning of facilities.  
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Part I - Effects associated to surface 

operations 
 

 

1 SURFACE OPERATIONS: ENERGY AND WATER 

CONSUMPTION AND EMISSIONS 

This section concerns only potential emissions related to surface operations. The risks of 

emissions to the surface from effusions of non-condensable gases of the geothermal fluid 

(when naturally present in some geological settings) are treated in the 6 Degassing section 

and liquids and solids extruded from underground are treated separately (section 5 Liquid and 

solid effusions on surface) along with emissions related to blowouts (section Some people 

received annually 0.48 mSv on average and it can reach 1 mSv in several place in France, 

Germany, Italy, Japan and the United States [73]. Examples of common doses that can be 

received in everyday life are given in Table 7. However, contact dose rate may reach values 

up to several μSv/h indicating a hazard for workers and visitors that must be considered. 
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8 Blowout).  

Consumption of resources and energy along with resulting emissions to the environment from 

surface operations are a common impacting phenomenon encountered in industrial and 

geothermal operations. Emissions and resource consumption generated from surface 

operations are negligible in the operational phase of geothermal plants when compared to the 

construction and decommissioning phases [4]. They are caused by fuel burned by machines 

and drill pads operating on site during several weeks or months but can also result from traffic 

and roads making and from the use of cement and water. The effects of operations are, in 

most cases, limited in time but can have consequences on humans, on the atmosphere and 

on ecosystems with however limited effects. These impacts are not specific to geothermal 

operations and can be encountered in different drilling industries (oil and gas, water pumping 

for drinking water supply or agriculture, etc.). The table here below provides an overview of 

this event in terms of risk and impact assessment i.e. its causes, consequences, the phases 

concerned, the influencing context or the principals monitoring and mitigation measures that 

can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Planned surface 
operations using motor 

vehicle and production of 
drill mud and cement 

Surface operations: 
Energy and water 
consumption and 

emissions 

Emission of GHG 
affecting human health 

and atmosphere, 
resource consumption 

Risk or impact identification  
Risk ☐ Impact ☒ 

Influencing contexts 

Concerns all geothermal projects and, more broadly, all industrial processes 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation 

measures applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor Moderate  Serious 

Improbable ☐ 

Low   Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☐ 

Very likely ☒ 

Risk and impact control and monitoring 

Monitoring - Recording energy used and water consumed 

Main prevention and 
mitigation measures 

- European Directives on emissions of CO2 for industrial 
activities and on circular economy 

- Supply engine using electrical power supply 
- Recirculation of water and mud during drilling operations 

 

Origin   

Considering the life cycle of geothermal plants, greenhouse gases and particles emissions due 

to surface operations are low and are mostly related to the installation and construction of the 

plant and related drilling operations. Some studies [5, 6] show that drilling operations have the 

largest effect on geothermal operation lifecycle regarding greenhouse gas emission (GHG). 

The emission to the environment from such operations are essentially generated by fuel 

combustion from vehicles and drilling machines working on site during the many weeks or 

month of drilling phases.  

Several life cycle assessments (LCA) have been performed for geothermal power and heat 

plants in recent years in order to evaluate the environmental impacts of a system from “cradle-

to-grave” (including surface equipment such as turbines, treatment plants, pipes etc.), sub-

Exploration

Limited effects 

Development

Main effects 

Operation

Limited effects 

Decommissioning 
and abandonment

Limited effects 

x x
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surface equipment related to the geothermal loop, energy and material flows associated to the 

operations such as lubricant oil, fuel consumption, organic fluid, and equipment replacement). 

As an example, a life cycle assessment carried out over the Rittershoffen geothermal plant 

and handling all phases of the geothermal operation [7], has estimated the fuel energy per 

meter required for the drilling of the injection and production wells. From daily reports, the study 

showed that the fuel energy per meter is estimated to 4.21 GJ/m and 7.08 GJ/m respectively. 

The exploration phases, in the Rittershoffen case, have a limited effect on energy and resource 

consumption as fuel consumption represented 1000 l/day for 7 days. 

Water consumption during drilling and construction is related to underground operations and 

not surface operations. Water is mainly used to produce drill mud (bentonite and water) and to 

cement the casing [8] during well drilling. Bayer and co-authors [9] for a LCA analyses reviewed 

the water consumption during this phase. They reported a value of 5-30 m3 of water per meter 

drilled. This value depends on geology, technology and well design. During operation, water 

is used in small amount which will depend on the cooling technology used [9]. Water is also 

used to minimize scaling and manage dissolved solids [9] and during hydraulic or chemical 

stimulation of wells. For example, at Soultz-sous-Forêts an amount of 20000 m3 per well for 

hydraulic stimulation and 6000 m3 per well for chemical stimulation have been estimated [10]. 

As for another example, in Italy, for the plants currently under operation, no make-up or fresh 

water is used, only geothermal water.  

 

Project phases 

Emission to the environment, energy and water consumption are the most important issue to 

solve during the development phase, during the drilling process. As expected, drilling is the 

process with the highest effects of emissions to the environment and energy and water 

consumption, essentially because of the use of fossil fuel for drilling machines, material transit 

towards the drilling site, installations etc. [2] and water to produce the drilling mud and cements. 

Emissions from surface operation and resources consumption (water and fuel) can also appear 

during well-testing, work-over, stimulation work, exploration phases and decommissioning of 

the plant as it requires equipm1ent transport or machine working on site (e.g. geophysical 

acquisition, trucks transporting stimulation fluids or chemicals, coil tubing, etc.).  

 

Influencing contexts 

All contexts and all geothermal sites are concerned by such events. Indeed, they are inherent 

to all industries using drill pads and presenting with important construction work. 
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The effect is higher with long periods of drilling that require great amount of fuel for drill pads 

and machines mobilized on site as well as water for mud production. The use of water during 

operation phase is highly dependent on the cooling technology used [9]. Figure 3 shows a 

comparison between different cooling technologies showing high variability. Consider however 

that data used for this figure come from different sources that may have used different 

assumptions to obtain them. 

 

 

Figure 3: Comparison of operational water consumption for different geothermal power plant (W: water; A: air; G: 
geofluid; AW: hybrid) (from [6]).  

 

Risk or impact 

The consumption of water and energy and the emissions related to surface operations are an 

impact as they are controlled and contained and are inherent to industrial projects such as a 

geothermal project. Their gravity is minor. 

 

Consequences 

The main consequences of energy consumption and emissions to the environment from 

surface operations are potential effects on human health and local alteration of air quality due 

to particulate matter and GHG emissions during construction, drilling phase and 

decommissioning. Surface geothermal operation have a limited, although not negligible, effect 

on human health [11]. Regulation and directives are implemented at European level and in 

each country to meet requirements in terms of health protection, and potential negative 
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consequences on the health of citizens and workers should be taken into consideration, 

involving the responsible/competent public bodies in the current monitoring activities. The 

effect could be reduced further by adopting mitigation measures (e.g. low emission vehicle, 

connecting drilling operation to power grid, using low-emitting power source). 

 

Monitoring 

Energy use and losses and water consumption are recorded by operators and used to compute 

the periodical sustainability balance.  

 

Prevention and mitigation 

Measures to reduce the effects on human health and environment should be taken since the 

design of the plant. Although it is not possible to reduce the effect indirectly generated by the 

making of construction material, it is possible to contain energy and water use as well as 

emissions to the atmosphere. The consumption of energy related to surface operations is 

usually contained within the life cycle of a geothermal plant and is limited in time during the 

development phase of a project. Also, emissions from fossil-fuelled engines, which is regulated 

by European Directives, is strictly controlled and monitored over the sites. Use of local 

electricity generation to power engines during construction and operation of the power plant is 

common practice, but alternative power supply (e.g. fed with locally produced renewable 

electricity such as wind, photovoltaic, hydro) during drilling phase improves the environmental 

performances of the geothermal system. Electrical grid connection, wherever possible, 

represents alternative solutions [12]. 

A common way to successfully reduce the amount of water to be used during drilling is the 

recirculation of drilling mud (described in detail in Chapter 6 “Liquid/solid effusions and waste”), 

and the quick plugging of mud losses zones. The freshwater consumption is reduced by using 

meteoric water collected and stored in containers, as in Italy, for the preparation of mud and 

cement slurry during drilling phase. Discharged geothermal fluids or low-quality water are used 

to support cooling and/or as make-up fluid [9]. In some project, surface water, e.g. canal water, 

is used for drilling purposes, after checking its quality to avoid the risk of polluting drinking 

water aquifers (i.e. by the presence of some bacteria). 

 

Illustrative examples 

Deliverable 3.1 in the GEOENVI project presents a panorama including 33 different LCA 

studies published in the years between 2010 and 2019 [13]. The projects were collected and 
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categorized based on several factors, but the scope of each study was highly variable, and 

most of the studies include data on potential environmental footprints, e.g. energy and water 

consumption and emissions to the environment. 
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2 WASTE PRODUCTION FROM SURFACE 

OPERATIONS 

A certain number of impacts related to surface operations are inherent to all geothermal 

projects. Surface waste production is a common phenomenon encountered in industrial and in 

geothermal operations. Waste production from surface operations is very diverse. It ranges 

from household waste (paper, garbage, etc.), fuel and lubricant used for engines, steel, copper 

and scrap metals or hazardous waste from pipes, filters and other tools disposed from sites, 

chemical wastes, unused material for building or road construction and wastewater, excavated 

soil and rocks resulting from the plant construction, waste timber, rubbery materials, filters and 

materials contaminated with lubricating oil. The direct consequences on humans, ecosystems 

and the atmosphere are almost inexistent as waste is evacuated and recycled or disposed to 

appropriate treatment plants. Research and innovation efforts are also improving applicability 

and use of recycled/secondary materials/waste in geothermal plants, favouring the integration 

of geothermal into the circular economy. 

Only waste produced by surface operations are treated in this specific page. Surface emissions 

and waste from underground such as drilling mud, cuttings or geothermal fluids and gases are 

treated separately in section 5 Liquid and solid effusions on surface and   
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6 Degassing. The effects of surface waste production, which can be encountered in all drilling 

industries (oil and gas, water utilization, etc.) and other industrial activities, are regulated by a 

European Directive and strictly controlled. Those related to geothermal development are 

limited in time and volumes. The table here below provides an overview of this event in term 

of risk and impact assessment i.e. its causes, consequences, the phases concerned, the 

influencing context or the principals monitoring and mitigation measures that can be adopted. 

Main causes Event 
Main consequences  

if event ignored 

Use of material for surface 
operations (steel, cooper, 

pipes, chemicals, wastewater, 
excavated soil, etc.) 

Waste production 
from surface 
operations 

Disturbance of ecosystems 
(soil and surface water 

pollution)  
and human health (from  

hazard wastes) 

Risk or impact identification  
Risk ☐ Impact ☒ 

Influencing contexts 

Concerns all geothermal projects and, more broadly, all industrial processes which require 
construction phase  

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low   Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☐ 

Very likely ☒ 

Risk and impact control and monitoring 

Monitoring 
- Log of waste production and report of the amount of 
hazardous and non-hazardous waste 

- HSE (health, safety and environment) programs 

Main prevention and 
mitigation measures 

-European Directives on waste regulation  
- Appropriate storage of wastes in labelled containers 
onsite 

- Careful treatment of wastes 
- Regular collect and removal towards dumps and adapted 
recycling areas 

 

Origin  

Exploration

Limited effects 

Development

Main effects 

Operation

Limited effects 

Decommissioning 
and abandonment

Main effects 

x x
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Considering the lifecycle of geothermal plants, both liquid and solid waste resulting from 

surface operations during construction works, drilling, operation and maintenance of the plant 

or decommissioning are to be produced. Indeed, as materials are consumed, a certain amount 

of wastes are produced and the workers presence, drill pads and machines operation tends to 

generate wastes such as household waste, oil and lubricants, wastewater, chemicals used to 

stimulate the well, unused pipes and construction materials from operations on site during the 

many weeks or month of drilling phases and plant creation or from decommissioning of the 

wells and the plant. 

Depending on waste type, the site contractor will manage waste recycling or disposal toward 

the appropriate treatment plant to limit the effect on the environment and on humans.  

Waste are temporarily stored in proper tanks and basins, segregated from other materials and 

equipment. The storage units are labelled in accordance and placed over containment basin 

or slabs before being frequently disposed from the site to avoid leakage and contamination of 

soil. The amount of waste produced throughout geothermal lifecycle is limited. In Italy, the 

environmental impact study related to the permitting procedure of a geothermal plant provides 

an estimate of wastes produced from surface operations when drilling a single well [14] (Table 

2). 

Table 2 : Estimate of quantities of waste produced from surface operation related to the drilling of a single well [14] 

Estimate of waste produced by surface operation in drilling 
Quantity per drilling 

of a single well (t) 

Packaging 0.5 

Rubber 1.5 

Wood 0.4 

Exhausted oils 0.15 

Filters and other materials contaminated with mineral oils 0.15 

 

Project phases 

Drilling and construction works are the processes with the highest waste production potential 

from surface operations. Indeed, it is during the first steps of a geothermal plant construction 

and well drilling that lubricant, pipes and fuel, etc. are needed. Hence, when materials are 

consumed, a certain amount of waste is produced. During ordinary operation of the geothermal 

plant, less material is consumed hence a limited quantity of waste is produced. Waste 

production might also occur during decommissioning as pipes and wellhead are removed and 

need to be treated as waste. 
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Influencing contexts 

All contexts and all geothermal sites are concerned by waste production. Indeed, it is inherent 

to all industries using drill pads or presenting construction work and more generally. During 

plant operation, waste production is like any non-manufacturing working place. 
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Risk or impact 

Waste production from surface operations is an impact. Its effects are limited in time and have 

only little effect on humans and ecosystems when wastes are disposed properly and according 

to regulations in term of environmental protection. So, the gravity of this phenomenon is minor. 

 

Consequences 

The gravity of consequences of waste production from surface operations is considered minor, 

given mitigation measures applied. Only direct negatives consequences are mentioned in this 

section assuming the worst-case scenario. Soil pollution is possible in case of poor waste 

storage or failures in waste treatment and recycling, but similar consequences can be 

observed for all industrial activities.  

 

Monitoring 

Following European and national regulations, any industrial facility that produces waste from 

surface operation must keep an official log of waste production and periodically report the 

amount of hazardous and non-hazardous waste produced to the regulating authority. Waste 

deposits inside the facility need to be regularly inspected to check for proper management and 

for the regular functioning of containment basins. Geothermal operators also apply a very 

detailed health, safety and environment (HSE) program related to waste during the entire life 

of the project, for example according to ISO certification 14001. Potential negative 

consequences on the health of citizens should be taken into consideration, involving the 

responsible/competent public bodies in the current monitoring activities. 

 

Prevention and mitigation 

The main measure adopted to minimize the waste amount from geothermal plants is achieved 

by careful design to minimise the waste and treatment of unavoidable waste during the 

operations. According to European Directives, waste producers have the responsibility of their 

own waste from production to recycling/disposal and must ensure that the contractor for 

cleaning and waste disposal is certified and able to do the job.  

To ensure hygiene and cleanliness of the site, waste is collected and temporarily stored in 

proper tanks, basins and areas, segregated from other materials and equipment. Selective 

collection is mandatory in several countries of Europe for industrial working sites. The storage 

units are labelled in accordance and placed over containment basins or slabs before being 
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frequently disposed from the site to avoid leakage and contamination of soil. Depending on 

waste type (e.g. packaging, rubber, lubricant oil, chemicals, scrap metal, timber), the site 

contractor will manage waste recycling or disposal toward the appropriate treatment plant to 

limit the impact on the environment and on humans. Waste-water is either collected or 

connected to sewage to avoid dumping into natural environment. Waste (inert, wood, metal, 

cartons, plastic, etc.) is placed in appropriate containers and/or bins. Hazardous waste (such 

as oils and batteries) is stored in segregated and labelled containers. There is a specific 

storage area at the plants, and licensed waste management plants and carriers are appointed. 

Depending on waste type (solid, chemicals, scrap metal etc.), the coordinator of site will 

manage waste distribution toward the appropriate dumping sites. 

 

Illustrative examples 

Soultz-sous-Forêts 

Ordinary industrial wastes (OIW) are collected at Soultz-sous-Forêts geothermal plant in four 

different containers according to their nature and codification: plastic, cardboard, OIW mix and 

metal (Figure 4) which allows recycling and valorise part of wastes produced on the site. 

 

Figure 4: View of ordinary industrial wastes collection at the geothermal plant of Soult-sous-Forêts (ESG) 

Hazardous wastes, such oil lubrication, are handled in compliance with a waste management 

program according to ISO 14001 standard. A national template (waste tracking slip CERFA 

n°12571) is used to follow the different steps from the transport to the final treatment. These 

wastes are treated and disposed separately. 
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3 SURFACE DISTURBANCE: NOISE, 

VIBRATION, DUST, LAND OCCUPATION, 

VISUAL AND SMELL 

The development of a geothermal project inevitably involves the presence of structures and 

machines generating surface disturbance. The disturbances are generally encountered during 

drilling and well testing, plant construction and equipment installation. Surface disturbances 

include:  

• effects on landscape and land occupation (for instance construction of roads and of the 

geothermal plant, drill pad and other infrastructures on site and deviation of rivers),  

• visual alteration (with steam plum, drill pads, etc.),  

• disturbances associated with increased road traffic and dust production, from noise 

and vibration generated by engines and pumps associated to the wells and plants 

activities, and in some geological contexts smell caused by hydrogen sulphide (H2S), 

which is naturally present in geothermal gases, in the surroundings of the geothermal 

sites.  In the geothermal areas, like in Italy, there are natural emissions from the soil of 

geothermal gases including H2S. Due to this the smell of these geothermal area is 

normally affected by the natural presence of H2S. 

The disturbances at surface can have limited consequences with time but they are inherent to 

all geothermal projects and, more broadly, to all industrial activities. They must be accounted 

for at early stage by project owners (i.e. from design and conception phases) to be able to 

reduce significantly its effects on humans (residents and visitors) and ecosystems. The table 

here below provides an overview of this event in term of risk and impact assessment i.e. its 

causes, consequences, the phases concerned, the influencing context or the principal 

monitoring and mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Planned surface operation 
(drilling, use of engine and 

heavy vehicle, etc.) 

Surface disturbance: 
noise, vibration, dust, 

land occupation, visual 
and smell 

Alteration of the living 
condition in the 
neighborhood, 

disturbance of fauna and 
flora, disturbance of 
activities (short term)  

Risk or impact identification 
 

Risk ☐ Impact ☒ 

Influencing contexts 

Concerns all geothermal project and, more broadly, all industrial processes  

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation 

measures applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low   Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☐ 

Very likely ☒ 

Risk and impact control and monitoring 

Monitoring 
- Noise and vibration monitoring on site (noise rose)  
- Measurement of odor concentration (electronic noses) 
- Biodiversity monitoring around the plant 

Main prevention and 
mitigation measures 

- European Directives on noise regulation  
- Environmental impact assessment study 
- Communication and prevention work with populations 
- Use of preventive solutions when possible (electrical engines 
instead of diesel-based, site location selection far from 
population and schedule work at daytime) 

- Use specific measures when possible (sound absorption 
panels or confined pumps in muffled areas, blending of 
surface installation with respect to natural surroundings, 
habitat restoration after construction works, roads cleaning 
etc.) 

 

Origin  

LANDSCAPE, LAND OCCUPATION AND VISUAL IMPACTS 

The development of a geothermal project inevitably involves the presence of structures and 

components that produce an alteration of the landscape [15]. Indeed, a certain amount of 

space is required to install drill pads, to prepare land for plant construction, and to create 

Exploration

No effects 

Development

Main effects 

Operation

Limited effects 

Decommissioning 
and abandonment

Main effects 

x x
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access roads, pipelines and transmission lines for instance. The visual impact or footprint is 

consequently a key factor in geothermal generation especially in urban or touristic areas due 

to the presence of historical and natural emergences (monuments, archaeological areas, 

natural parks, geothermal vents, etc.). Instead, some geothermal areas still in utilization 

represent landscape peculiarities and historical emergences. This is the case of Larderello 

geothermal field (Italy) and the industrial implantation since 17th century with the first 

experiment to produce electricity from geothermal energy in 1904. 

Landscape modification (e.g. variation of the hydrographic systems, roads or buildings and 

deforestations at surface and alteration of soil and landscape with engines and structures 

brought on site), conflict of use and visual disturbances are typical environmental impacts 

associated to all activities with surface operations. Some studies [15, 16] found that electricity 

production from geothermal resource results in less surface disturbance than that from other 

sources as it requires smaller dedicated land per unit of installed energy power (Table 3). The 

impacted area depends on the number of wells and the extent and type of the power station 

(e.g. flash or binary) and pipelines. Also, the visual footprint of the geothermal plants is 

generally much reduced compared to other power plants such as wind turbines, solar thermal, 

biomass or nuclear plants. 

Table 3: Comparison of land occupation per MW for different energy [15] 

Technology Land use (m2/MW) 

110 MW geothermal flash plant (excluding wells) 1,260 

20 MW geothermal binary plant (excluding wells) 1,415 

49 MW geothermal FCRC* plant (excluding wells) 2,290 

2258 MW coal plant (including strip mining) 10,000 

670 MW nuclear plant (plant site only) 1,200,000 

47 MW solar thermal plant (Mojave Desert, CA) 28,000 

10 MW solar PV plant (Southwestern US.) 66,000 

*Flash-Crystallizer/Reactor-Clarifier plant 

 

The disturbances are caused by levelling and preparation work of the land needed to 

accommodate work on site and drill wells. The working area might include compacted soil 

zones (to work on, move trucks, etc.), storage pools (to collect liquid and solid wastes), and 

gutters around the storage basin or concrete slab. The surface occupied by the whole drilling 

operation is generally around 4,000 to 8,000 m2 [2]. 
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Figure 5: Example of deep geothermal site in Germany  [2]. 

The visual footprint on the landscape during the first stages of geothermal operation is mainly 

due to the presence of imposing drilling machine and derrick on site. The mast reaches up to 

50 meters height in the case of a mast-type rig, but it can be reduced to 20-30 m using a 

hydraulic drilling telescopic rig that also occupies a more reduced width of the site space. 

Visual footprint is also due to the presence of fences around the site and of different types of 

trucks and operative vehicles (Figure 5). The effect is then limited in time as the construction 

work and drilling of the wells can last from a few months to few years compared to the overall 

life of geothermal well (between 20 to 40 years). Given that the drilling sites are working 24 

hours a day for at least 4-6 months, the brightness of the site is clearly visible during the night 

and could influence humans if the site is relatively close to housing, or impact wildlife and 

animals. 

Once the plant is completed, the site and soil are rehabilitated to meet requirement in term of 

effect on ecosystem and environment. During utilization, landscape is definitively modified 

during the lifetime of the plant. The integration in landscape of a geothermal project, from 

drilling (Figure 5) to utilization phase (Figure 6), is like classic industrial projects. The plant is 

generally around 1,000 m² (e.g. geothermal plant in the Paris basin) and can be larger 

depending on the type of geothermal installation (district heat and cooling, power plant, etc.).  
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Figure 6: Examples of landscape integration of geothermal French plants: Rittershoffen (a), Chevilly-Larue (b), 
Bouillante (c) and Soultz-sous-Forêts (d) [2] 

The secondary loop (e.g. surface network from the plant to the heat network) can be either 

buried or aboveground. The pipelines are isolated from the ground or the air with specific 

insulation materials and are designed to transport the geothermal fluids from the wellhead to 

the geothermal plants. When out of the ground, they are in corridors free of vegetation, which 

are typically 3-5 m in width. Pipelines are often painted to blend into the landscape and locally 

are buried (e.g. Rittershoffen, France). The length of the pipelines generally does not exceed 

3-4 km, to avoid too high thermal and pressure losses. However, that visual footprint is not a 

major environmental aspect for geothermal operations as the structures are low in profile and 

generally blend into the natural habitat surrounding. The steam produced by geothermal water 

evaporation in the atmosphere during well testing can be a visual footprint for resident and 

wildlife, but the duration of such operation is however very limited in time. In case of wet cooling 

tower, it can be visible during operation, especially in the wintertime. The transformation cabin 

for the transmission of the electric energy through transmission lines (or power lines) to the 

National grid is placed outside of the power plant having thus a visual footprint on the 

landscape. Moreover, a corridor free of vegetation and access roads are required for 

construction of each type of pylons.  

NOISE  

Noise is a vibration that propagates in the air and attenuates with distance. A noise is 

characterized by an intensity, a frequency (high or low), an acoustic pressure (which quantifies 

the noise amplitude) and a duration. Noises can be produced by engines and heavy equipment 
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operating around the drill pad, by pumps and venting of steam during production tests. They 

can result also from occasional choc and friction of drill pipes or by electric transformers and 

cooling towers or turbines  

The potential effects of the noise may vary depending on the nature of the activity and upon 

the different phases of a project, but it may also depend on the features of the site and the 

proximity of the receptors [17]. Noise is attenuated with distance (by about 6 dB every time the 

distance is doubled), although lower frequencies (e.g. noise from drill rigs) are less attenuated 

than higher frequencies (e.g. steam discharge noises). The equipment must respect noise 

emission limits that can be influenced by other parameters like wind intensity and direction. 

Even in the worst case of the parameters, the noise limits mentioned in the mitigation section 

must respected. The receptors can be either population near the site or wildlife in both urban 

and rural areas. Another problem is the cumulative effect of noise from multiple sources. Sound 

levels increase on a logarithmic basis when added together (e.g. two sources with 50 dBA with 

a resultant sound level of 53 dBA). Consequently, there are potential cases where all the 

operators individually meet the noise guidelines and yet, cumulatively exceed it. 

VIBRATIONS 

Vibration of the ground can be perceived in various phases of the geothermal project. The 

most common vibration is due to the passage of heavy trucks along the road for the geothermal 

sites. If vibro-seismic methods using impact (thumper or weight dropping) are used for data 

acquisition, temporary vibration (few seconds of vibration at each acquisition) may be 

produced during the exploration phase. The vibrations produced in the ground are hardly 

perceived at few tens of meters from the source, but low-frequency waves can be perceived 

up to 25 m distance and at 75 m every perception disappears. These are considered a minor 

risk and seismic exploration techniques are in fact used in urban centres, near monuments 

and historical zones. The duration of vibration for this exploration method is also very limited 

in time (few second of vibration at each acquisition). 

INCREASE IN TRAFFIC AND DUST PRODUCTION 

Geothermal operations, from development to decommission phases, tend to increase road 

traffic and generate dust around the work site. According to the contracting company ECOGI, 

the traffic over the site of Rittershoffen (Alsace, France), was about 70 trucks a day for 9 days 

during the drilling rig installation. Afterwards, and until the plant was completed, traffic dropped 

to 5 to 10 trucks per day. In a typical doublet operation for heat production in the Paris basin, 

around 540 trucks are needed over 110 days (i.e. 5 trucks per day), which represents an 
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increase in traffic of less than 1 or 2% per day in Paris area. Dust might be dispersed from soil 

modification, road traffic increase and vehicle moving directly on the site. 

OTHER ORIGINS 

Surface disturbances might also be triggered by   
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6 Degassing from the wells, changes in the surface activity of geothermal areas, or by 5 Liquid 

and solid effusions on surface and 8 Blowout. 

 

Project phases 

Surface disturbances are observed mainly during development and decommissioning phases. 

To a limited extent they can also be observed during operation. During surface exploration, 

(e.g. geological mapping, geophysical studies and geochemical sampling) none or minimal 

surface disturbances are experienced as these activities mostly require walking in the field with 

lightweight equipment. Only in the case of seismic surveys, special attention should be paid to 

the level of vibrations (e.g. in the vibro-seismic methods), that may have to be limited close to 

sensitivity of the surrounding buildings. Geothermal plant operation can generate surface 

disturbance but to a limited extent. This phase has as indeed a similar effect to that of any 

industrial activities. 

 

Influencing contexts 

No specific context is favouring surface disturbances, as such events are inherent to all 

geothermal operations and industrial activities. 

 

Risk or impact 

Surface disturbances are an impact. They are inherent to all industrial and construction 

activities and are well managed by contractors, so their gravity is minor. 

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. Noise and vibration may cause alteration of living condition for populations in the 

vicinity of the working and construction zone. It can also cause human health disorder, 

affecting workers and population, if a certain level of noise and crest acoustic pressure is 

reached. However, the results of studies at the German sites of Landau and Insheim [18] have 

shown that given the ambient background noise, no perceptible or annoying inconvenient 

noises are additionally produced by the two operating geothermal plants. No cases of health 

issues caused by noise from geothermal operation have been identified so far. Vibration 

measurements on the plant EGOCI in Rittershoffen (Alsace, France) showed that induced 

particle velocities from operations could not be perceived by humans in the area and had 

consequently no direct impact on them [19].  
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As supported by recent scientific literature, odour-active compounds emitted by different 

sources seems to correlate with the human perception. The interest about odour emissions 

stems from the growing public reactions and complaints of the citizens living near industrial 

areas and perceiving the odours as a serious threat to their health. Therefore, respiratory 

symptoms and health impairment could be verified even at odorant exposures below irritation 

thresholds [20, 21]. Disturbances to fauna and flora (animals, sensitive species and other 

plants) caused by surface disturbance are like any industrial project.  

 

Monitoring 

Prior to any operation, baseline data collection is carried out to predict and evaluate adverse 

environmental effects, including surface disturbance. The objective of this enquiry is to observe 

the existing environment and estimate the changes that might occur as a result of a geothermal 

plant development. 

MONITORING OF VIBRATION AND NOISE  

Vibration monitoring is performed with seismic sensors located around the explored area, or 

surrounding drilling sites, to ensure that the vibration does not exceed the safety standard. 

Noise is recorded at chosen receptors, whose location is defined during monitoring planning, 

and with instruments capable of recording the reference frequencies. Monitoring requires:  

- acoustic characterization of the pre-operation situation, based on the data deriving from 

campaigns to measure the noise level of the concerned area and considering its 

acoustic classification; 

- control of noise pollution during work and post-work.  

The measures, beside to giving indications on the respect of the limits of the law in the drilling 

phase, during construction of sites and facilities including the traffic and handling of materials 

and of exercise of the plant, also provide information about:  

- the actual distances of acoustic impact;  

- the perception of the disturbance associated with certain levels of measured noise;  

- the evolution of the noise over time in relation to the other sources present and, 

therefore, to its actual relevance with respect to the background noise of the 

environment interested.  

To estimate peak noise disturbances generated from drilling machines, a noise rose can be 

created (Figure 7). This rose translates the noise generated in the vicinity of the drill pad in a 
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context that is however not representative of the site but only of the drilling machine. Indeed, 

it does not account for topography, urban constraints, etc. Nevertheless, it provides a view of 

the noise level generated directly near the site. The example given in Figure 7 provides an 

estimated 65 dB (A) near the drill pad, which can be compared to noises generated in a large 

business office (Figure 8).   

 

 

Figure 7: Noise rose of drill pad from a geothermal drilling site in France (BRGM). 

 

Depending on the building found in the different red or green zone of the rose, specific 

mitigation measures can be adopted to lower the disturbance on dwellings.  
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Figure 8: Noise levels in dBA (FAA.org) 

 

MONITORING OF THE ECOSYSTEMS 

Before geothermal development, an environmental review may be required to categorize 

potential effects upon plants and animals, for example, by an inventory of vegetation and 

species in a biological study area beyond the perimeter of the project wellfield and plant, noting 

of habitat requirements and suitability. Biodiversity monitoring around the geothermal power 

plants (up to 500 m distance) is required in the Italian geothermal plants since 2000. The 

monitoring involves the soil, the trees and the surface waters, and focus particularly on 

epiphytic lichens that are very sensitive to environmental variations. 

The assessment of the odour annoyance is quite difficult for several reasons: i) because odour 

perception is subjective; ii) because of the causal relationship between odour events and odour 

sources and iii) because of natural emission from the soil  and iv) because of the complex 

interaction of odorant gases in a mixture (depending on the concentration of individual 

odorants, on interaction effects, and on individual-specific factors of the exposed subject) [22, 

23]. Moreover, it is very difficult to distinguish the smell caused by natural emissions (soil 

degassing, natural manifestations) from the smell caused by geothermal plants, when the 

interested areas are the same. In some cases, such as in Larderello, the presence of a plant 

decreases the odour that is present in natural geothermal area due to H2S removal (REN 

personal communication). 
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Prevention and mitigation 

Careful siting and project design, where sensitive resources are identified, can decrease 

significantly the cost and extent of surface disturbance in the preparation and operational 

phases of geothermal development. Specific technologies are described below. During the last 

phase of the reclamation and abandonment, it is expected that geothermal plant 

dismantlement, well plugging, capping and reclamation, and site and access road re-grading 

will facilitate natural restoration. These impacts of surface disturbance are generally evaluated 

in the EIA (Environmental Impact Assessment), in order to make them not low but negligible. 

Negligible means that the geothermal plants respect all the requirements foreseen in the EU 

and country directive. 

VISUAL EFFECT, LANDSCAPE AND LAND OCCUPATION 

Visual disturbances are most pronounced during the drilling and site construction, for instance 

when tall drill rigs are onsite. Landscape planning reduces adverse visual effects of geothermal 

plants. Facilities, such as buildings and pipelines used during the operation are painted to 

blend in with the neighbouring environment, and pipes are buried where possible (outside 

forest zone for example). High fences can be installed during the construction work and 

through drilling phases.  

The best solution to avoid the effects produced by constructing of the roads for drilling sites 

and plants is to choose the existing roads eventually performing some modifications (e.g. 

enlargements and strengthens). This is also an economical good solution to reduce permanent 

effects. The visual and geological problems to make roads and civil works must be carefully 

planned to minimize the adverse effects and to avoid accelerated erosion and landslide risks, 

e.g. by reducing the number of steeply sloping exposed banks or planting fast-growing trees 

which bind the soil (Figure 9). 
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Figure 9: Kizildere power plant area where pine trees have been planted to control erosion in this arid region [24]. 

The most important phase for visual impact is not drilling phase or site construction which are 

temporary activities. In the preparation of an EIA the developer needs to present solutions in 

order to mitigate the visual impact of the plant and the gathering system during operation 

(ENEL personal communication). Pipes close to the existing roads produce a minor effect. 

Linear pipelines have less adverse visual effect, and the more expensive bellows-type 

expansion compensators help to build the straight tracts [25]. In some areas, however, the 

network of pipelines crisscrossing the countryside and the power-plant cooling towers have 

become an integral part of the panorama and are indeed a famous tourist attraction, like in 

Italy and Iceland (Figure 10). 

 

 

Figure 10: Left: a wellhead in Italy. Right: Enclosed wellhead (left) at Hellisheiði, power plant in Iceland, connected 
to a muffler (right). 

As it regards the reduction of the visual impact and the land use of the drillings, many 

companies all over the world utilize the same drilling site for several deviated wells and it is 

also desirable that the drilling sites are as close as possible to the power plant. The choice of 

drilling rig, e.g. the hydraulic telescopic rigs instead of the traditional mast-type ones, may help 
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in reducing the height of the rig and the pad’s occupied land. It is also to consider the reduction 

of the light brightness of the site during the night, choosing the type, direction and location of 

lamps to guarantee the safety, but projecting less light outside the plant or drilling sites, or by 

temporary screens around the drilling sites. To reduce the visual impact of the wellheads (the 

so-called “Christmas trees”) they are masked through a cover (e.g. small buildings) with a 

suitable design with respect to the natural surroundings that also allows a better maintenance 

and provides security of the structure.  

The cooling towers of the power plants have been one of the most visible elements in 

geothermal development, due to their height and the release of white clouds of water vapour. 

The forced-type cooling towers in the new flash plants reduce significantly these effects, and 

steam plumes are absent with hybrid cooling towers or dry-cooling towers and total re-injection 

of fluids. Nowadays, geothermal power plants are temporary constructions, mostly 

prefabricated, and can be moved in other places within the geothermal field after the end of 

development of the sites, which is environmentally restored and masked (e.g. through a 

replanting program). Since geothermal plants must be located at the site where the resource 

is assessed, the best technological and architectural solutions are adopted in order to optimize 

their integration in the local environment.   

In volcanic and magmatic areas, geothermal development may also compete with natural 

manifestation (hot or steaming ground, hot springs and pools, mud pools, fumaroles, geysers 

and deposits of sinter, sulphur or other minerals). Care is usually taken to preserve these 

natural geothermal features when they also serve as tourist attractions or competitive 

economics, or cultural uses. The best mitigation option, in this case, is to create new features 

of high touristic value, as is the case of Blue Lagoon, in Iceland. Power plants are designed 

with care to their integration into the surrounding landscape, as in some Italian areas, or are 

partially hidden by vegetation (usually outside the facility to ease its maintenance). 

NOISE MITIGATION 

Unwanted noise can be a nuisance or a health concern, and its monitoring and control is 

required by European Directives. Public health codes in European countries regulate the 

threshold of noise level to be respected within the neighbourhood of the project. Any activity 

that is forecasted as noisy must be authorized, and provide a specific noise impact 

assessment, with an estimation of sound levels during its realization and after the works have 

been completed (post-work situation). Monitoring, as defined in the previous section, is 

required and enforced. In order to meet requirement in term of environmental protection and 
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human health, precautionary measures are adopted to guarantee safe noise level around the 

geothermal plant and during drilling operation, i.e. within the limits fixed by authorities. The 

level of allowed noise is regulated according to the local area and its acoustic level, and 

different levels are usually set for night-time and day-time and for Sundays and public holidays. 

An element of fundamental importance is the concept of differential limit, which indicates that 

the difference between noise produced from a given source and the residual noise 

(background) must not exceed a certain threshold. The limit values are strictly required for 

permanent installations, such as geothermal power plants. Authorizations for temporary 

activities, such as drilling, that overcome the noise limits are requested, usually from local 

authorities, and mitigation measures are taken for remediation. 

For unavoidable noises, major mitigation measures to reduce their adverse effects on 

population and ecosystems may be synthetized as follows  [17]:  

- use of muffled or sound absorption panels around motors, drill pads, vents and pumps;   

- use the hydraulic rigs that produce less noise respect to the traditional mast-type ones; 

- perform good design and layout of facilities and locate noisy engines in soundproof 

buildings or choose optimal implantation of engines as far as possible from dwellings;   

- restrict noisy activities to day-time (e.g. casing installation, waste disposal, etc.), unless 

required by safety constrains;   

- select site location, when possible, distant from sensitive receptors (i.e. population, 

human activities, natural parks, ecologically sensitive zone, etc.) and where visual 

impact is minimum (tall tree around, etc.);   

- use electrically driven instead of diesel engines in drilling operations;  

- monitor noise and sound emergences continuously during work by authorized 

inspection body;   

- communicate and perform prevention work with population on the project and adopt 

compensatory measures if needed.  

A noise impact study is carried out for the selection of low noise emission equipment, and for 

proper positioning of the equipment on the power plant’s platform.   

When the plant is in operation, substantial noise reduction is obtained by the thermal insulation 

of turbine and the soundproof cages around the turbines and alternators in power production 

plants, or by soundproof wall (Figure 11). The use of carpets, wood for construction, and 

soundproofing fan motors, have sensibly reduced the noise of geothermal plants in Italy, so 

that the geothermal power plants’ performance is compliant with the most restrictive noise 

emission levels [15]. 
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Figure 11: Noise wall at the Insheim geothermal plant, Germany [26]. 

Special rigs and equipment (low power rigs) are used to work in urban environment and electric 

power engines reduce the surface effects. Sound barriers, sound shields on engines, and low 

noise equipment for well testing reduce the external noise during the drilling and well testing 

phases of the geothermal project. Depending on the building found in the different red or green 

zone of the rose in Figure 7, specific mitigation measures are adopted to lower the disturbance 

on dwellings. 

VIBRATION 

During seismic data acquisition in exploratory surveys, vibro-seismic trucks and related 

working forces should be kept at the minimum possible number, in urban areas, to avoid 

disturbances while guaranteeing to image the subsoil. This measure is required by law in some 

country. In France, for instance, prior to the seismic survey itself, a study of the generated 

vibrations is mandatory to evaluate their effect on constructions, especially on urban areas 

[19]. This study must cover a large frequency and peak-force range. Furthermore, during a 

recent 3D seismic survey in Northern Alsace, France [27], real-time vibration measurements 

were performed on buildings during acquisition, allowing the operators to immediately stop the 

vibro-truck, if the measured vibration exceeded a defined threshold, in order to minimize the 

risk to cause damages. Vibration measurements are taken at the buildings nearest to the vibro-

trucks and exceedance limit of vibrations may be applied by local regulation (e.g. in Germany, 

Belgium) to prevent damage to buildings/installations. The nuisance of vibration caused by 

drilling activities, well development (stimulation) and production in most cases is reduced by 

careful siting. Where unavoidable, mitigation measures are those of induced micro seismic 

activity, described in the Chapter 10 Seismicity. 
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ROAD TRAFFIC AND DUST PRODUCTION 

To prevent dust dispersion in the air, trucks displacing soil from the site for the plant installation 

are covered and cleaned before leaving the working site. Roads are also cleaned up after the 

passage of trucks. The work sites and roads are sprayed with water during dry weather to 

reduce dust production from engines and truck circulating in the zone and to prevent its 

formation. Contractors also ensure that work does not impede the road traffic. Any roadway 

modification is signalled, and work site access is indicated with specific panels.  

In the siting of a geothermal plant, one could also look at the vicinity of rivers and large 

channels allowing the transport of materials over water as a mitigation measure. 

DISTURBANCE OF ECOSYSTEM 

While any disruption of land that results from geothermal development has the potential to 

disturb habitat, geothermal plants, like any type of industrial plant, must comply with a host of 

regulations that protect the areas set for development. An environmental study before the 

project development allow to define the background level and to establish the amount of 

impact. Many disturbances are unavoidable effects, which are mitigated by proper planning 

and restoration of areas.  

A special care is addressed to the birds and invertebrates (often linked to the vegetation). In 

the case of pipelines, their thermal insulation prevents thermal losses in the surroundings that 

could interact with the biodiversity associations. Care is taken when the geothermal 

development areas include woods, meadowland or environment with natural foliage. Starting 

from the preparation of the drilling sites up to the operation and decommissioning of the 

production plant, the industrial development produces unavoidably some damages in the 

natural landscape due to the preparation of roads, well pads, pipe routes, separator stations, 

holding ponds, the power house and its associated facilities. So, when the construction of the 

plant is completed, an appropriate replanting program of native trees and vegetation restores 

the original natural appearance and improve the repopulation of local flora and fauna. 

SMELL 

Since it happens only in case of smelly gas emissions, mitigation measures are those related 

to degassing, and are described in Chapter 6 Degassing. 

 

Illustrative examples 

In France, noise emission is regulated so utilization and drilling work must be performed 

according to these regulations. This is the case for the Soultz-sous-Forêts plant. A day- and 
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night-time noise measurements must be performed before any utilization/drilling starts near 

the closest houses to determine the level of background noise. Those measurements must be 

repeated several times during the utilization/drilling, to check if noise emissions exceed the 

regulatory levels of emergence (that is, above the determined background noise). In that case, 

it is mandatory for the operating company to take measures or establish procedures to 

decrease the level of generated noise.  

During the drilling phase, any loud operation is forbidden during the night-time (22:00–7:00). 

Figure 12 presents an example of locations where noise measurements are regularly 

performed around the Soultz-sous-Forêts power plant. A day- and night-time noise 

measurements to determine the level of background noise near the closest houses must be 

performed before any utilization/drilling starts. Those measurements must be repeated several 

times during the utilization/drilling, to check if noise emissions exceed the regulatory levels of 

emergence (that is, above the determined background noise). In that case, it is mandatory for 

the operating company to take measures or establish procedures to decrease the level of 

generated noise. In particular, Figure 12 presents an example of locations where noise 

measurements are regularly performed around the Soultz-sous-Forêts power plant. 

 

 

Figure 12: Location of places around the Soultz-sous-Forêts power plant, where noise emissions are repeatedly 
measured (OTE, 2017, courtesy of GEIE Exploitation Minière de la Chaleur). A and B are located at the plant; 1, 2, 
3, 4 are located near the closest habitations. 
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4 LEAKS DUE TO SURFACE INSTALLATIONS 

AND OPERATIONS 

Leaks due to surface installation are a typical risk of any civil engineering operation and 

industrial activity. In the framework of geothermal operation, a leak from a storage area (that 

can contain geothermal fluid, drilling fluid or hydrocarbons, additives etc.) or from the surface 

circuit might happen. A leak is a risk and not an impact, but its gravity is limited with low 

consequences on the environment as it is generally detected before extensive damage occurs. 

It can happen at any point of the facility during the lifetime of the project since fluids of several 

kinds are always stored on site. If no mitigation measures are put in place, a leak can induce 

soil pollution if it is not managed in time and can also induce explosion and air contamination, 

in very specific contexts, and if the liquid is enriched in gas. However, to our knowledge, no 

accident related to this risk has happened in geothermal operation. 

This sheet is focused on leak and overflow from fluid located at the surface. To see how drilling 

fluid is managed, see also chapter 5 Liquid and solid effusions on surface and for further 

information on other fluid waste see the chapter 2 Waste production from surface operations. 

The table below provides an overview of this event in term of risk and impact assessment i.e. 

its causes, consequences, the phases concerned, the influencing context or the principal 

monitoring and mitigation measures that can be applied. 
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Main causes Event 
Main consequences  

if event ignored 

Use and storage of chemicals, 
fuels, drilling fluids or 

circulation of geothermal fluids 
in surface facilities at surface 

Leak due to surface 
installations and 

operations 

Human health alteration, 
disturbance of 

ecosystems (soil and 
surface or sub-surface 

water pollution)   

Risk or impact identification 
 

Risk ☒ Impact ☐ 

Influencing context 

Concerns all geothermal project and, more broadly, all industrial processes requiring storage 
units. The risk is higher when chemicals and fluids are required for stimulation of the wells or 
for treatment of corrosion effects over the geothermal loop (surface pipes from wellhead to 
the plant) 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor  Moderate Serious 
 

Improbable  ☐ 

Low   Medium   High 

Unlikely ☒ 

Possible ☐ 

Probable ☐ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 
- Periodic inspection of pipes and tanks 
- Assessment of corrosion of the geothermal loop 

Main prevention and 
mitigation measures 

- Water management program  
- Identification of critical fluids presents onsite and 
selection of environmentally friendly solutions when 
possible (e.g. secondary fluids)  

- Tanks storage in segregated areas with containment 
basins and dimensioning of tanks to avoid overspill  

- Adapt material of pipes and tanks in accordance with the 
nature of element stored to avoid corrosion effects 

 

Origin  

There are two main types of leaks due to surface installation: (i) leakage or overflow of storage 

tanks containing geothermal fluids, drilling mud, fuel or any type of liquid and chemicals used 

during stimulation and (ii) leakage of a pipe belonging to the surface circuit [2]. Both types of 

leaks are inherent to all industrial operations. Leaks from a tank can be caused by flaws in a 

surface storage tank such as sealing defaults and inappropriate construction materials or to 

Exploration

No effects 

Development

Main effects 

Operation

Main effects 

Decommissioning 
and abandonment

No effects 

x x
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failure of corrosion prevention systems. Leaks can also be caused by deterioration following 

an act of vandalism or an extreme natural event, like flooding or heavy rainfall that may cause 

the tank to overflow. Overflow of tanks can also appear when loading fluids in the tank. 

Leak on a pipe can occur on the surface circuit due to corrosion, sealing default or a breach 

over a pipe. In the case of binary systems, this surface circuit is composed of a primary loop, 

containing geothermal fluid, and a secondary loop, containing a different fluid. Compared to 

geothermal fluids flowing in the primary loop, the heat transfer fluid or gas used over the 

secondary loop are less aggressive and tend to reduce the risk of corrosion and leak from the 

pipes. In most cases these fluids are water (e.g. in district heating plants) and the 

consequences are negligible. A special case is for power plants using Organic Ranking Cycle 

(ORC) technologies to produce electricity, since they exchange the geothermal heat with water 

or, more frequently, with fluids having low boiling temperature and high vapour pressure at 

relatively low temperatures, compared with steam (water). The type of fluid used can be 

different depending on the type of geothermal plant [28]. These low-boiling fluids may contain 

pure hydrocarbons (e.g. pentane, butane, propane, etc.), refrigerants or organic mixtures. The 

main risk of leak or spill of those secondary fluids occurs during transportation, loading and 

storage. If the pressurized geothermal fluid leaks over the primary loop, between its arrival at 

the wellhead and the secondary loop, depending on its gas content and if the leak appears in 

a confined space, intoxication or explosion might occur during utilization phase. 

 

Project phases 

Leaks from surface operations is a risk that can occur during development, operation or 

decommissioning, but is not considered a risk during exploration or abandonment phases.  

During construction, drilling and well testing, the leaking fluids can be drilling mud, geothermal 

fluid or stimulation products. During operation of the geothermal plant, leaking fluids are mostly 

geothermal fluid in the primary loop and heat transfer fluid in the secondary loop. 

 

Influencing contexts 

NEED OF STIMULATION 

The likeliness of the risk is higher if stimulation is required because it is possible that non-

geothermal fluids are used, and they will be stored at the surface. The technical operation that 

is stimulation has however no influence on the risk, but it is the storage of fluids in tanks that 

increases leak likeliness. 
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BINARY PLANTS 

The gravity of the risk is higher in case of flammable secondary fluid. 

NEED OF SCALING REMOVAL FROM WELLS AND PIPES 

To remove calcite and silica deposition from wells and pipes, additives are used and circulated. 

This increase the probability of occurrence of the risk by increasing the amount of fluid stored 

at the surface. These operations increase the probability of the risk due to the toxic composition 

of fluids, which might leak from containment tanks or erupt when released in volatile form, 

during maintenance operations. However, the composition of fluid may vary so the increase in 

gravity is dependent on this composition. Depending on the geological condition of the 

geothermal reservoir, and the resulting composition of the geothermal fluid, the need for 

scaling removal operations varies.  

 

Risk or impact 

Leaks due to surface installations is a risk and its gravity depends on the extent of the leak 

and on the quality of the dispersed fluid. Its likeliness is possible. A leak in a confined space 

can lead to explosion in specific context, depending on the fluid leaking and if volatile 

substances are present, which can be pressurized (like in Organic Rankine Cycles). The 

likeliness of explosion is improbable. 

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. The consequences and their intensity vary depending on the nature of the leaking 

fluid and its quantity. Consequences on humans have low probability of occurrence. There is 

a minor risk due to the high temperature of geothermal fluid, but other effects on humans are 

unlikely including chemical burn or irritation and respiratory issues or in case of a fire if the fluid 

considered is flammable (like in the ORC). Leaks or spill from tanks can induce soil and 

watercourse pollution and affect wildlife. This risk, which is reported as frequent in the civil 

engineering industry [2], has no cases reported in literature reviews as regard to geothermal 

operations.  

 

Monitoring 

Pipes and tanks are inspected periodically (e.g. by acoustic emission testing, as in the Bavaria 

plants), according to a program whose purpose is to check tank conditions and the thickness 
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of the pipes at representative and specific points. Welds and sensitive metallic equipment are 

often controlled by gamma radiography to detect any potential invisible defect. Evolution of 

corrosion and scaling is monitored to prevent the risk of a leak. In France, following feedback 

over geothermal operations (producing in the Dogger limestone of the Paris basin) and the 

widespread use of anti-corrosion treatments, the concession license imposes to monitor the 

use of anti-corrosion products and their efficiency over the installation (e.g. to measure the 

kinetic of corrosion, the frequency of well and exchanger cleaning, the presence of deposit). 

 

Prevention and mitigation 

Some simple and common measures, i.e. by dimensioning the tanks big enough to avoid 

overflow and positioning tanks over concrete slab to avoid direct contact with soil, prevent 

related risks. A leak can be prevented by using appropriate material for geothermal loop and 

storage units like metal that will not corrode. Corrosion monitoring can also prevent a leak. It 

can also be avoided by dimensioning the tanks big enough to avoid overflow and storing them 

over concrete slab to avoid direct contact with soil. 

To avoid a leak due to corrosion, the material of the pipes and tanks is chosen from the 

conception and design phases to account for stored fluid composition and requirement. 

Corrosion resistant alloys, corrosion resistant coating and anti-corrosion treatment applied to 

the pipes [29] as well as passive or active electrodes are corrosion protection technologies, 

and research is on-going for cost-effective materials and solutions. It is common practice to 

avoid steel for underground storage tanks, to avoid the risk of galvanic currents. If corrosive 

elements are present in a fluid, they are treated using reducing agents. 

Chemicals are stored in segregated areas with containment basins, in areas where there is no 

risk of flooding and where spillage, if any, can be contained quickly and limited to small areas 

[30]. Neutralization products needed to hold chemical propagation must be stored nearby these 

chemicals. The secondary fluid used in binary plants is chosen also in view of its environmental 

friendliness, ozone depletion potential (ODP) and global warming potential (GWP), to prevent 

and mitigate the damage in case of leak. Training programs for workers are also essential to 

reduce the risk of leakage when transporting or manipulating fluids and pipes at surface. 

 

Illustrative examples 

In the study of risk and incidents associated to deep geothermal operations proposed by 

Gombert et al [2], no example of accident related to surface leaks have been identified from 
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literature review. This risk appears to be minor for geothermal operations with respect to that 

of civil engineering sites. The risk of a leak on the geothermal circuit must also be studied at 

early stage of plant construction but no report of such accident has been found [2]. Water 

management is a key point of geothermal plant design to prevent any contamination. This 

water management do not affect the probability of occurrence of a leak but limits its gravity. 

For example, all rain sewage of the Rittershoffen geothermal plant is collected in a specific 

retention (Figure 13). When this retention is filled with rainwater, an operator checks different 

parameters of the fluid, like conductivity, to confirm that the fluid is not contaminated and can 

be released. In case of contamination by geothermal brine, the fluid is pump into the reservoir. 

 

 

Figure 13: Example of the water management at the Rittershoffen geothermal plant to prevent any contamination 
of surface water with geothermal brine or process fluid 

Hirschberg et al. [28] analysed accidents related to caustic soda (used in the drilling phase to 

affect the pH), benzene and toluene that are substances that were used in the past in 

geothermal projects as working fluids in ORC binary cycle. They used other activities, relevant 

to geothermal projects, because of limited available historical experience in geothermal 

operations. They did this analysis between 1990 and 2012 in OECD countries and found on 

average 13 accidents per year related to caustic soda, with a decrease over the recent years. 

Of these accidents 13% are related to storage defaults. For benzene and toluene, they found 
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on average 15 accidents per year, with once again a decrease over the recent years. 27% are 

also related to storage defaults and 13% are related to problems relevant for geothermal loop 

(pipe, tube, valve default). This lowering of the number of accidents in recent years suggests 

an improvement in safety measures. 
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Part II - Effects associated to 

emission of underground material to the 

surface 
 

 

5 LIQUID AND SOLID EFFUSIONS ON SURFACE 

The environmental effects of geothermal development related to discharge of liquid and solid 

phases have been known to possibly affect the ecosystems. Generally, the risk is focused on 

the effect on fresh groundwater, the possible pollution of drinking water and effects on the 

ecosystem. Different consequences can be generated in different phases of the development, 

but this issue is well manageable by proper monitoring and mitigation measures, the correct 

management of waste material and measures to reduce the appearance of leaks. The table 

below provides an overview of this event in term of risk and impact assessment i.e. its causes, 

consequences, the phases concerned, the influencing context or the principals monitoring and 

mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Cuttings and drill mud 
extrusion, outflow of 
geothermal fluids,  

Liquid and solid  
effusions on surface 

Soil and surface or sub-
surface water pollution 
affecting human health 

and ecosystems   

Risk or impact identification  
Risk ☒ Impact ☒ 

Influencing contexts 

It exists as a risk when geothermal fluids are disposed at surface (during well testing for example) 
but also depending on the composition of this fluid reaching the surface and for instance the 
potential high gas content. 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation 

measures applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor to Moderate Serious 
Depend on the nature of liquid or 

solid extruded  

Improbable  ☐ 

Low   Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☐ 

Very likely ☒ 

Risk and impact control and monitoring 

Monitoring 

- Periodic inspection of well installation (pipes, tubing) and control 
of the kinetic of corrosion 

- Monitoring of volumes and physio-chemical parameters of liquid 
effusion and solid extruded at surface 

- Monitoring of critical parameters during drilling operations and 
well data during operations (temperature, pressure, flow etc.) 

Main prevention and 
mitigation measures 

- European directives on waste management, water protection 
and air quality 

- Management of waste using a special holding pond to store 
cuttings, drill mud or geothermal water before treating them 
properly 

- Required reinjection of geothermal fluids in the produced 
formation to reduce the effect on environment (in most countries) 

- Choice of environmentally friendly inhibitors, stimulation 
products and drilling mud 

- Use of blowout preventer (BOP) 

 

Origin  

Geothermal plants produce both liquid and solid effusion and waste, resulting from drilling wells 

and the operation and maintenance of the plant. During drilling, effusion of fluids and solid and 

waste materials are produced, such as: i) drilling mud and other drilling fluid additives like 

Exploration

Limited effects 

Development

Main effects 

Operation

Limited effects 

Decommissioning 
and abandonment

No effects 

x X
x
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cement slurry, diesel and lubricant, cleaning fluid waste and geothermal brine, and ii) cuttings, 

excavated earth and rocks, industrial waste of different types. Drilling muds are made up of a 

thixotropic mixture of water and clay (bentonite) and may also contain additives such as barium 

sulphate (barite) and synthetic polymers. Anionic polyelectrolytes (e.g., acrylates, 

polyphosphates, lignin sulphonates), are often used as fluxing agents during drilling to reduce 

the viscosity of the drilling fluid.  

During plant operation, every geothermal development produces a unique set of chemical 

effluents, which depend intricately upon the geochemistry and the utilization history of the 

geothermal reservoir and on the individual plant design. As a rule, however, the higher is the 

temperature at which fluids circulate into the rocks and the higher is the chemical content of 

the fluid. As the chemical composition of fluid from low temperature geothermal systems is 

generally rather benign and the nature of low temperature utilization does not cause great 

disturbances, much more attention has been given to the environmental effects of the 

utilization of high temperature geothermal fluids and related effusions.  

The geothermal fluid brought to the surface by wells could contain a wide range of dissolved 

species in its liquid phase, including ionic species of Na, K, Ca, B, Li, As, F, Mg, Si, Rb, Sb, 

Sr, chlorides, bicarbonates, and sulphates. Super-heated steam, like sometimes in Iceland, 

contains mainly boric acid, chlorides, hydrogen sulphide and bicarbonates, and a small amount 

of As and Hg [15]. The main pollutant chemicals in the liquid fraction of these geothermal fluids 

are hydrogen sulphide (H2S), arsenic (As), boron (B), mercury (Hg) and other heavy metals 

such as lead (Pb), cadmium (Cd), iron (Fe), zinc (Zn) and manganese (Mn). Lithium (Li) and 

ammonia (NH3), as well as aluminium (Al), may also occur in harmful concentrations. Some 

geothermal liquid brines contain excessive salt concentrations and can cause a direct damage 

to the environment if not treated properly [31]. 

Silica is found in geothermal effluents and is a by-product of geothermal energy production 

from certain brine reservoirs. Silica is typically dewatered, and the silica sludge is then 

disposed of (Figure 14). Silica is only considered potentially harmful when found in high 

concentrations in the workplace, and concentrations of silica in geothermal facilities are low 

enough for people not to be at risk.  
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Figure 14: Silica deposits at Reykjanes geothermal power plant, Iceland. Photo: Magnús Á. Sigurgeirsson, ÍSOR. 

Boron, a common element in geothermal fluid, is a naturally occurring element found combined 

with other elements throughout the environment. Boron is an essential nutrient for plants but if 

above certain concentrations, and not treated, it can be toxic to aquatic and terrestrial 

organisms [32]. Geothermal plants are not considered to be high arsenic emitters, although 

arsenic is common in volcanic systems. When arsenic is present in a geothermal system, it 

typically ends up in the solid form in the sludge and scales associated with production and 

hydrogen sulphide abatement. In flash steam plants using wet cooling towers, stripped 

condensed steam and water drops of various dimensions (known as drift) are released into 

the atmosphere; since steam and water contain components already present in the original 

geothermal fluid, dispersion in the environment is possible. 

During operation, corrosion or waterproofness default of pipes and tanks containing 

geothermal fluids may produce leakage and thus liquid effusions. Leakage or overflow of 

storage tanks containing geothermal fluids are also potential causes of effusions of geothermal 

fluids. If the geothermal fluids are not totally reinjected, they become a waste that should be 

decontaminated before discharge. The use of chemical additives to the fluid, to prevent and 

avoid scaling in the system (pipes, mechanical equipment, etc.), increases the risk of pollution. 

This is further discussed in chapter 4, Leaks due to surface operations. 
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Effusion may also result from blowouts, i.e. uncontrolled flow of formation fluid from drilled 

wells, which are very rare incidents that may occur from natural causes, e.g. when drilling 

through an over-pressure zone, or in relation to drilling operation. In a blowout, fluid is ejected 

to the surface. If the fluid is hot enough it may cause spontaneous boiling, resulting in a 

blowout. Blowouts in wells can occur resulting in fluid being ejected to the surface and this is 

further described in the section 8 Blowout. 

 

Project phases 

Liquid and solid effusions on surface [33] can be associated with exploration, development 

and operation phases depending on the type of geothermal development. During drilling, the 

main risks to surface waters are accidental spilling of drilling circulation fluid and cement as 

well as gases. These problems can be avoided if proper environmental quality standards are 

adhered to on the drill site. There is a risk of contamination of surface- and ground waters if 

separated geothermal brine can flow on the surface during discharge tests. Reported cases, 

and wherever mitigation measures are properly applied, indicate a minimal amount of effusions 

and negligible damage.  

During the operation and maintenance stages, the main risk is generated from the accidental 

release of separated geothermal brine to the environment, where it will end up in surface and/or 

groundwater as well as being released from ponds that fail or overflow. Mitigation measures 

effectively help to minimize such a risk. 

 

Influencing contexts 

REINJECTION  

The main environmental concern of liquid waste is when reinjection of effluent water is not 

practised. This results in disposal of liquid on the surface with potential consequences to the 

environment. 

PERMEABILITY OF SURFACE  

Where liquid is disposed of at the surface (storage ponds/sumps) the permeability of the 

bedrock is of great concern. Highly fractured bedrock and porous lava flows are examples of 

surfaces that need to be treated with extreme caution during operation.  

LENGTH OF THE WELL  
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Around 20 m3 of cuttings is produced per km of a geothermal well drilled [2]. The length of the 

well is dependent on the depth of the resource and can vary from hundreds of meters to some 

kilometres. 

GAS CONTENT 

Drilling in sites with risk of overpressure or high gas content will increase the risk of a blowout. 

There may be complications for well control from geothermal fluids with high gas content 

(mainly CO2) and from intersecting shallow steam zones. High gas content increases also the 

risk of dispersion from air stripping and drift. 

 

Risk or impact 

Liquid and solid effusion on surface can be a risk or an impact depending on the context. In 

some plant, the effusion occurs only by accident, so this event is a risk, whereas in some plant 

the effusion occurs in a controlled way (e.g. release of silica), so this event is an impact. The 

gravity is minor to moderate depending on the fluid or solid content and the amount released. 

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. The consequences are related to impacts from both surface and underground 

phenomena that include disturbances or leaks from routine operations and blowouts. For 

humans, the main consequences are related to accidents or effects on health, and for the 

ecosystem, there are soil, marine and freshwater pollution risks. Also included are 

consequences for other activities such as tourism. Brine water released on the surface can 

cause thermal damage to local vegetation. This is not a general practice because of mitigation 

procedures, and the separated water is either reinjected or accumulated in ponds and removed 

or treated. 

Geothermal surface manifestations may change upon production and thus the most important 

changes to ecosystems which are changes in habitat. They may be predicted and should 

certainly be monitored. Effusion of H2S is removed from the atmosphere through precipitation 

and absorption by soils and plants. The residence time of the gas can vary from 1 day to 42 

days; depending on the season and weather conditions [34]. Additionally, in case of inhibitor 

injection, the geothermal fluid composition may be slightly impacted close to the well. Voluntary 

chemical modification may occur such as chemical stimulation to improve the injectivity of the 

system. It should be mentioned that it is possible to exploit some metals and chemical 
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compounds in the geothermal fluid and the interest and research in that field has increased in 

the last decade or so. 

 

Monitoring 

Monitoring includes sampling and analysis for target contaminants as a part of exploration or 

operation permit conditions. The frequency of monitoring reflects both the demands from the 

permit as well as the character of the development, the geothermal system and the discharge. 

Monitoring the effect of liquid and solid waste includes groundwater monitoring where chemical 

and thermal pollution is of the main concern. For liquid discharges, the determinations include 

suspended solids, pH, temperature, content in hydrocarbon material. Monitoring of surface 

waste-water is conducted at each intermittent as well as continuous discharge points. These 

include wellheads, vents, and separators, cooling towers and spent liquid drains.  

Control of site condition as regards the safety conditions of pools, waste ponds, slurry etc. is 

required by regulation in all countries, and is part of the EIA. Waste monitoring consists of a 

frequent periodical chemical and chemical-physical characterization and visual control of the 

tanks and other services, in order to identify any accidental losses. Each check must be noted 

on a worksite register, available to the Mining Authority. 

 

Prevention and mitigation 

Prevention and mitigation of the environmental effect of solid and liquid waste are generally 

addressed by clear regulations and enforcement, where developers must retrieve and dispose 

of any material produced from drilling. This involves drill cuttings as well as any fluid that has 

been used for the drilling or the geothermal fluid that is brought to the surface through the well. 

During all phases of geothermal development, drilling and testing of wells as well as plant 

operation, any short-term and/or emergency liquid release will have to be accommodated in a 

special holding tank or a holding pond (Figure 15). As a result, all waste from drilling activities, 

mud, and cuttings, is stored in what are known as "sumps" for disposal. Sumps provide secure 

storage for drilling mud and cuttings. They are typically lined with impervious materials to 

prevent leaching or may be equipped with containment basins. The tank or pond are designed 

to accommodate an amount (e.g. 50%) in excess of a 60 hours accumulation of geothermal 

fluid at expected mean capacity of the production, to avoid overflow. 
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Figure 15: Drill rig Sleipnir from Iceland drilling during drilling of well WW-3 at Laudat Dominica in 2012. The photo 
shows a 1300 m3 “sump” system in the foreground. Photo: Sigurður S. Jónsson, ÍSOR. 

Non-polluting drilling fluid additives and mud recycling minimize adverse effects to 

environment. To be reused and recycled, the drilling mud must be conveyed correctly, first in 

waterproofed sedimentation tanks, to separate the coarse debris, then in vibrating screens 

and/or filter presses. After removing the coarse portion, the mud is re-circulated into the drilling 

circuit. When the mud is no longer reusable, it is treated and disposed: after the separation of 

the cuttings, the sludge is dehydrated in a filter press. Tanks and ponds are emptied 

periodically: water is sent to a waste-water treatment plant, while the solid phase is sent to 

landfill sites (in some countries, e.g. Italy, landfill is forbidden) or disposed [13]. The brine 

extracted during the drilling is reinjected back into the underground or dehydrated (e.g. the 

mud) and sent to landfills or disposed. Geothermal fluids are reinjected in most cases; 

otherwise they become part of the liquid waste and are decontaminated and then discharged. 

For mitigating the risk of chemical pollution due to scaling or corrosion inhibitors, the chemical 

inhibitors are chosen with great care considering the environment. The geothermal fluids that 

have been in contact with oxygen are treated with biocides and/or oxygen scavengers before 

being reinjected, to prevent biological impacts in the underground. 

A well-designed water management system also reduces the adverse environmental effects. 

For example, the separated collection of rainwater, geothermal fluid and waste-water of the 
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plant and proper management helps in using some rainwater for reinjection, and treat non-

process waste-water of the plant (e.g. from toilets) in a septic tank [35]. 

 

Illustrative examples 

In Iceland, the Blue Lagoon (Figure 16), which initially was formed as an effluent water release 

pool at the commission of the Svartsengi power plant, is the most visited tourist facility in the 

country, attracting more than 1 million visitors every year. The Blue Lagoon illustrates that 

geothermal development is not only compatible with tourism but may present an opportunity 

for the instalment of significant tourist attractions. 

 

Figure 16: The Blue Lagoon, Svartsengi, Iceland. Photo: Brynja Jónsdóttir, ÍSOR. 

Disposal of cooled geothermal fluids is the main environmental problem at Kizildere 

geothermal field in Turkey. Currently, wastewater at a temperature of 140°C and averaging 25 

mg/L boron is discharged into a nearby river where water is drawn for irrigation purposes. The 

high boron concentration could have a harmful effect on plants that are irrigated with this water, 

and the problem is exacerbated by low river flow rates (i.e. reduced dilution) during spring and 

summer. Three alternatives for wastewater disposal have been suggested at Kizildere: 

reinjection, removal of boron before disposal into the river, and channelling untreated 

wastewater to the Aegean Sea [24]. Thanks to the installation of a dedicated abatement 

process for ammonia in Italy, ammonia emission factors in some geothermal plants have been 
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reduced by up to 80-90%. Aerosol emissions and soluble pollutants are further reduced using 

drift eliminators, obtaining drift emissions lower than 0.002% of the total flow rate entering the 

cooling tower. These measures strongly reduced emissions of substances dissolved in the 

condensate (mercury and hydrogen sulphide residues but also arsenic, ammonia and boron) 

[15]. 
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6 DEGASSING 

A high temperature geothermal system can be defined as an anomaly in the earth’s upper 

crust where high temperature fluids are convecting from depth and towards the surface. Most 

geothermal plants use the geothermal fluids extracted from hydrothermal reservoirs to produce 

energy (electricity, heat or both). The conversion can occur through the direct or indirect use 

of steam, or direct or indirect use of hot water. Geothermal fluids have a different composition 

and gas content depending on the geological formation of the reservoir, geographical location, 

fluid temperature and depth. The most common compounds present in the gases of 

geothermal fluids are CO2, H2S, H2, Ar, NH3, N2 and CH4. Degassing from geothermal plants 

occurs when a fraction of these gasses is not reinjected into the reservoir and, therefore, is 

emitted to air. The largest fraction of emissions is mainly associated with utilization (if a proper 

treatment system, like AMIS plant is not equipped), or maintenance operations phases and 

partially with the well testing/drilling. However, some low temperature geothermal systems – 

especially in sedimentary basins where natural gas reservoirs and the geothermal aquifers 

may be in hydraulic connections - can also produce thermal water with significant gas content. 

Therefore, degassing and its consequences are not restricted to plant emissions, but are 

general effects of geothermal operations. 

Emissions from degassing are considered as an impact with consequences on human, 

ecosystem and atmospheric quality [36]. In some geothermal systems, which are 

characterised by natural gas emissions from the soil, it is concluded that geothermal utilization 

does not lead to any emissions of greenhouse gases, but on the contrary the gas derived from 

underground is purified through the power plant processes (e.g. AMIS). Based on the geofluid 

characteristics available in terms of gas content and composition, geothermal plant can have 

emissions contributing to climate change [37], acidification and eutrophication [37]. 

Furthermore, H2S, NH3 and Hg emissions have also a negative effect on human health if not 

treated properly, but the magnitude of such effects is strictly dependant on the air concentration 

of these contaminants and on the exposure of the population to the contaminants. The 

environmental risk due to accidental release of gaseous emissions is limited. 

The degassing phenomena is generally monitored at different levels, e.g. by measuring 

emissions at geothermal plant level, and by monitoring the air quality in the surrounding 

environment, at degassing tanks closely associated with production wells, as well as changes 

in gas/temperature flux from soil in the surrounding environment. 

Prevention and mitigation activities e.g. installation of abatement plants like the “AMIS” 

technology, used in Italy and development of new technologies aiming for complete reinjection 
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of the resource have been proven to be effective in reducing the potential consequence (in 

terms of both gravity and probability of appearance) related with the use of geothermal energy 

purposes. The table here below provides an overview of this event in term of risk and impact 

assessment i.e. its causes, consequences, the phases concerned, the influencing context or 

the principals monitoring and mitigation measures that can be adopted. 

 

Main causes Event 
Main consequences  

if event ignored 

Presence of non-
condensable gases (e.g. 
CO2, H2S, CH4, N2) in the 
geothermal fluid and from 

fluid-rock interactions 

Degassing 

Human health, alteration 
and disturbance of 
ecosystems and 

contribution to climate 
change and pollutant 

emission to the 
atmosphere 

Risk or impact identification 
 

Risk ☐ Impact ☒ 

Influencing contexts 

Degassing is more important in volcanic and magmatic geological contexts (i.e. very hot 
geothermal system) and over high-pressure systems than in low-temperature systems.  

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given mitigation 
measures applied 

Minor Moderate   Serious 
 

Improbable  ☐ 

Low to Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☒ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 
- Control of gas emissions at the plant 
- Air quality monitoring in the surroundings 
- Monitoring of the amount of gas released from soils 

Main prevention and 
mitigation measures 

- European directives on air quality and cleaner air, and 
reduction of national emissions of pollutants in the 
atmosphere 

- Work under pressurized environment in the geothermal 
loop 

- Use of blow out preventer and expansion vessels 
- Use of abatement systems  

 

Exploration

Limited effects 

Development

Main effects 

Operation

Main effects 

Decommissioning 
and abandonment

Limited effects 

x x x x
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Origin  

In the context of geothermal projects, the geothermal gases are commonly referred to as non-

condensable gases (NCG) as they do not condense at the same pressure and temperature 

conditions as water vapour but remain in the gas phase. The clear majority of the NCGs (95-

99%) is typically CO2 but other gases such as H2S, CH4 and N2 can be emitted as well. In 

terms of global warming effects, each ton of CH4 emitted is equivalent to 25 tons of CO2 [36]. 

Available data suggests that CH4 emissions from geothermal utilization range from a fraction 

of a percent in terms of CO2 equivalents [42]. The effect that extraction of geothermal fluids 

from high temperature geothermal fields has on the emissions of NCGs to the environment is 

two-folded: 

• Firstly, during geothermal utilization, the extracted geothermal fluid is sent to a 

separator which divides the liquid and the vapour flow streams. The steam flow rate is 

employed in the power plant to produce energy, while the NCG fraction is entirely or 

partly released to the atmosphere, depending on the abatement systems in place. The 

NCGs can affect the productivity and the efficiency of the power plant negatively, they 

may contain different species of contaminants, so that the use of abatement and 

removal systems (e.g. AMIS in Italy) is in general recommended [39, 40]. The released 

CO2 is of natural origin, and would probably also occur if the geothermal operations 

were not active, but possibly at smaller flow rates [41]. Based on this, the CO2 flux is 

regulated by a simple mass balance. In stationary conditions the CO2 emitted from the 

soil and the power plants must be equal to the CO2 produced underground. Other 

contaminants present at lower concentration levels also cause environmental issues, 

which affect the sustainability of geothermal energy generation [42]. After passing 

through the turbine, the steam is sent to the condenser from which the condensate can 

be entirely or partly be reinjected into the reservoir. Only a residual fraction of the liquid 

is emitted as vapour or droplets from the cooling tower. In general, NCGs are extracted 

from the condensed steam in the condenser and are released to the environment at 

the cooling tower, where the buoyant plume allows dispersion of pollutants at long 

distance and lower concentrations. 

• Secondly, extraction of fluid from deep geothermal reservoirs can affect the balance of 

the CO2 processes in a complex way. The evolution of the balance over both time and 

space depends on many factors. When a large volume of geothermal fluid is withdrawn, 

it can cause pressure changes with pressure being lowered in the system. This 

lowering of pressure can create a steam cap and the uppermost part of the system can 
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form or increase a boiling zone. This can result in an easier path for the steam up 

towards the surface thus increased heat flow and CO2 emissions trough the soil [43].  

Finally, it must be mentioned that NCG emission can be significant in some low temperature 

sedimentary basins (e.g. the Pannonian basin), where the natural gas reservoirs and the 

geothermal aquifers are both accommodated in the thick porous basin fill sedimentary 

sequence, and often have some hydraulic connections. In Hungary for example this results in 

a high ratio (often close to 1:1.) of the produced thermal water and the gas (most often 

methane). As most of the individual utilization sites for various direct use purposes (mostly 

heating of greenhouses) are relatively small, the volume of the produced gas content is not of 

commercial interest, furthermore there is no penalty incurred, when it is released to the 

atmosphere. Therefore, the methane content is utilized rarely in auxiliary equipment, and most 

often it is simply released to the atmosphere, which tends to increase locally GHG emission. 

The possibility of reinjecting the NCGs into the reservoir together with the liquid fraction 

(complete reinjection) is currently being investigated at research/demonstration level. Indeed, 

this can be possible with different technologies, but the amount of NCGs that can be reinjected 

depends on a set of complex local conditions (reservoir extension and features, geochemical 

composition of the resource and of the porous rocks, power plant size, number and depth of 

reinjection wells, water availability, G/V ratio etc.). If reinjection can be achieved during 

operation of the plants, the gas emissions into atmosphere are limited to the management of 

risk during exploratory research, development and maintenance operations, and can be lower 

by at least two orders of magnitude [44]. The CarbFix and CarbFix2 projects in Hellisheiði, 

Iceland, aim to capture and store the CO2 and H2S emissions from the Hellisheiði geothermal 

power plant in Iceland by underground mineral storage. The gas mixture is captured directly 

by its dissolution into water at elevated pressure [45]. This fluid is then injected, along with 

effluent geothermal water, into subsurface basalts to mineralize the dissolved acid gases as 

carbonates and sulphides. The composition of the geothermal fluid and the NCGs content are 

strongly dependant on the geological and geochemical features of the geothermal reservoir. 

The amount of emissions is related to a variety of parameters that makes the identification of 

a general trend with different locations and reservoirs very difficult.  

Attempts to estimate the different contribution to GHG emissions during the life cycle of a 

geothermal plant and depending on the technology used have been made [4, 46]. The 

technical report by Eberle et al. of the US National Renewable Energy Laboratory (NREL) 

reports a comparison of the GHG emissions from EGS binary, hydrothermal flash and 

hydrothermal (HT) binary plants during the construction, operational and decommissioning of 
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the plants, analysing data from 26 peer reviewed articles. Dry steam plants were not 

considered due to lack of documentation compliant with NREL quality standards. This work 

acknowledges the great variability of emission factors due to different locations and 

characteristics of the reservoir. Another finding in the report is that “the maximum amount of 

carbon dioxide reportedly emitted (in grams per kilowatt hour) is greater than some estimates 

for the total GHG emissions from natural gas power plants (estimated in 450 g CO2 eq/kWh). 

 

Project phases 

Degassing will occur mainly during the development and operation phase, but the quantity and 

main phase is highly dependent on the technology of the plant. In the case of flash/dry-steam 

and binary power plants, the emissions during the operation phase are the most abundant. 

Where the utilization includes extensive reinjection of fluids (gas and liquid fraction) the 

emissions would be dominantly during well testing, stimulation and maintenance operations. 

 

Influencing contexts 

GEOTHERMAL RESERVOIRS’ GEOLOGY AND TEMPERATURE 

The composition and porosity of the rocks, together with temperature of deep fluid circulation, 

determines the content in quantity and composition of the substances that can be dissolved 

into the geothermal fluid. Volcanic and magmatic systems, and deep circulation in very hot and 

carbonate rocks enhance the probability of NCGs and gaseous pollutants in the geothermal 

fluids. Production from geothermal wells may influence surface manifestations considerably. 

Hot springs can disappear but in case of a boiling fluid the boiling will increase and the steam 

flow from fumaroles increase. Steam pillows may form underground, and in some cases, 

production had to be arranged so that it is from pure vapour zones. Such production will 

increase the gas flow temporarily [47]. 

LIQUID RESOURCE 

Lower temperatures of the geothermal fluid in the reservoir induce less dissolution of chemicals 

into the fluid. 

HIGH-PRESSURE LIQUID RESOURCE 

High pressure enhances the solubility of gases in the liquid phase. 

ROCK PERMEABILITY 

Changes of permeability of reservoir rocks can affect degassing as the contact surface 

between the fluid and rocks changes and hence variable dissolved compounds into the fluid. 
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USE OF SPECIFIC TECHNOLOGY 

Use of safety exhaust gas recovery vessels during drilling – Favourable: the use of such 

vessels diminishes the release of non-condensable gases into the atmosphere.  

Use of chemical treatment of the gas stream exhausted to the atmosphere – Favourable. 

Despite abatement plants do not reduce the emissions of GHG, abatement of pollutants before 

the discharge of NCG into the atmosphere is still the most efficient solution to remove 

substances that may be harmful for the human health and for the ecosystems if dispersed into 

the atmosphere, until viable solutions for the total reinjection of the NCG are found. 

Nevertheless, the abatement creates a waste effluent (either liquid or a solid waste) that need 

to be disposed of. In AMIS plants the pollutants are transferred in liquid phase and then the 

liquid stream goes to reinjection. The only waste produced is the filter mass for mercury 

abatement every 5-10 years must be substituted. 

Use of flash separators – Not favourable. Flash separators enhance the extraction of gases 

from the fluid and diminish the fraction of gas that then could be reinjected within the fluid. 

Use of wet cooling towers (natural or forced drift). Not favourable. Use of wet cooling towers 

increases the contact surface between water and air, and this implies further emission of the 

remaining gases dissolved in the liquid, as well as the release of water droplets (drift) that also 

contain dissolved substances, included partially soluble gases.  

Use of borehole heat pumps or borehole heat exchangers – Favourable - the fluid is not 

extracted to the surface and then there is less release of NCG into the atmosphere. This is not 

a standard technology for high temperature resources but can be applied in low temperature 

resources. 

 

Risk or impact 

Degassing is an impact of geothermal utilization. Its likeliness and gravity vary from minor to 

moderate depending on the geology and technology used. NCGs are naturally present in 

geothermal fluids, thus production from geothermal resources implies in most cases GHG 

emissions to the atmosphere, the amount of which can be limited or avoided by the deployment 

of different measures (e.g. NCGs extraction and treatment, pressure kept above bubble point 

in surface installation if possible, reinjection, etc.). 
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Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. Emissions of gases in the atmosphere have different consequences according to 

their type. Substances emitted in the atmosphere can undergo chemical reactions, which result 

in the formation of secondary species that can have consequences for human health and 

ecosystem quality. Furthermore, the allocation of compounds among air and other 

environment compartments (water, soil) can determine consequences that are more complex. 

The geographical scale of consequences must be evaluated with care. As pollutant transport 

is an atmospheric diffusion problem, it is recommended that accurate local meteorological data 

are gathered at the project evaluation stage and that suitable monitoring is applied both during 

exploration and operation. Receptors (locations with higher density of population) should be 

identified and suitable survey measures undertaken with respect to public health and 

protection of the environment.  

The release of pollutants is in general limited to the local or regional scale, while greenhouse 

gases represent a global environmental issue. Emissions to air can affect soil and rivers by 

means of physical transport or chemical reactions. The airborne NH3 neutralizes acids coming 

from oxides of sulphur and nitrogen to produce secondary particulate. When eventually 

released to soil and water, these compounds contribute to eutrophication and acidification in 

natural ecosystems. Emission of elements such as arsenic (As), antimony (Sb), boric acid 

(H3BO3), lead (Pb), selenium (Se), chromium (Cr), cadmium (Cd), nickel (Ni) can alter the 

normal functional activity of ecosystems, resulting in fauna and flora loss and deterioration 

[48]. However, monitoring in the vicinity of geothermal plants usually have not revealed such 

consequences due to the very low depositions. Emissions of CO2 and CH4 contribute to climate 

change [37]. It has however been shown to be far less than that from fossil fuel power plants 

in most plants, unless where the geothermal reservoir is rich in carbonates. Studies have 

shown that a large part of the CO2 released from geothermal/volcanic systems would be in any 

case released naturally and in many situations the natural emissions exceed the CO2 released 

from geothermal utilization [49].  

 

Monitoring 

Monitoring the phenomena is accomplished at three main levels: emissions control at the 

power plant, air quality monitoring in the surrounding environment, and changes in natural 

gas/temperature emission from the soil. Air quality in areas of geothermal development 

(irrespectively of whether they are volcanic) depends on the geothermal fluid content, as it is 



  70 | D 2.1 

Report on environmental concerns 

 

related both to geothermal plants and to natural manifestations (in the form of natural soil 

degassing, fumaroles, geysers, mud pools). Baseline air quality monitoring (including 

dispersion models) and soil degassing is performed in the area of interest at the earliest 

moment, ideally before geothermal field development, to assess the background quality level 

and differentiate between natural environmental conditions and the effects related to 

geothermal development. The accumulation chamber method is the most common way to 

monitor the amount of gases released from the soils. It has mostly been used to measure CO2 

and, in some cases, also CH4 and H2S, in geothermal and volcanic systems  [50]. Other 

methods like snowmelt tracks and TIR (thermal infrared imagery) are also used and compared 

to obtain data that are reliable for monitoring changes in surface temperature and gas emission 

[47, 51]. 

Such monitoring allows to identify the background level before production, and to verify the 

soil degassing evolution and its potential connection with geothermal production. Another 

method to measure gas fluxes is the Eddy Covariance method, a remote data technology used 

to continuously measure heat, water and CO2 fluxes in many natural contexts and cities. 

Remote data methods (TIR, Eddy Covariance) require skilled personnel for data acquisition 

and interpretation and provide a coverage over wide areas, whereas accumulation chambers 

are cheaper and easy to handle but they provide only punctual spatial and temporal data. 

Eddy covariance is currently widely used to measure heat, water and CO2 fluxes in many 

contexts, and, over forests, grasslands, wetlands and tundra, but also cities. Current 

applications of monitoring of CO2 emissions from satellite data is a technology still under 

development. Eddy Covariance provides 24/7 data, but it requires skilled personnel for data 

acquisition and interpretation. Accumulation chambers, on the contrary, are cheaper and easy 

to handle but they provide spatial and temporal punctual data only. The applications of the 

Eddy Covariance method to quantify GHG is widely used by the members of the ICOS 

research infrastructure1 or by members of the Fluxnet network2. Monitoring of gases is carried 

out to record the amount of released gases from the geothermal plants and at various location 

of geothermal installation, e.g. close to the condenser and at the cooling towers, or at the 

degassing tanks. Drift composition is monitored at its source, i.e. the cooling towers. Monitoring 

with different weather condition provides input to dispersion modelling and enables to predict 

gas dispersion for different air temperature and pressure and wind velocity and direction. 

 
1 https://www.icos-ri.eu/ where the map of sites and all data are available 
2 https://fluxnet.fluxdata.org/  

 

https://www.icos-ri.eu/
https://fluxnet.fluxdata.org/
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Monitoring is done periodically, or as continuous recording if a permanent network of sensors 

is installed. Monitoring plans include the definition of the unit in charge of the measurements 

(operator, authorised control unit), the frequency of the sampling, the elements and sampling 

protocols, and data management. 

Monitoring is necessary for establishing whether degassing due to geothermal field 

development overcomes the Emission Limit Values and air quality standards. In the absence 

of regulatory standards, reference values established by international organizations or other 

authorities in this field can be taken as good practice by national and regional authorities. E.g., 

Tuscany Region in Italy, for regulatory purposes, makes use of values from main international 

references for air quality standards, as those shown in Table 4 [52, 53].  

Table 4: Concentration thresholds related to air quality standards from main international references. 

Parameter  Concentration  Reference 

Hydrogen Sulphide (H2S) 

150 µg/m3  daily 
average  

(1) 

100 µg/m3 for 1-14 days 
(average over the 
period)  

(2) 

20 µg/m3 up to 90 days 
(average over the 
period)  

(3) 

Arsenic (As) 6 ng/m3 yearly average  
Target value from EC directive 

2008/50/CE and D. Lgs. 155/2010 

Mercury (Hg) 0.2 µg/m3 (3) December 2007. Reference year 2001 

Boron (B) 

20 µg/m3 daily average 
Confidence interval 100 with respect to 
TLV-TWA* of 2 mg/m3 reported in (4) 

(inorganic boron) 

10 µg/m3 > for 1-14 days 
(average over the 
period)  

(3)   

Ammonia (NH3) 

170 µg/m3 daily 
average  

Confidence interval 100 with respect to 
TLV-TWA of 17 mg/m3 reported in (4)  

70 µg/m3> for 1-14 days 
(average over the 
period)  

(3) 

Antimony (Sb) 
5 µg/m3 daily average Confidence interval 100 with respect to 

TLV-TWA of 0.5 mg/m3 reported in (4)  
*TLV-TWA = Time Weighted Average.  

Ref: (1) WHO, 2000; (2) WHO – IPCS; (3) MRL Minimal Risk Level (ATSDR); (4) ACGIH, 2006. 

 

A number of studies were devoted to the use of vegetation (mainly lichens and mosses, but 

also tree leaves and barks) as bio-monitors of contaminants (typically, mercury and hydrogen 

sulphide) released from geothermal plants in Italy [54]. Despite the use of these biological 

substrates has its inherent limitations and pitfalls, the results of various studies suggest that 

bio-monitors provide consistent indications on the long-term dispersion of contaminants such 
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as heavy metals, boron and H2S in the environment. Such indications may result useful for 

studying the long-term effects on the ecosystems. 

 

Prevention and mitigation 

Preventive measures for degassing consist in the adoption of technologies able to avoid the 

release of gases in the atmosphere. Accidental emissions during the drilling phase are 

prevented adopting blowout preventers and expansion vessels, as describe in the Chapter 8 

dedicated to “Blowout”. During plant operation, technologies able to guarantee complete 

reinjection of the resource (liquid + NCG) represent the most efficient prevention measure to 

avoid emissions to the atmospheric environment. In binary power plants and district heating 

systems in low temperature geothermal systems, it is often possible to keep NCGs in water as 

dissolved phase, by using downhole pumps (ESP-Electrical Submersible Pump or LSP- Line 

Shaft Pumps) and keeping pressure at above flash point pressure. In this case the plants 

produce geothermal water without emitting NCG.  High NCG content and high temperature 

can limit pump usage, but up to a certain value this problem is solved by using a gas 

compressor to increase pressure above dissolving pressure of NCG. For instance, degassing 

from geothermal plants in the Rhine graben is very low and controlled; most of the geothermal 

binary plants in this area (with the exception of Bruchsal plant which uses a ‘’gas bridge’’ 

technology) uses a closed pressurized geothermal loop, over the gas bubble point of the brine 

at around 20 bar, to keep all the gases (mainly CO2) dissolved in the geothermal brine which 

is then reinjected [55].  

In some cases, very high temperatures and a high NCGs concentration of geothermal fluids, 

some peculiar geological and physical condition of the reinjection reservoir, or a combination 

of these conditions, prevent total reinjection by commercial technologies. There is an active 

research, both in Europe and abroad, to solve the various technical issues and to develop 

innovative technologies for total gas recovery and reinjection of geothermal fluids that maintain 

acceptable energy production costs. For example, capture process and subsurface mineral 

storage of H2S and CO2 is currently practiced at prototype development level in some areas of 

Iceland [56, 57].  

In power plants where total reinjection is beyond actual commercial technology, various 

corrective technologies are in place to minimise degassing. New designs are being explored 

for dry steam, flash steam and binary systems to reduce degassing from plants in the Italian 

geothermal fields characterised by fluids with very high concentration of NCGs [58, 59]. The 

pollutant emissions from wet cooling towers but not CO2 emissions is reduced using a 
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combination of flash and binary technologies, hence reducing the thermal power exchanged 

in the cooling tower, and with hybrid cooling towers. Although still tailor-made to adapt them to 

the different conditions of geothermal sites, these combined technologies are improving with 

time and are progressively used to revamp flash plants. 

The main mitigation measure at commercial level to minimise degassing of NCG is the 

adoption of abatement systems, and various methodologies have been effectively tested and 

used around the world to abate H2S [60], mercury and ammonia. E.g., in Italy emission levels 

are strictly regulated, and H2S abatement using the «AMIS» technology (Italian acronym for 

Abatement of Mercury and Hydrogen Sulphide) and ammonia abatement are around 90-99% 

and above 75%, respectively [15]. AMIS abatement systems also reduce the emissions of 

mercury, with an efficiency that runs from 92% to 99% and resulting in measured Hg 

concentrations in air never exceeding the limits reported in Table 4 [61]. Beside establishing 

the Emission Limit Values, local regulations in Italy require a periodic maintenance of 

abatement systems and define the maximum ratio between the number of non-operational 

hours of abatement systems with respect to the hours of power plant in operation and between 

the hours of free emission during plant shut down with respect to the hours of plant operation. 

Recent experiments in Iceland propose alternative methods to abate H2S emissions, using 

redox reaction to obtain H2 and CO (Syngas), which is then burned and used for producing 

additional energy. This abatement enhances also the amount of energy produced per unit of 

gas emission, obtaining an overall better emission factor [62]. Nevertheless, the abatement 

creates a waste effluent (either liquid or a solid waste), which must be disposed of (see Chapter 

6, Liquid and solid effusions on surface). 

In some case, as in Turkey, NCG emissions from geothermal power plants decreased with 

time as an effect of reinjection of fluids with a lower amount of NCG, which has progressively 

determined a decrease in the NCG contents of the geothermal reservoir. For example, the 

NCG flow rate of a geothermal power plant in Germencik-Turkey with a capacity of 47.4 MW, 

decreased from 55 tons/h to 40 tons/h in six years after commissioning [63]. In Salavatlı (Aydın-

Turkey) the NCG content of the geothermal liquid resource fell from 1.5% to 0.4 after 10 years 

of production. 

Although of natural origin, reduction of CO2 emission from geothermal plants is an important 

issue due to the urgency of greenhouse gas emission reduction to minimize the adverse effects 

of climate change. Beside developing and testing technologies for gas capture and reinjection, 

now at prototypal level available for low concentration of CO2, operators are looking for 

economic ways of reducing emissions from steam condensers through gas treatment. A very 
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large CO2 stream in the produced fluid at the Kizildere geothermal power plant (Turkey) is used 

since 1984 for producing industrial grade CO2 for beverage [24] The CO2 discharged from the 

Dora-I and Dora-II units (Salavatlı-Turkey) is processed in commercial dry-ice and gaseous 

CO2 facilities near the plant, and these units have been operating with zero emissions [64]. 

Other technologies have been also tested for the use of CO2 in agriculture, food preparation, 

algae production (e.g. [62]). 

In the case of low temperature geothermal systems producing a high ratio of mixed thermal 

water and methane content, the best and most efficient mitigation measure is to separate the 

free gas content, and then to burn it for local electricity production. Such a good case is known 

e.g. from Mórahalom in south Hungary, where the thermal waters are characterized by a rather 

high dissolved gas content (average 520 l/m3 with 87% CH4), and for every 2 m3 of thermal 

water produced, there is an average of 1 m3 of methane. Annually this represents about 95,540 

m3 of methane, which was previously released to the atmosphere. Within new development, 

two small-scale combined heat and power (CHP) engines (4-stroke, in-line 4-cylinder engine) 

were installed at each of the production well sites, and utilise the separated gas content of the 

produced fluid, which equals roughly 89,950m3 CH4/year [65]. 

Regarding the pollution due to the effusion of ammonia and trace elements in the drift, aerosol 

emissions and soluble pollutants are minimised using drift eliminators, which reduce the drops 

of condensate and the mass flow of the substances dissolved in the condensate. Some 

releases of gases cannot be avoided, e.g. those during production tests for well maintenance 

or plant shut-down. In these cases, the only possible mitigation measure is the corrective type, 

by reducing to a minimum the duration of degassing following the strictest maintenance 

protocol. 

 

Illustrative examples 

Italy is a main example of monitoring and gas control. In the geothermal areas of Tuscany, 

Italy, air quality is monitored by the operator (Enel Green Power) through a system of 18 

monitoring stations that constantly measure the concentration of CO2, H2S and Hg in ambient 

air. The measured values are validated by the Regional Environmental Protection Agency 

(ARPAT). In addition, ARPAT runs the fixed station near Larderello (which monitors H2S, O3, 

NO2 and PM10 and is part of the Regional Network of air quality stations, also part of the 

Copernicus Atmosphere Monitoring Service (CAMS - https://atmosphere.copernicus.eu/)), and 

two mobile laboratories which are also able to measure mercury concentration in air. All data 

are published through the ARPAT and the Enel Green Power websites (Table 5). Air quality 

https://atmosphere.copernicus.eu/
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data are published by ENEL and by ARPAT on their respective websites as reported in Table 

5. 

Table 5: Air quality data in the geothermal area of Tuscany, available to the public from the Regional Environmental 
Protection Agency of Tuscany and from ENEL Green Power. 

Author Link Topic 

ARPAT 

http://www.arpat.toscana.it/temi-

ambientali/sistemi-produttivi/impianti-

di-produzione-di-

energia/geotermia/monitoraggio-

qualita-dellaria  

Link to spreadsheets and reports on air 

quality monitoring, managed by ARPAT 

ARPAT 
http://www.arpat.toscana.it/datiemappe

/dati/qualita-dellaria-dati-orari 

Link to spreadsheets reporting hourly air 

quality data from the regional network of 

Tuscany, included the air quality station in 

Montecerboli (near Pomarance) 

ARPAT 

http://sira.arpat.toscana.it/sira/inspire/d

ownload.php?content=dati&dataset=g

eotermia_qualaria 

Link to a database managed by ARPAT 

and reporting Hg and H2S air quality data 

in several locations near geothermal 

plants from 1997 to 2011 

ENEL 

GP 

https://www.enelgreenpower.com/it/foo

ter/a/2016/10/qualitadellaria 

H2S air quality data measured during the 

last 24h, last 14 and last 90 days in one of 

the ENEL air quality monitoring stations 

Italy is also a relevant illustrative example of the effect at regional scale of introducing 

emissions abatement (AMIS) in all productive sites in the relevant operating geothermal Italian 

areas (Larderello/Travale and Monte Amiata). The comparison between emissions levels 

before and after introduction of emissions treatment in 2012 (Figure 17) demonstrates that the 

abatement was very effective [15]. In their study Parisi et al. [66] recommend emission 

treatment as a commercial Best Available technology (BAT) for the use of geothermal 

resources rich of gases. 

http://www.arpat.toscana.it/temi-ambientali/sistemi-produttivi/impianti-di-produzione-di-energia/geotermia/monitoraggio-qualita-dellaria
http://www.arpat.toscana.it/temi-ambientali/sistemi-produttivi/impianti-di-produzione-di-energia/geotermia/monitoraggio-qualita-dellaria
http://www.arpat.toscana.it/temi-ambientali/sistemi-produttivi/impianti-di-produzione-di-energia/geotermia/monitoraggio-qualita-dellaria
http://www.arpat.toscana.it/temi-ambientali/sistemi-produttivi/impianti-di-produzione-di-energia/geotermia/monitoraggio-qualita-dellaria
http://www.arpat.toscana.it/temi-ambientali/sistemi-produttivi/impianti-di-produzione-di-energia/geotermia/monitoraggio-qualita-dellaria
http://www.arpat.toscana.it/datiemappe/dati/qualita-dellaria-dati-orari
http://www.arpat.toscana.it/datiemappe/dati/qualita-dellaria-dati-orari
http://sira.arpat.toscana.it/sira/inspire/download.php?content=dati&dataset=geotermia_qualaria
http://sira.arpat.toscana.it/sira/inspire/download.php?content=dati&dataset=geotermia_qualaria
http://sira.arpat.toscana.it/sira/inspire/download.php?content=dati&dataset=geotermia_qualaria
https://www.enelgreenpower.com/it/footer/a/2016/10/qualitadellaria
https://www.enelgreenpower.com/it/footer/a/2016/10/qualitadellaria
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Figure 17: Yearly average air quality values of H2S recorded from 2010 to 2017 (modified from Manzella et al., 
2018). 
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7 RADIOACTIVITY 

Radioactivity is a common property naturally occurring in most of the rocks present on earth. 

Unstable atoms, called radionuclides, tend to a stable state and transform spontaneously, 

releasing particles and/or energy in the form of radiation. Although the term radiation includes 

both ionizing and non-ionizing radiation, the term refers usually, and hereafter in this text, only 

to ionizing radiation, that is where the energy is high enough to liberate electrons from the 

atom. This transformation can occur naturally (cosmic radiations, radiations from soil, etc.) or 

be caused artificially (medical imaging, nuclear power plant). To measure the consequences 

on living organisms, including human, an equivalent dose is estimated. It is the amount of 

radiation energy absorbed per kilogram of tissue weighted by their potential to cause certain 

type of biological damage. The equivalent dose is measured in Sievert (Sv), equivalent to Joule 

per kilogram. The global effect of radiations on a living organism is expressed by the effective 

dose, which is the sum of all equivalent doses absorbed by a body’s different organs and 

tissues, weighted by a factor expressing the sensitivity of each organ/tissue to radiations. It is 

also measured in Sievert. 

For geothermal projects, there are two types of sources for radioactivity. Some type of rocks 

can be slightly radioactive, like granite for example, so cuttings from well drilling can be a 

source of radioactive elements, but the level is generally negligible. The other major source of 

radioactivity is scales. The geothermal fluid is in equilibrium with the reservoir and may be 

enriched in radionuclides by water-rocks interaction, in the case of natural radioactive rocks 

[67]. Precipitation of scales at the surface installation is mainly induced by the changes of 

physical conditions, particularly the cooling of the brine. Scales form by precipitation of 

minerals present in the brine, when the conditions (pressure, temperature, degassing etc.) 

change. These scales may trap radioactive elements present in the brine. Thus, radioactivity 

levels in geothermal facilities depend on both the geological and industrial contexts. The 

presence of scales not only affects the industrial capacity, inducing external additional costs, 

but also represents a potential hazard for the surrounding environment, workers and local 

population. Consequently, radioactivity deserves to be correctly monitored, but most 

importantly avoided thank to the application of specific treatment.  

The monitoring of radioactivity on geothermal plants is today explicitly required by the 

regulation in several countries and can lead to the implementation of radiation protection 

measures for workers, population and environment. Management of radioactive wastes can 

also be an issue for geothermal operators. 
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Radioactivity is an impact from geothermal operations, but due to the type of involved 

radionuclides, types of emissions, and generally low level of radiation, the inherent risk can be 

easily minimized using appropriate working procedures. The table here below provides an 

overview of this event in term of risk and impact assessment i.e. its causes, consequences, 

the phases concerned, the influencing context or the principals monitoring and mitigation 

measures that can be adopted. 

 

Main causes Event Consequences if event 
ignored 

Planned underground operation, 
liquid and solid effusion and 

waste production 
Radioactivity 

Psychological impact, 
soil pollution, human 

health 

Risk or impact identification  
Risk ☒ Impact ☐ 

Influencing contexts 

Concerns specific geological contexts (e.g. granite formation) 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence 

Criticality given 
mitigation measures 

applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low   Medium  High 

Unlikely ☐ 

Possible ☐ 

Probable ☒ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring - Record radioactivity level on site 

Main prevention and 
mitigation measures 

- European Directives (Euratom) 
- Management storage 
- Restrictive area definition onsite 
- Inhibitor injection to prevent radioactive deposits in 
surface installations 

 

Origin  

Radioactivity related to geothermal operation can be observed at the surface under different 

forms: gaseous emission like radon-222, deposits with radioactive material or waste from 

drillings. This radioactivity at the surface is formed underground from interaction between the 

fluid and rock. 

Exploration

Limited effects 

Development

Main effects

Operation

Main effects 

Decommissioning 
and abandonment

Main effects 

x x
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Table 6: Mean values and ranges of Uranium (U) and Thorium (Th) concentrations (ppm) in selected rocks and 

minerals. [68] 

Rock or mineral U Mean U Range Th Mean Th Range 

Average shale 3.7  12  

Average shale 3.5 3.0-4.0   

Common shales 3.7 1-13 12 2-47 

Black shale 8 3-250   

Black shales  1.4-80  2.8-28 

Black shales, metal rich 20    

Sandstones (267 samples) 2.4  8  

Orthoquartzites 0.45 0.2-0.6 1.7 0.7-2.0 

Siltstones (52 samples) 2.7  8.8  

Claystone/shale (176 samples) 4.4  11.5  

Carbonates 2.2  1.7  

Bentonites 5 1-21 24 6-44 

Carbonate rocks  0.1-9 1.7 0.1-7 

Halite 2.2 0.1-0.2  0.4-0.5 

Anhydrite  0.1  0.15 

Phosphate rock  245  3.9 

Chert  1.9-3.3  0.1-1.6 

Minerals from igneous rocks     

Quartz 1.7 0.1-10  0.5-10 

Feldspar 2.7 0.1-10  0.5-10 

Biotite 8.1 1-60  0.5-50 

Muscovite  2-8   

Hornblende 7.9 0.2-60  5-50 

Pyroxene 3.6 0.1-50   

Olivine 0.05  0.02  

Allanite 200 30-1000 9100 1000-20000 

Apatite 65 10-100 70 50-250 

Epidote 43 20-200 200 50-500 

Garnet  6-30   

Huttonite  3000-70000   

Magnetite, opaque minerals  1-30  0.3-20 

Monazite 3000 500-3000 49700  

Sphene 280 10-700 510 100-1000 

Xenotime  300-40000   

Zircon  100-6000 560 100-10000 

Other     
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Asphaltite 4000    

Radioactivity in geothermal water is mainly due to isotopes of radium that come from the decay 

of Uranium (U) and Thorium (Th) [68]. Uranium and Thorium are naturally present in several 

rocks (Table 6) but in many cases at part-per-million levels, which is typically low to produce 

significant effects. However, organic-rich shale or phosphate deposits can contain a 

concentration of U and Th several orders of magnitude greater. 

Within the reservoir, two processes can lead to an increase in radionuclides within the fluid, α-

recoil and interaction process between rock and fluid [67]. The α-recoil is the process in which 

an atomic nucleus emits an alpha particle and due to the conservation of momentum both the 

alpha particle and recoiling the nucleus will have a kinetic energy. This will allow the atoms 

close to the surface out of the mineral grain and into the pore space (Figure 18). 

 

Figure 18: Alpha-recoil process: mobilization of a particle from its initial position by the energy of an α-decay [67]. 
Interaction between natural fluid and rock can cause alteration of minerals that can dissolve and precipitate. This 
hydrothermal alteration increases the concentration of radionuclides in the fluid. 

This natural low-level radioactivity can then be present at the surface in three different forms: 

within cuttings from drilling, within scales in surface equipment or within the gas emitted. 

Wastes from drilling (about 20 m3 per drilled km) [69] can presents some low-level radioactivity, 

the level depending on the geology of the site, as some rocks are naturally more radioactive 

than others (like granites) but these radiations are similar to what is expected from outcrop of 

the same rocks.  

As previously mentioned, the geothermal fluid can contain some low-level radioactive 

elements, e.g. 226-Radium, 210-Pb or 222-Radon. In this case, the radiations can occur 
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through the surface pipelines or in other plant areas. Additionally, the radionuclides can 

accumulate in surface equipment such as pipes, valves, tank or cooling systems (Figure 19) 

where scaling is occurring [28]. Scaling is the process of precipitation of minerals naturally 

contained in the geothermal fluid. This precipitation occurs because of the change of the fluid’s 

physical conditions from the underground to the surface (mainly decrease in temperature). 

These precipitations can trap some radioactive material like Radon-226 and Lead-210 [70] 

during the crystallization. This type of slightly radioactive scales is called “NORM” or 

“TENORM” (Technologically Enhanced Naturally Occurring Radioactive Material).  

 

 

Figure 19: Left - Barite scaling covering the inner surface of a pipe of the surface installation of Soultz-sous-Forêts 

(F) geothermal plant [71]. Right - Electron microscopy exposure of the cross section of a scaling layer sampled in 

the ORC heat exchanger of Soultz-sous-Forêts (F) geothermal plant [72]. Layers of barium/strontium sulfates and 

lead sulfides can be observed. 

Typically, the geothermal plants developed in the Rhine Graben must face this issue: indeed, 

they exploit a geothermal fluid circulating in granite, a rock containing small amounts of 

radionuclides, for instance 238-Uranium, 232-Thorium, 40-Potassium and the products of their 

decay chain. On surface, enhanced concentration of 226-Radium, 228-Radium and 210-Lead 

can be found in sulfates and sulfides scales. Indeed, scaling has been observed in the Soultz-

sous-Forêts and Rittershoffen plant forming black and grey deposits.  

 

Project phases 

The main phases where radioactivity emission may occur is during operation and 

decommissioning. The probability of occurrence of radioactivity emission may differ as a 

function of a project’s phase. Indeed, even if radioactivity is a natural property of rocks, it is 

likely that cuttings and/or drilling mud exhibit negligible levels of radiation in the drilling phase. 

Minor issues may arise during the long-term utilization phase of a geothermal plant: if no 

preventive treatment is applied, the formation of scales trapping radionuclides is highly 
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probable (Figure 20), resulting in several hundreds of tons of low-level contaminated wastes 

and equipment, with all the possible consequences listed in Consequences.  

The dismantling phase may also be problematic regarding radioactivity. Again, if scales formed 

in the surface facilities, the management of these equipment may involve a decontamination 

process before any “normal” recycling, or, if not possible, a proper handling as “radioactive 

waste”. The scale residues would, in any case, be treated as radioactive waste. 

 
Figure 20: Deposits sampled in 2017 at the heat exchanger of Soultz-sous-Forêts geothermal plant (left) and 

Rittershoffen geothermal plant (right) [70]. 

 

Influencing contexts 

Radioactivity depends on the rock characteristics. Geothermal operations in granite will have 

to deal with a higher radioactivity level compared with other type of rocks, for example [68]. 

For presence of Ra in fluids, its release is favored by large surface-to-volume ratio of U- and 

Th-containing materials, well-connected pore spaces, presence of U and Th near grain 

surfaces and water-filled pore spaces. It should be noted that radon (Ra) is not by far the only 

radionuclide present in the fluid; other elements are also present, such as lead (Pb) and 

potassium (K), but due to their type of emission they do not represent a serious hazard [67]. 

Diagenetic alteration can also affect radium release, either promoting or retarding it. 

Dissolution/precipitation can redistribute U and Th from grain interior to new phases or surface 

coatings that make them closer to fluids and enhance radon (Ra) release. In contrast, pore 

filling and grain coating cements can form a barrier that prevents Ra release. 

An important correlation is the link between Ra presence in fluid and its salinity/chlorinity. A 

study of 215 produced waters shows that Ra activity greater than ~37000 Bq/m3 is found only 
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in waters that have more than ~20,000 mg/L Cl. This level of Cl is approximately the same as 

the chlorinity of seawater. 

 

Risk or impact 

Geothermal energy production can be listed within the industrial sectors involving 

Technologically Enhanced Naturally Occurring Radioactive Material (TENORM), therefore 

radioactivity can be considered as an impact of geothermal operation. However, the gravity 

depends on the site-specific condition and in most cases, the geothermal activity does not 

affect the background radioactivity level of an area, meaning the gravity is minor. 

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. There is a very low risk of external contamination (by γ- or X-radiations) is very low. 

To date, no accidents related to radioactivity in geothermal operations has been recorded. 

Given the need to ensure the health and well-being of workers, potential emissions of Radon 

should also be monitored as it may have a non-negligible effect on a worker’s health or a 

population’s health in case of aerial dispersion around a plant. In the geothermal industry, the 

negative consequences on the health of the communities is limited.  

 

Monitoring 

Monitoring implies the recording of background condition, possibly before the industrial 

development, and at the geothermal installations. Exposure is possible during drilling, when 

managing rocks and fluids, and during operation and maintenance. Radioactivity is checked 

not only in fluids, but also in the surface installation equipment, since scaling, i.e. precipitation 

and deposition of minerals due to temperature and pressure drops in the geothermal fluids, 

may contain radioactive materials [72].  

In order to obtain a clear overview of the potential radioactive emissions due to a geothermal 

power plant, an initial state of the natural ambient radioactivity is measured before starting any 

drilling or civil work operations. Then, before the commissioning of the geothermal plant, a 

clear overview of the level and location of radioactive emissions within the installation is 

obtained by an inspection. This measurements campaign allows to evaluate the risk related to 

the drilling and construction activities and establish a reference of the initial ambient 

radioactivity on the site. Regular inspections are then performed in order to check for the 

presence of radioactivity and monitor its evolution. These inspections consist in measuring 
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dose rate values at various places of the geothermal site [71]. To monitor the level of radiation 

in areas were radioactive material is present, radiometers (Figure 21) are used to record the 

dose rate, i.e. the dose of radiation received per unit of time. In some cases, the activity, which 

is the number of nuclear disintegrations per unit of time expressed in cps (counts per second) 

is also measured, usually with a contamination detector. 

 

Figure 21: Dose rate measurement performed with a radiometer on a pipe at the Soultz-sous-Forêts power plant. 

 

“Contact” dose rates are also measured at about 1 cm from the equipment to closely identify 

the places where high dose rate values can exist, that is, where scales can accumulate (filters, 

pipe bend, heat exchanger outlets…), to define the potentially contaminated equipment. 

“Ambient” measurements are recorded at about 50 cm to 1 m from the equipment and are 

used to define different zones within the site, depending on the level of measured dose rates 

(i.e. “public”, “monitored” and “controlled” zones) implying specific authorized access, 

protective and mitigation measures. Data are acquired at the same location with time, to verify 

the evolution of the radioactive level and any correspondence with fluid flow circulation in the 

plant, or plant operations.  

Monitoring is periodically done also on samples from the filter elements and the scaling as well 

as the geothermal water in order to determine their radionuclides composition and activity 

level. The frequency of the deposits and brine monitoring depends on the radioactive 

emissions detected and the estimated risk for workers and environment. To complete the 

monitoring plan, external analysis of radioactive emissions in atmospheric particles should be 
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realized on the closest houses, ideally downwind of the geothermal plant. Regular sampling 

and radiological analyses of liquid and solid effluents (other than geothermal fluid and scales) 

can be done in the environment around a geothermal plant. 

 

Prevention and mitigation 

Apart from standard protection measures for personnel working at the site, mitigation 

measures for human exposure apply only to visitors of the geothermal plants: based on actual 

knowledge and conservative assumptions, it is not expected that the reference level for the 

population will be exceeded outside any geothermal installation area. Visitors are allowed only 

in “public” zones and equipped with radiation protection equipment. The basic principle of 

radiation protection is the so-called “ALARA” principle: the received dose should be “As Low 

As Reasonably Achievable» by adopting radiation protection measures to ensure that visitors 

do not receive a cumulative dose larger than the threshold established by regulation and to 

guarantee a minimum level of exposure.  

Radioactive waste being usually avoided, the potential NORM “residue” including rock 

material, scaling material from pipes, and defective plant components, filter material, sludge, 

and protective clothing, are treated following the radioactive waste management rules, which 

is regulated differently from one country to the other. Protective clothing and organic filter 

materials are recycled thermally, and defective plant components are melted down. NORM 

“residue”, such as rock particles or scaling residues containing long lifetime radionuclides, are 

disposed for long term storage.  

Depending on the radionuclide content, only specialized companies can manage these 

residues. As an example, in France, ANDRA (French National Agency for Nuclear Waste 

Management) oversees collecting all types of radioactive waste, including NORMs. 

Nevertheless, management of radioactive waste represents significant costs for the operators. 

The adoption of technological solutions to prevent or reduce scaling is a further mitigation 

measure for reducing radioactive material at surface [70, 72]. Total reinjection of fluids and 

prevention for scales (deposits) formation is a way to decrease and, in the best case, to 

completely avoid the radioactivity related to geothermal fluid production. 

 

Illustrative examples 

Radioactivity exists in geothermal facilities, but it is comparable to other everyday situations.  
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Soultz-sous-Forêts is a geothermal power plant in the Upper Rhine Graben, a tertiary graben 

formed of ~1500 meters of sediments covering a crystalline, granitic basement, into which a 

geothermal reservoir is exploited. In Soultz-sous-Forêts measures have been done [71] and 

ambient values of radioactivity close to the well are globally lower than 0.5 μSv/h. Regulations 

impose a limit of 1 mSv per year of cumulated doses maximum. This means that an employee 

would need to wok 83 days in this environment to reach this threshold. The dosimetric follow-

up of all employees shows that none of them has never reached the limit of 1 mSv. The overall 

ambient value is even lower today because, since the commissioning of the power plant in 

2016, inhibitors have been continuously injected. By comparison, cosmic radiations of about 

0.36 mSv per year are observed at sea level [73]. The highest you go the more you will receive 

cosmic radiations. Pilots and cabin crews for example, receive annually 2-3 mSv on average. 

Soil radiation could be an issue in the highly unrealistic instance of an individual spending a 

considerably long time at 1 cm of any geothermal equipment. Additionally, these low-levels of 

radioactivity mean that specific treatment as radioactive waste are required inducing 

consequences in term of cost and technical management. 

Table 7: Examples of doses that can be received in everyday life (Source: IRSN, Institut de Radioprotection et de 
Sûreté Nucléaire). 

Origin of radiation Dose received 

Cosmic radiation 0.31 mSv/year (average in France) 

Telluric radiation 0.60 mSv/year (average in France) 

Exposure to radon 1.5 mSv/year (average in France) 

Flight Paris-New York 0.02 mSv 

Chest X-ray 0.05 mSv 

Chest scanner 5.7 mSv 

Abdominal scanner 12 mSv 

Some people received annually 0.48 mSv on average and it can reach 1 mSv in several place 

in France, Germany, Italy, Japan and the United States [73]. Examples of common doses that 

can be received in everyday life are given in Table 7. However, contact dose rate may reach 

values up to several μSv/h indicating a hazard for workers and visitors that must be considered. 
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8 BLOWOUT 

Geothermal blowouts differ from blowouts that happen during drilling for oil and gas and are 

generally easier to handle and less dangerous and by using the normal procedure of drilling 

and construction this risk is very limited. The drill rig is equipped with tools to monitor and 

prevent blowouts to reach the surface, and cause possible damage to living creatures, as well 

as to the local atmosphere and the environment. The most important part of the drilling 

equipment is without a doubt the Blowout preventers (BOPs) which have the purpose to close 

the well during drilling operations, if control of the formation fluid is suddenly lost. Blowouts is 

a risk that may occur during all types of well activities, and are not limited to a certain drilling 

phase, or drilling operations [74]. 

The occurrence of geothermal blowouts is relatively rare and are in most cases not felt or heard 

by anyone else than the drill crew, which makes it not a known phenomenon in the eye of the 

general public. The main process in reducing the risk is good drilling practices. This includes 

proper project planning, well design, proper training of the staff and correct selection of blow-

out prevention equipment. Constant and enough supply of drilling water is also a crucial factor 

for safe drilling practice. An illustrative sample of a drill site where geothermal blowouts have 

been dealt with in the past, overall with good results, is Theistareykir geothermal field in 

Iceland. The table here below provides an overview of this event in term of risk and impact 

assessment i.e. its causes, consequences, the phases concerned, the influencing context or 

the principals monitoring and mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Uncontrolled pressure when 
drilling a well Blowout 

Human health and 
disturbance of ecosystems 

from ejection of mud and hot 
fluids, damages to site 

equipment 
Risk or impact identification 

 
Risk ☒ Impact ☐ 

Influencing contexts 

The risk increases in context of overpressure or high gas content fluids and if intersecting 
steam zones 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given mitigation 
measures applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low  Medium   High 

Unlikely ☒ 

Possible ☐ 

Probable ☐ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 
- Monitoring of critical parameters during drilling (e.g. flow rate 

of drilling fluids, pressure and temperature) 

Main prevention and 
mitigation measures 

- Use of a blowout preventer  
- Application of a safety protocol  
- Skilled and trained personnel onsite implementing best 

practices during drilling operations 
- Prepare appropriate drilling plans and well design according to 

best practices 
- Maintain constant bottom hole pressure  

 

Origin  

High temperature geothermal reservoir associated with volcanic activities or deep sedimentary 

basins with temperatures above 200°C at 1000 m depth have temperature profiles that fit the 

so-called boiling point depth curve (BPDC), which illustrates the saturation temperature at the 

governing pressure [75]. By that definition, geothermal reservoirs in the natural state are 

normally low-pressure, which makes maintain well control with respect to blowouts easier than 

in oil and gas drilling. There are however rare exceptions of overpressure that can sometimes 

be related to sites drilled at the base of mountain ranges. 

Exploration

Main effects 

Development

Main effects 

Operation

Limited effects 

Decommissioning 
and abandonment

Limited effects 

x x
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In general blowouts are defined as an uncontrolled flow of formation fluid from drilled wells and 

may consist of water, gas, oil or a mixture of the three [74, 76]. If the fluid is hot enough it may 

cause spontaneous boiling, resulting in a blowout. Blowouts can both occur underground as 

well as where fluid is ejected to the surface, which this text will focus on. Firstly, water located 

above the inflow zone is ejected rapidly out of the well, followed shortly after by steam and 

water. Interzonal flow between two permeable zones within the reservoir is not considered to 

be a blowout [76].  

Blowout preventers (BOP) are an essential part of the drill rig equipment. They are located on 

top of the well and have the purpose to close the well during drilling operations, if control of 

the formation fluid is suddenly lost. This equipment is the same for geothermal drilling and 

drilling for oil and gas, and its combination is variable depending on the drilling stage, where 

each valve has a specific function. The most common causes of a pressure drop inside 

geothermal wells which may lead to blowouts are: 

• Total circulation losses, with no return of drilling fluid. 

• Rapid heating up of the well, due to internal flow, from shallow feed zones to deeper 

zones. 

• Compressed air accumulates at deep levels in the well and out in the formation during 

pressure balance drilling and can suddenly break into the wellbore and be ejected 

rapidly to the surface. 

• High tipping out speed of the drill string could, in some cases, cause local under 

pressure. Limits are usually set on the tipping speed to avoid this from happening, as 

well as pumping water on the annulus. 

• Drilling trough an over-pressure zone or reservoir, requiring high density drilling mud. 

 

Other causes that may lead to failure in well control, which might lead to a blowout:  

• Wrong combination of the BOP stack (well design and engineering choices) 

• Default in the BOP stack 

• Lack of knowledge on geological properties of the drilled reservoir 

• General human error 

• Incidents during well drilling 

• Power failure and water supply default 

• Corrosion and scaling at the well head 
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Project phases 

The phase where the risk of blowout is more likely is during exploration and development. 

Blowout is a risk that may occur during all types of well activities and is not limited to certain 

drilling phase or operations. However, most geothermal blowouts happen at rather shallow 

depths during drilling (less than few hundred meters), when the water column does not apply 

heavy pressure, making it easier for the hot steam to rise and eject fluids to the surface. 

Geothermal blowouts because of existing air within the well may happen during drilling and/or 

stimulation. 

 

Influencing contexts 

Skilled and highly trained drilling personnel will lower the risk of a blowout occurrence, where 

everyone knows their role and safety protocols in case of a blowout. A drilling equipment 

(especially the BOPs) that is up to date and regularly observed and tested will also reduce the 

risk of blowouts. The standard safety procedure is to pressure test the BOPs before each 

drilling phase begins [33, 76–78]. This is done to ensure that each part of the BOP stack is 

functioning correctly in case of a blowout. It is also extremely important for the engineering 

crew to choose the right composition of the BOP stack, with respect to the drilling phase, 

geological properties of the area and previous experience of the drill site, if any. Drilling in sites 

with risk of overpressure or high gas content will increase the risk of a blowout. There may be 

complications for well control from geothermal fluids with high gas content (mainly CO2) and 

from intersecting shallow steam zones.  

 

Risk or impact 

Geothermal blowouts are a risk. The gravity of blowout given with the presence of BOP is low. 

Blowouts are in general unlikely to occur. 

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. Geothermal blow-outs differ from that of oil and gas and are usually much less 

complicated to handle and less hazardous, for humans, ecosystem and the atmosphere. Risks 

include the potential for blowouts of the well that may, in addition to potentially serious effects 

upon the environment, Possible effects on ecosystem are mainly related to the ejection of mud 

and hot fluids from the well and therefore possible local and limited pollution of marine or 

freshwater, as well as soil erosion and biodiversity alteration. 
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Monitoring 

Modern drill rigs are equipped with number of sensors to display critical parameters during 

drilling operations, in most cases theses parameters are displayed on a computer screen in 

the office of the tool pusher and the driller. Often this information is also available over the 

internet for offsite viewing. It is highly important that the crew is always alert in order to notice 

early warning signs of potential blowouts. The most common ones are: 

• Changes in stand-pipe pressure (increase or drop) 

• Changes in the flow of the returning fluid (increase/decrease/fluctuation/gas bubbles). 

Can be seen on sensors or visually. 

• Changes in the temperature of the returning fluid (sudden increase or decrease) 

• Certain changes in drilling parameters like the rate of penetration (ROP), weight on bit 

(WOB), or torque could be evidence of imminent blowout. 

• Certain changes in geological analysis of cuttings, inspected by the on-site geologist. 

• Pressure and temperature can be logged down-hole, and after receiving the results 

steam tables can be used to evaluate if steam is close to forming within the well. Steam 

tables are a good source of information on the saturation temperature at certain 

pressure. If the pressure inside the well falls below the saturation pressure, steam will 

be formed, which may result in a blow-out [79].  

 

Prevention and mitigation 

Good drilling practices are the best way to prevent geothermal blowouts [76, 80]. They include 

proper project planning, well design, proper training of the staff and correct selection of blow-

out prevention (BOP) equipment and standards. The blowout preventer (BOP) (Figure 22) is 

nowadays a common and essential part of the drill rig equipment. It is located on top of the 

well and has the purpose to close the well during drilling operations, if the control of the 

formation fluid is suddenly lost. The control of the rig while it is operational is safe if the 

personnel in charge of any drilling or workover operations is well trained and competent in 

blowout prevention and control of geothermal wells. 
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Figure 22: Blowout preventor at rig site at the Geysir geothermal field. 

BOPs are checked every shift during drilling and enough amount of killing fluid materials and 

water are stored on the location [79, 81, 82]. Constant and enough supply of drilling water and 

high-density drilling mud guarantee safe drilling practice. If signs of a blowout are imminent, 

regaining well control is in most cases relatively easy by maintaining a constant bottom-hole 

pressure. For high temperature underpressurized geothermal reservoirs it is usually enough, 

in case of water flashing to steam, to raise the pressure enough or cool the well, to make the 

steam bubbles collapse and return to water. The only case that requires special treatment is 

in the case of high ratio of non-condensable gases in the steam (mostly CO2), or where the 

geothermal reservoir is over pressurized. Those kinds of situations are dealt with preventive 

procedures, for example using high density drilling mud (barite) and different casing strategy 

[83]. 

Well planning and casing design is optimised by experienced engineers who consider previous 

wells and formation aspects such as pore pressure, fracture gradients and proximity of other 

wells. The spreading of geothermal fluid around the well is prevented by digging pools and 
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channels during the preparation of a drilling pad.  When pumping killing fluid into a well, 

formation fracture pressure should not exceed the one at the casing shoe. 

 

Illustrative examples 

Geothermal drilling for power production in Theistareykir, northern Iceland were first conducted 

in 2002. In 2016-2017 drilling of 9 new wells were conducted, in order to fulfil the steam 

production for 90 MW power station. Most of the wells were drilled with no complications, since 

planning of the project, drilling equipment and the specialists working on the project were all 

capable for the task. There was one well however that had to be abandoned due to 

unmanageable overpressure at shallow depth. The first signs of a possible blowout were seen 

when the temperature of the returning fluid rose rapidly and eventually several blowouts 

occurred during drilling operations. Many and various attempts were made to stop the well 

from producing blowouts, with no luck. It was therefore decided to terminate drilling operations, 

and secure the well, in order to cause no further damage. Immediately the specialists working 

on the project started to discuss what could be learnt from this operation, and how to prevent 

it to repeat itself. When drilling operations on a new well at the same drill pad started, 

preventive measures were immediately taken. This included different casing strategy than of 

the previous well, with additional surface casing, drilling with heavy drill mud (barite), different 

combination of the BOP´s, and making sure that the well was full of drilling fluid while drilling 

operations were ongoing. Due to those measures, drilling operations went smoothly, and no 

blowouts occurred [43, 83]. 
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Part III - Effects associated to 

geomechanical changes 
 

 

9 GROUND SURFACE DEFORMATION 

Utilization of geothermal fields (direct use, conventional hydrothermal, and enhanced 

geothermal system) may cause ground surface deformation. Commonly, the ground surface 

subsides (= lowers) because of geothermal fluids extraction. Conversely, re-injection of 

geothermal fluids can induce ground uplift. In both cases, the surface deformation is generally 

caused by pressure and/or temperature changes within the geothermal reservoir. Extraction 

of geothermal fluids can cause both pressure and temperature decrease within the geothermal 

reservoir. Re-injection of geothermal fluids within the reservoir can induce a pressure increase 

and temperature decrease within the geothermal reservoir. Surface deformation associated 

with geothermal field utilization is usually in the order of mm/yr to cm/yr and generally presents 

low risk. However, in some cases, specific geological settings have induced larger 

deformations. For instance, the Wairakei field (New Zealand) subsided a total of 15±0.5 m 

during 50 years of geothermal fluids extraction [84] and the ground around the Landau power 

plant (Germany) uplifted 3.5 cm in less than three months [85]. 

All geothermal fields designed for power production in Iceland show subsidence, up to 25 

mm/yr at the Reykjanes field (Figure 23). In Iceland, the public is generally unconcerned by 

the phenomenon: no one lives in the immediate surrounding of the geothermal fields, where 

the deformation happens, and it presents no risk to humans visiting the area. 

 

Figure 23: (Left) Up velocities derived from InSAR time-series analysis between summer 2015 and summer 2018 
over the south-west part of the Reykjanes peninsula (Iceland). This is a subset of a dataset covering entirely Iceland 

[86]. The borehole fields of the Reykjanes 100 MW geothermal power plant and the Svartsengi 75 MW power plant 

are indicated by the dotted lines and the R and S letter, respectively. The dashed line starting in A and finishing in 
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B indicates the location of the profile. Background shows shaded topography. (Right) Profile across the Up-velocity 
field. 

The table here below provides an overview of this event in term of risk and impact assessment 

i.e. its causes, consequences, the phases concerned, the influencing context or the principals 

monitoring and mitigation measures that can be adopted. 

 

Main causes Event 
Main consequences  

if event ignored 

Natural processes, induced by 
pressure drawdown during fluid 

production 

Ground surface 
deformation 

Disturbance of surface and 
sub-surface water, damaging of 

surface facilities 

Risk or impact identification 
 

Risk ☒ Impact ☒ 

Influencing contexts 

The risk is more important with high production rate and in geological settings with high 
compressibility rocks 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given mitigation 
measures applied 

Minor to Moderate Serious 

Improbable  ☐ 

Low to  Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☒ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 
- Monitoring of ground surface deformation using satellite 
systems (InSAR, GNSS) 

Main prevention and 
mitigation measures 

- Prediction modeling of reservoir performance and stress 
modifications considering geomechanical rock properties 

- Reinjection of fluid produced in the formation 
- Control of injection and production rate in the formation 

 

Origin  

Ground surface deformation happens in many places around the world. It can be caused by 

natural processes (e.g., plate spreading) or by human activity (e.g., mining or the construction 

of roads or other infrastructure). 

Exploration

No effects 

Development

Limited effects 

Operation

Main effects 

Decommissioning 
and abandonment

No effects 

x X x X
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Subsidence is expected to happen when geothermal fluids are extracted in large amounts 

during utilization of geothermal fields. This is usually caused by two main processes within the 

geothermal reservoir: pressure drawdown [87] and temperature decrease [88]. These 

processes can be combined and constrained to a specific part of the reservoir [89] (Figure 24). 

Pressure drawdown allows the rocks and sediments in the reservoir to compact as the pore 

pressure decreases. This compaction shows at the surface as subsidence. Conversely, re-

injection of geothermal fluids within the reservoir will tend to increase the pressure and 

generate uplift at the surface. 

 

Figure 24: Geothermal fluids extraction, the reservoir response, and the resulting surface subsidence. 

Temperature decrease causes the rocks and sediments to contract as they cool down. This 

contraction can cause subsidence at the surface. This thermal contraction counteracts the 

pressure increase from reinjection, reducing the potential uplift at the surface. 

 

Project phases 

Ground surface deformation will happen almost entirely during the utilization phase, when 

geothermal fluids are the most extracted/re-injected. A time delay can be expected between 

the end of utilization and the end of the deformation, as the geothermal reservoir needs time 

to readjust and be in balance again. Therefore, some deformation can be expected during the 

decommission and abandonment phase. Deformation can also happen during the stimulation 
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phase [90]. No deformation is expected to happen during exploration, well drilling, and well 

testing phases [91]. 

 

Influencing contexts 

EXTRACTION RATE 

The extraction rate is the main cause of subsidence. The higher the extraction rate, the larger 

the surface subsidence rate.   

RE-INJECTION RATIO 

Re-injection of geothermal fluids after they went through the plant help to reduce the 

subsidence caused by pressure drawdown within the geothermal reservoir. Re-injecting the 

entirety of extracted geothermal fluids is the best way to minimize the pressure decrease and 

thus mitigate subsidence. However, as re-injection does not usually take place in the same 

location as the extraction, a local pressure increase can happen and induce uplift at the 

surface. 

GEOLOGICAL SETTINGS 

The compressibility of geological layers in the geothermal field determines the amount of 

surface subsidence in case of pressure drawdown. The presence of high-compressibility rocks 

can result in much higher subsidence rates than usual [84].   

 

Risk or impact 

Ground deformation is identified as both risk and impact depending on the context. Ground 

subsidence because of extraction of geothermal fluids is an impact of human activity. However, 

small-scale projects where the extraction rate is low or if there is fluid reinjection could see no 

significant ground surface deformation. There is a risk of larger deformation than anticipated 

depending on the compressibility of geological layers within the reservoir. 

 

Consequences  

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. 

Usually, there are no direct consequences on the ecosystem. Ground deformation could 

influence surface waters, changing the drainage system only in extreme cases. Fluid flow at 
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depth might be altered as well, although there is no direct evidence reported in geothermal 

production areas. 

 

Monitoring 

Many geodetic techniques can be used to monitor ground surface deformation at a geothermal 

field. Currently, SAR satellite interferometry (InSAR), global navigation satellite systems 

(GNSS), and levelling are the main techniques used. InSAR provides a good spatial coverage 

of geothermal fields and their surroundings thanks to different available SAR satellite 

platforms. New generation of satellites acquire images regularly, every 6 days in the case of 

the Sentinel-1 EU mission, allowing to monitor precisely the evolution of the deformation. 

InSAR is sensitive to snow and vegetation, which can limit the long-term monitoring of an area. 

However, it is possible to bypass this limitation by installing corner reflectors at specific points 

of interest. InSAR measures the deformation along one axis (toward and away from the 

satellite), which complexifies the interpretation of results and makes it insensitive to 

deformation along the North direction. A GNSS permanent station provides a continuous 

monitoring of the deformation in all directions (East, North, Up) (Figure 25). Its limitation is that 

it measures only one specific point and it is expensive to run many of them within a geothermal 

field. Benchmarks can also be installed throughout the geothermal field and surveyed at 

regular interval using GNSS, levelling, or total stations. This allows to monitor specific points 

of interest than cannot be monitored by InSAR or permanent GNSS stations, at the cost of 

sending a team to the field to do measurements. A combination of all techniques is usually the 

best way to ensure a detailed monitoring of surface deformation within geothermal fields. 
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Figure 25: GNSS antenna with a couple of corner coins installed on the Rittershoffen platform. Photo: Vincent 
Maurer, ES-Geothermie. 

 

Prevention and mitigation 

Monitoring, prediction and control are the three main means to mitigate the effects of ground 

surface deformation in geothermal fields. By recording spatial changes and the temporal 

evolution of surface deformations, information regarding subsurface modifications can be 

inferred. Prediction is based on the numerical modelling of reservoir performance and requires 

the simulation of the complex interactions between heat and mass transfer processes and the 

reservoir properties (i.e., permeability and porosity), and of the geo-mechanical characteristics 

of rocks. 

Injection of fluids in the geothermal reservoir proved to be a very effective way to control and 

mitigate land subsidence in geothermal systems, since in many cases it compensates for mass 

deficit and pressure decline induced by fluid extraction. Injection of fluids requires special care, 

predictive measures and experience, to avoid ground inflation for excessive reinjection, as 

reported in Turkey, or subsidence due to contraction of the hot formations by cold reinjection, 

as in New Zealand [92, 93]. Usually the injected fluids are the geothermal brines recovered 

after heat and power production: the term “reinjection” is used in this case. Reinjection proved 

effective also for resource sustainability and has become an integral part of all sustainable and 

environmentally friendly geothermal utilization [92, 93]. 
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In case the prevention by reinjection is not enough and ground deformation appears, the best 

recovery measure it is to reduce the rate of geothermal fluid extraction or raise the re-injection 

temperature. 

 

Illustrative examples 

In Iceland, subsidence is observed at all high temperature geothermal fields where power 

plants are in operation. The subsidence in these areas has of yet not had an impact on the 

surface e.g. urban areas or humans, but is being monitored closely, also for resource 

monitoring purposes. The subsidence ranges from over 5 mm/yr at Krafla (60 MW) [88] up to 

25 mm/yr at Reykjanes (100 MW) [89]. The Krafla power plant has been in operation since the 

1970’s (at 30 MW) while the Reykjanes power plant started in 2006. In Reykjanes, there was 

no significant deformation prior to 2006. Following the onset of production, the area started to 

subside at a rate of about 30 mm/yr during the two first years. After that, it slowed down to its 

current rate of 25 mm/yr due to different mitigation measures applied into the operation, 

including reinjection. 

Wairakei (175 MW) and Ohaaki (100 MW) geothermal fields have shown subsidence rates of 

over 400 mm/yr that has been managed by implementing mitigation measures. The 15 m of 

subsidence over 50 years at Wairakei fields has been manageable due to little infrastructure 

in the area. The main cause behind this subsidence is the high compressibility of some 

geological layers within the geothermal field. The only obvious visible feature of this 

subsidence is a pond on the Wairakei Stream [84]. Simulation modelling [94] predict that future 

decades of production and injection of geothermal fluids at Wairakei geothermal 

field will further result in lower subsidence rates, indicating that long-term mitigation can be 

achieved by sustaining pressures through targeted shallow injection. 
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10 SEISMICITY 

Seismic events or earthquakes are caused by a sudden release of stress along faults in the 

earth's crust, resulting in an opening, slip or displacement [95]. The continuous motion of 

tectonic plates causes a steady build-up of pressure in the rock strata on both sides of a fault 

until the stress is sufficiently great that it is released in a sudden, jerky movement. The resulting 

waves of seismic energy propagate through the ground and over its surface, causing the 

shaking we perceive as earthquakes. They are generally natural phenomena expected in 

some areas of high geological deformation (e.g. plate boundaries). The term “microseismicity” 

refers to seismic events that are detected by seismometers but are not felt by population (that 

is, below magnitude 2.0-3.0, depending on many factors including subject sensibility). 

Manmade activities may produce a stress perturbation on a fault that is already critically 

stressed and cause its movement. Alternatively, the opening of a tensile crack caused by water 

injection can cause micro earthquakes [96]. Seismic events attributable to human activities are 

called induced seismic events, although a distinction should be made between: i) induced 

seismicity where the stress change is comparable with the ambient stress acting on a fault, 

and ii) triggered seismicity where the stress variation is only a small fraction of the natural 

tectonic stress field [97]. In the case of manmade activities, it is not always possible to 

distinguish between induced or triggered seismicity. In the following, we will use the term of 

induced seismicity to encompass both induced events and triggered events, for an easier 

comprehension. 

Geothermal development tends to modify the characteristics of a reservoir by withdrawing and 

injecting hot and/or cold fluid into the underground and has a limited potential to cause seismic 

events. Production and injection rates and pressures, fluid volumes, and injection duration are 

factors that affect the likelihood and magnitude of an induced seismic events. If the reservoir 

is fractured (i.e. fluid moves principally within fractures and not within the porous media), the 

forced fluid circulation can cause induced seismicity by lowering the fracture resistance to slip 

or by thermal cracking. Some other effects, like perturbations related to drilling operations, or 

redistribution of stress due to variations in fluid volume within the reservoir, can also cause 

induced events [98].  

After a long period of reinjection, reinjected water cools the rocks around the reinjection wells 

and along fractures. Cooled rock shrinks and causes a change in ambient stress and 

microseismicity. 
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Of all the geothermal-related injection and extraction activities conducted in many decades of 

production in many places in the world, only a very small fraction has induced seismicity at 

levels noticeable to the public or caused any harm or damage (e.g. [99–101]). The most 

impacting phenomenon has occurred in a few projects undergoing stimulation, e.g. injection of 

fluid at high pressure into the reservoir to increase reservoir permeability. 

In contrast to natural earthquakes, induced earthquakes can, to some extent, be mitigated. 

Mitigation measures exclude the geothermal development in areas having a high risk of 

induced seismicity (e.g. close to a main seismogenic fault with history of strong earthquakes), 

and the adoption of protocols to monitor seismicity and regulate, or even stop, the operations 

during the geothermal development whenever the recorded seismic activity appears 

connected to the operations and is higher than a predetermined threshold in terms of 

magnitude or seismic rate. 

Microseismicity is often associated to geothermal development and utilization whereas felt, 

although minor, seismic events characterise only a few geothermal projects. The seismic 

hazard depends on geological and operative factors, and induced seismicity risk is related to 

the hazard and to the amount of exposed buildings, infrastructure, and population. The level 

of attention to induced seismicity varies for different geothermal systems. Examples of 

development with micro seismicity are the Icelandic geothermal projects (IDDP), or the French 

EGS (Enhanced Geothermal System) projects in Alsace Upper Rhine Graben (URG). Induced 

seismicity that was felt by the population characterise the EGS geothermal stimulation in Basel, 

Switzerland, whereas deep geothermal projects with no significant microseismicity are those 

within the Paris basin. 

Induced seismicity has a very negative perception in some contexts and less in others. The 

consequences of induced seismicity are most often psychological, but in a few cases minor 

injuries to people or structure damage have occurred [100, 101]. 

The table here below provides an overview of this event in term of risk and impact assessment 

i.e. its causes, consequences, the phases concerned, the influencing context or the principals 

monitoring and mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Stress modification 
during injection, 

production or stimulation 
Seismicity 

Disturbance of fluid flow 
underground, damaging of 

surface facilities 

Risk or impact identification 
 

Risk ☒ Impact ☐ 

Influencing contexts 

When seismicity reaches a certain threshold in magnitude, it becomes a risk. The risk 
increases with the volume of rock affected by stress changes, with depth, in naturally active 
systems and when stimulation is applied.  

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of 
consequences given 
mitigation measures 

applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low  Medium   High 

Unlikely ☐ 

Possible ☒ 

Probable ☐ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 
- Monitoring of seismicity with seismometers around the 
geothermal site 

Main prevention and 
mitigation measures 

- Geological and seismotectonic studies to identify areas of 
possible stress modification 

- Balance between injection and production 
- Proper design and operation of reinjection wells 
- Operational protocols to reduce a seismic event to intervene 
during operations 

- Communication and prevention work with populations 

 

Origin  

Even if induced seismic events tend to be smaller than the largest observed natural 

earthquakes in the area, induced and natural earthquakes are governed by the same physics. 

Earthquakes are defined as sudden slip on a fault that generate ground shaking and radiate 

seismic energy. They are generated by the stress field acting in the earth. Such events occur 

naturally but can also be caused by anthropogenic sources such as fracking in the Shale Gas 

industry, where the stress changes these activities produce can affect nearby faults and 

fractures. At present, it is not possible to distinguish between natural earthquakes and induced 

Exploration

No effects 

Development

Main effects 

Operation

Main effects 

Decommissioning 
and abandonment

No effects 

x x
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earthquakes only by looking at the signal produced [102]. From its proximity in space and time 

to a human underground operation, an earthquake can be categorized as induced [103, 104] 

but the classification of some events as induced is still under debate. Seismicity can be 

triggered in two ways: either the increase in loading on a fault or the reduction of strength of 

the fault until failure. 

Well drilling, injection and withdrawal of fluid could generate seismic events. Fluid extraction 

and reinjection, associated to different anthropogenic activities, may generate stress field 

alteration in the subsurface as a result of pore pressure variation, isostatic disequilibrium, and 

poro- and thermoelastic effects, and hence, in turn, induce seismicity [97, 102, 105–111]. The 

different causes of seismicity induced by fluid injection or extraction are shown in Figure 26. 

The pore pressure changes on faults due to fluid withdrawal or injection modify the stress load 

of the fault and, if it is high enough, an earthquake occurs. Another secondary effect is the 

modification of the stress state because of the changes in volume [102, 108]. This change in 

stress can be significant when fluid is withdrawn without being reinjected. This change in 

volume can be associated with ground deformation. Earthquakes can occur at the source of 

the perturbation or some kilometres away because the change in pore pressure propagates. 

The size of the affected area is difficult to define precisely as it depends on the geomechanical 

rock properties as well as the production and injection rates and pressures, fluid volumes, and 

injection duration. Moreover, injections or production parameters are factors that affect the 

likelihood and magnitude of an induced seismic event. 
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Figure 26: Schematic diagram of mechanisms involved in induced earthquakes by fluid injection or extraction. 

Source: Ellsworth, 2013 [102] 

Induced seismicity can also be caused by thermal or chemical phenomena. When cold fluid is 

injected into warm rocks, the resulting thermal contraction reduces the confining pressure and 

allows fractures slip and displacement [108]. This is what happened in the Geysers geothermal 

area in the United States. Chemical changes can also induce earthquakes by dissolving the 

filling of fractures or create more complex phenomena called “fault lubrication” [112], allowing 

them to slip. 

Induced seismicity of important magnitude can also be due to a lack of geological knowledge, 

needed to define the risks associated to the stress changes occurring during the utilization. If 

a fault is close to the geothermal site and near failure, even a small perturbation can be enough 

to make it slip. During the exploration phase, geophysical and geological campaigns are often 

realized to map faults. However, if this step is not done or if some structure is missed, the risk 

of induced seismicity increases. This is not a risk specific to geothermal operation but concern 

all underground operations (oil and gas, mining etc.). 

 

Project phases 

Development and operation are the main phases where induced seismicity can occur. 
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In more details, the most likely phases of a geothermal prospect in which induced seismicity 

is likely to occur are: 

• During normal operation and management, during the reinjection of geothermal fluids 

back into the reservoir. Reinjection is a common practice needed to sustain the 

geothermal field, but there is a certain freedom in choosing the reinjection well in case 

of an anomalous seismic response. Less likely, the extraction of fluids may induce 

events, which are usually at the level of microseismicity. 

• During the stimulation, when the pore pressure is altered. This procedure may require 

higher pressure than normal reinjection, but it occurs occasionally, and it is limited in 

time. 

• During the drilling and testing of wells. These operations may cause vibration of the 

ground and microseismic activity, but this is very unlikely. During drilling, it is possible 

that mud losses occur, generating microseismicity. 

• Exploration does not produce seismicity, apart for active seismic methods that, by 

definition, produce a temporary and very modest vibration acting as source of the signal 

used for imaging the underground. 

• There is no report or forecast of seismicity during the decommission and abandonment 

of geothermal plants. 

 

Influencing contexts 

Seismic hazard varies based on various factors, which are related to the geothermal system 

and operational characteristics of the development. Seismic risk varies depending on the 

hazard level and the amount of exposed buildings, infrastructure, and population and their 

vulnerability. Here we list the main factors influencing the level of hazard [e.g. 28, 113]: 

INJECTION VOLUME 

The larger the volume of rock affected by stress changes the more events are likely to happen. 

This is a first-order geometrical effect. Whether the maximum possible event size also scales 

with the affected volume or fault area is currently a debated issue [114–116]. 

CLOSED VERSUS OPEN SYSTEM 

In an ideal closed system, the operation will reach a steady-state and pore pressure changes 

remain confined to a certain volume. Seismicity in such systems should level off with time. In 

open systems, the pressure or strain footprint is growing with time, and seismicity in such 

settings will be more variable. Sudden increases are possible when critically stressed patches 
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are reached by the pressure/strain changes. Seismicity in such settings can be sporadic (i.e., 

Landau), increasing with time (e.g. Groningen Gas Field) or steady (Paradox Valley). 

DEPTH 

Deeper systems are generally believed to produce larger induced earthquakes, a 

consequence of the strength profile of the earth crust: Differential stresses will increase with 

depth, natural earthquakes are likewise less frequent in the top 1−3 km of the earth’s crust. 

Modelling suggests that the increase in seismogenic response with depth will overcome the 

geometrical effect of the decay, however there is so far surprisingly little empirical evidence for 

the depth dependence. 

PORE PRESSURE CHANGE  

In general, the higher the (differential) pore pressure changes the underground is subjected 

to, and the more rapid these changes, the more likely are induced events. Seismicity often 

starts only once the pressure changes have exceeded a certain minimum threshold. On the 

other hand, it is known that faults very close to failure can be triggered by very small pore 

pressure changes (e.g. [117]). In liquid-dominated geothermal systems the observed induced 

seismicity is absent or, where detected, of small magnitude, since production generally occurs 

with a substantial balance between the amounts of fluids produced and reinjected, which 

prevents pore pressure decline. In vapour-dominated systems the occurrence of induced 

earthquakes is variable. For example, the maximum magnitude of observed induced seismicity 

in the Larderello-Travale geothermal field is significantly lower than that observed in The 

Geysers, USA [107]. This different behaviour may be explained by the onset of reinjection 

operation at an early stage of the Larderello field utilization, which limited pore pressure 

decline. 

NEARNESS TO CRITICALLY PRE-STRESSED AND EXTENDED 

SEISMOGENIC FAULTS  

Injections near known active fault systems greatly enhance the chance of inducing 

earthquakes. For some applications, such as waste-water disposal, the rule of thumb therefore 

is ‘stay away from active faults’ [118, 119]. 

NEED OF STIMULATION  

During hydraulic stimulation the pressure is generally higher than for normal reinjection and is 

closer to fracture opening. Permeability enhancement in EGS projects by hydro shearing or 

hydrofracking can directly generate seismicity. Hydro shearing is the slip of pre-existing faults 
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induced by pore pressure changes, while hydrofracking is the generation of new fractures by 

fluid injection. In geothermal projects most hydraulic stimulation is obtained by hydro shearing, 

also because in some countries, like France, hydrofracking is forbidden. This is generally 

managed by limiting the injection pressure (100 bars at the well-head in Alsace, France) so as 

not to reach the threshold pressure needed to produce new fractures in the rocks. When 

analysing the possible link between the effects of geothermal operations and the onset of 

seismic events a distinction should be made between the production technologies commonly 

applied in hydrothermal systems (and used in most geothermal projects) and the specific 

hydraulic stimulations that are required to improve the reservoirs’ permeability in EGS 

(Enhanced/Engineered Geothermal Systems) projects. The economic viability of EGS projects 

is directly correlated to enhancing the underground reservoir permeability by hydraulic or 

chemical stimulation. 

SHUT DOWN OF THE SITE 

If for some reasons the circulation is suddenly shut down (power failure for example), 

microseismicity is more likely to occur. This is because of the sudden perturbation generated 

by the sudden stop of fluid circulation. Other factors influencing the potential damage of 

induced seismicity are related to the geographical context, i.e. exposed buildings, existing 

infrastructure and populations. 

 

Risk or impact 

Seismicity, meaning events that can be felt by population and have an environmental effect, is 

considered a risk of some geothermal projects. 

Low level of induced seismicity (i.e. microseismicity) is an actual impact of some, but not all, 

geothermal projects. It means microseismicity will be an unavoidable consequence of some 

geothermal projects like EGS for example. Microseismicity is generally monitored and does 

not generate major consequences. However, if this seismicity reaches a given threshold in 

magnitude (or any other parameter measuring the severity of an event) it becomes a risk. This 

boundary between risk and impact is not fixed but depend on local considerations. 

 

Consequences 

Consequences for human caused by seismic activity provoked by geothermal prospections 

are reported as generally low. Only direct negatives consequences are mentioned in this 

section assuming the worst-case scenario. 
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In case of induced events [120], some buildings may be fractured or in the worst cases 

destroyed. The risk is higher for buildings close to the source of seismicity.  

 

Monitoring 

Seismometers are the common devices for monitoring seismicity, both natural and induced. In 

some countries it is mandatory to have seismometers installed on a geothermal site. These 

devices continuously record the motion of the ground (velocity or acceleration, depending on 

the instrument), so that when an earthquake occurs, its main parameters may be retrieved. 

The most known parameter is the earthquake magnitude. Peak ground velocity (PGV) or peak 

ground acceleration (PGA) are sometimes preferred as reference parameters [121], since they 

are directly recorded by the seismometer, with respect to magnitude which is a calculated 

value. Moreover, different definition of magnitude such as local magnitude (ML), commonly 

referred to as "Richter magnitude", duration magnitude (Md), surface-wave magnitude (Ms), 

body-wave magnitude (Mb), and moment magnitude (Mw) may generate confusion in the 

communication with the population. Seismometers are connected to a monitoring centre where 

automatic detection is carried out. These centres may be managed directly by the operators. 

However, in some country official observatories are mandated to monitor seismicity and to 

alert the local authorities in case of problem. 

 

Prevention and mitigation 

Quantifying hazard and risk require probability assessments that help establish specific “best 

practice” protocols for a geothermal project development. Five key practices were defined 

during international research projects and the experience gained in several industrial 

initiatives. They comprise:  

• detailed geological and seismotectonic studies to identify faults capable of generating 

damaging earthquakes,  

• technologies that maintain a balance between produced and reinjected fluid and 

minimize pore pressure changes at depth,  

• local seismic monitoring networks (e.g. in French Rhine Graben area it is required to 

monitor natural micro seismicity 6 month before drilling),  

• operational protocols jointly defined by operators and public regulators (e.g., hydraulic 

stimulation protocols and traffic light systems) to reduce the possibility of a felt seismic 

event, and to mitigate the effects of an event if one should occur, e.g. by suspending 

activities, 
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• transparent and effective communication to achieve informed public acceptance. 

The first three points are usually taken into consideration during the EIA required by regulation 

in most countries and are often mandatory. The analysis of these data is the base of seismic 

hazard and risk assessments, as defined for EGS projects in USA  [95] or other anthropic 

activities [122]. 

In case of hydraulic stimulation, safety protocols are built with the aim of maximizing injection 

while minimizing induced seismicity, for example imposing by regulation a maximum injection 

pressure both for hydraulic stimulation and fluid production, as in France where injection 

pressure is limited to 100 bar, or by progressively decrease the injection flowrates at the end 

of hydraulic stimulation, since in most of the observed cases the largest seismic event occurred 

for constant-rate injection in the so-called “shut-in period”. Moreover, the soft stimulation 

concept was developed for geothermal applications, with the same aim of minimizing induced 

seismicity [123]. Soft stimulations are based on the hydraulic fatigue concept (repetition of 

injections, and progressive, but limited, damage of rocks). They are optimized to have a high 

yield with limited pressure and low injected net fluid volume. They also aim to minimize sudden 

and important variations to the system.  

Mitigation strategies aligned with the monitoring system always imply some reactive protocols 

to be implemented. The common way is based on the application of the traffic light system 

(TLS). The seismicity is monitored in real time and if an event has a reference parameter 

(earthquake magnitude, ground acceleration, ground deformation velocity…) above a given 

threshold and relates to variations in the operations at the geothermal site, the latter are 

checked, reduced or, eventually, stopped. TLSs are not the only solution but are one of the 

most common and understandable by the population. Potentially damaging events are less 

likely to occur when TLS are set conservatively, i.e. with interruption thresholds set lower, and 

injections interrupted earlier. However, more conservative traffic lights may have a strong and 

adverse effect on the commercial success rate of the projects. An agreement between the 

interested subjects, namely the local authority and the operator, usually defines the monitoring 

protocol and the related technical details, such as number of monitoring stations, data handling 

and communication with the population, TLS etc. 

Another important aspect of mitigation, still in a preliminary stage of development, is the one 

related to the pre-assess screening, to get a sense, early in the planning stage, of the extent 

to which seismicity is a concern for a specific project. One important aspect is the 

implementation of seismicity pro-active protocols or Adaptive Traffic-Light Systems (ATLS), 



  111 | D 2.1 

Report on environmental concerns 

 

based on defining the probability of exceedance of some reference seismicity values rather 

than the later verification of exceedance. Pre-assessment tools for risk governance that 

consider both technical and social aspects are also under development. E.g. the Geothermal 

Risk of Induced seismicity Diagnosis (GRID) [124], ranks projects by four categories, ranging 

from projects with no concern about induced seismicity to ones with a high level of concern. 

The risk governance measures for induced seismicity are defined for each category, based on 

hazard and risk assessment, social site characterization, seismic monitoring, insurance, 

structural retrofitting, traffic light systems, information, and public and stakeholder 

engagement. 

 

Illustrative examples 

In the Rhine graben, in Alsace several EGS project exist. Soultz-sous-Forêts was an 

international research site for 20 years. During this period, several thousand earthquakes 

where generated from magnitude -2 to 2.9. Most of them where microearthquakes and only 9 

of them had a magnitude higher than 2, meaning they could possibly be felt by people [69]. 

These events are linked to several hydraulic stimulation tests in 2000, 2003, 2004 and 2005. 

The higher magnitude events occurred in 2003 after shut-in [99]. Since 2010 the plant is in 

utilization and only microseismicity is occurring. During circulation test an average of a few 

micro event per day occurred with the highest reaching 2.3 but not felt by population [71]. After 

that the reinjection was split into two wells and the number and level of microseismic events 

decreased dramatically with a maximum magnitude of 1.3. The Rittershoffen deep EGS project 

is located 6 km east of Soultz-sous-Forêts and the wells reach a depth of about 3000 m. It was 

a project that built on the experience gained during the Soultz-sous-Forêts project. Only 

microseismicity was recorded during stimulation with the highest event a magnitude 1.6 [125]. 

The number of events was also small, a few hundreds. 

At the Hellisheiði power plant in south-west Iceland, induced seismicity monitoring and 

evaluation was recently improved [126]. This area is an area of high natural seismicity (in May 

2008 a M6.3 natural earthquake occurred) and initially induced seismicity was not sufficiently 

taken into-account. An up to 2 cm of surface displacements during 2011–2012 occurred at the 

same time as a strong increase in seismicity, during the initial phase of geothermal wastewater 

reinjection. Reinjection started on September 1, 2011 with a flow rate of around 500 kg/s. 

Micro-seismicity increased immediately in the area north of the injection sites, up to having two 

ML 4.0 earthquakes on October 15, 2011 [127]. This event may have caused some 

progressive damage especially to older buildings according to researchers [126]. Following 

this event, the need was recognized for a better awareness of induced seismicity. A panel of 
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experts made recommendations that were followed by the company. So now the production 

data are available to the researcher community, the seismic network coverage was temporarily 

increased, the continuous GPS monitoring was increased, a strong motion seismometer was 

installed at Hellisheiði to record ground acceleration and a formal communication route was 

established to inform nearby communities of sudden change in reinjection that can increase 

induced seismicity. 

Salavatlı geothermal field in Turkey has been developed and operated for the last 15 years, 

and during this period 5 power plants with a total power generation capacity of 72 MWe were 

installed. In order to monitor the reinjection fluid pathways first tracer testing, then micro-

earthquake monitoring was used. First power plant was commissioned in 2006, and the second 

in 2010 when a nine-station network was deployed around the licensed area and microseismic 

activities started to be monitored. Application of high-precision micro-earthquake hypocentre 

location has continued until today and will go on. In the last decade, observation of 

microseismic activity across different networks have also started in three more geothermal 

fields in Turkey being utilized and are currently continuing. Large microseismicity was mainly 

observed in the utilization area in a vertical interval of 1-3 km around the injection and 

production depth. As for geological structures, the activity is observed near fault systems. 

Important geological features might be elucidated by microseismic monitoring that has 

indicated activities since the start of field operations in the utilization areas where seismicity 

has not been previously observed. During the nine years of microseismic observation, activity 

occurred in the area delimitated by the low resistivity anomaly where all wells have been drilled. 

Reinjection wells are located around the margins of this anomaly. Observed magnitude of 

microseismic activities are less than 2.5. However, these movements have not been felt by the 

local community nor did they disturb them. The relationship between microseismic activity and 

power production is given in Figure 27 [128]. 
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Figure 27: Seismic activity and power generation development over time in Salavatlı geothermal field [128]. 
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Part IV - Underground physical and 

hydraulic modifications 
 

 

11 PRESSURE, THERMAL AND FLOW CHANGES 

Pressure declines with utilization in all geothermal systems, which leads to other changes and 

causes problems in some cases. The utilization and resulting pressure changes must therefore 

be monitored to follow the evolution as well as to enable mitigation measures to reduce the 

negative effects of utilization. Other natural processes may cause changes in geothermal 

reservoirs, e.g. earthquakes, precipitation in fractures and volcanic activity. 

The table here below provides an overview of this event in term of risk and impact assessment, 

i.e. its causes, consequences, the phases concerned, the influencing context or the principals 

monitoring and mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Production and injection in the 
reservoir 

Pressure, thermal 
and flow change 

Disturbance of an underground 
resource 

Risk or impact identification 
 

Risk ☒ Impact ☒ 

Influencing contexts 

The risk is more important with unbalanced production and reinjection in the reservoir and with 
closed boundary geothermal systems 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of consequences 
given mitigation measures 

applied 

Probability of  
occurrence  

Criticality given mitigation 
measures applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low   Medium   High 

Unlikely ☐ 

Possible ☐ 

Probable ☐ 

Very likely ☒ 

Risk and impact control and monitoring 

Monitoring 
- Monitoring of reservoir and well parameters (pressure, 
temperature, flow rates, earthquakes) 

Main prevention and 
mitigation measures 

- Reinjection of fluid produced in the formation 
- Control of injection and production rate in the formation 
- Well testing before operation of the geothermal site 
- Cleaning well when clogged 

 

Origin 

Pressure declines in a geothermal system due to production or natural processes. During 

similar production from two geothermal systems, the pressure declines continuously in a 

closed system, as if emptying a bucket, whereas slowly in a geothermal system with open 

boundaries which are partly recharged with flow from outside of the boundaries. Natural 

processes such as formation of deposits in fissures, earthquakes reopening fissures, 

interconnection of aquifers and volcanic activity may cause thermal changes [129]. 

The energy production capacity of hydrothermal systems is predominantly limited by this 

reservoir pressure decline. The pressure decline, on the other hand, is determined by the size 

Exploration

No effects

Development

Main effects

Operation

Main effects 

Decommissioning 
and abandonment

Main effects 

x x
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of a geothermal reservoir, its permeability, reservoir storage capacity, water recharge and 

geological structure [130] including formations and fractures.  

Apart from this, the pressure decline, or drawdown, in a geothermal system depends mainly 

on the net flow (production), i.e. the water or steam extraction. In addition to the extraction of 

steam and liquid from a specific well and the natural recharge from the boundaries, the flow in 

or out of wells in the neighbourhood affects the pressure change. The pressure normally 

declines most rapidly at the beginning of utilization, but the change is slowed down and the 

pressure will reach a balance when the production from the reservoir does not exceed its 

recharge [130], natural from open boundaries and/ or from reinjection.  

 

Figure 28: Hamar near Dalvík, a LT-field in N-Iceland. Water-level and monthly averages of flow-rate from 1977 to 

2011 [131]. 

The pressure declines and the water-level sinks, forming similar but opposite patterns to the 

flow-rate of the geothermal water as in Figure 28 Figure 28: Hamar near Dalvík, a LT-field in 

N-Iceland. Water-level and monthly averages of flow-rate from 1977 to 2011 [131].showing 

monitored flow rate and water level in a low temperature system (LT). The water level is low in 

the wintertime, when there is increased demand for the hot fluid for central heating. 

Although the fluid content of the reservoir may be depleted in cases of aggressive production 

rates most of the heat stored in the reservoir remains in place. In general, the production of 

geothermal heat decreases the reservoir’s heat content but at the same time it increases the 

natural recharge rate into the temperature sinks [132]. Therefore, if the production is not 

aggressive thermal decline will likely not happen. 

In enhanced geothermal systems (EGS) attempts are made to extract heat through fractured 

rock (man-made fracturing) at considerable depth (more than 2000- or 3000-meters depth). 

The output temperature and the temperature of the reservoir (around the injection and 
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production wells) will gradually decrease. Further studies are needed to increase the 

knowledge on the effects of EGS, when excessive production rates are applied. Production at 

lower rates and/or using production enhancement techniques enables the extraction of more 

heat and thus prolongs the economic life of a given reservoir. 

Project phases 

Development, operation and abandonment are phases where pressure or thermal change can 

occur. 

Injection of circulation water during drilling can cause increase of pressure. Usually this is not 

monitored, but appears in pressure well logs, which are often done at the end of drilling each 

section of the well, often simultaneous with temperature logs. When a well is stimulated with 

intensive injection, possibly for relatively long period of time, it leads to change in pressure with 

the intention of opening clogged fractures and cracking the formation to create fractures. 

During well testing, the pressure changes due to injection or production from the well. The 

pressure recovers relatively quickly from the short step tests and circulation fluid during drilling, 

but long-term production tests could have long lasting effects. 

After the utilization of a well starts, the most severe pressure decline is caused by the extraction 

of geothermal fluid. Recharge from the boundaries can partly counterbalance the pressure 

decline as can reinjection, which might also increase the pressure. In addition, fluid extraction 

from nearby wells can influence the pressure decline. Thermal changes (thermal decline) may 

occur in the reservoir during utilization. After the reservoir has been abandoned it may recover 

to its original state (thermal increase), given time. 

When a well is abandoned or left to rest for some period of time, the well recovers, the pressure 

increases possibly to its initial values with time (months or years) if the system around it is 

undisturbed, i.e. there is no extraction or injection into wells in the neighbourhood, and there 

is recharge from the open boundaries and/or precipitation.  

The surface exploration prior to drilling does not affect the pressure in the geothermal reservoir. 

On the other hand, exploration wells could affect it, caused by injecting circulation fluid during 

drilling and different tests e.g. step tests or long-term extraction of fluid from the wells. 

With time the rate of the pressure decline reduces if a balance is found between utilization and 

recharge into the system, either with natural recharge, i.e. flow from the outer boundaries of 

an open system or including reinjection.  

 



  118 | D 2.1 

Report on environmental concerns 

 

Influencing contexts 

The net flow rate from the system (production – reinjection) is the main cause of pressure 

decline. In addition, the nature and physical characteristics of the geothermal system and of 

the wells in the field, as well as the boundaries of the geothermal system, influence the 

pressure decline. With open boundaries there is less and slower pressure decline, because 

the system is recharged partly from outside the reservoir, while in a system with closed 

boundaries the pressure decline is rapid, depending on the utilization.  

The pressure monitored in a production well shows a combination of the effect of the 

production from it and from other wells in the vicinity, as well as natural recharge and 

reinjection. Problems and obstacles associated with reinjection are among others cooling of 

production parts of the reservoir or “cold-front breakthrough” [133]. Where there is short 

distance between injection and production wells and where direct flow-paths between the two 

wells exist, thermal breakthrough has been known to happen. Other influencing factors are 

e.g. the temperature of reinjection and the natural recharge rate. 

Besides diminishing production due to pressure decline, precipitation of minerals may clog 

partly the casings and feed zones, hence reducing the possible production. 

 

Risk or impact 

Pressure decline is an impact associated with all geothermal utilization. If there is balance 

between the production and the heat/fluid recharge at depth pressure and thermal changes 

are negligible so their gravity is low.  

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. 

The steam and fluid extraction from a geothermal system causes pressure decline, which in 

turn can cause other changes in the reservoir. Pressure decline could be limited by the depth 

of pumps and possibly leading to insufficient energy for utilization, needing to rest the system 

or abandon it. If it is possible to sink the pump it might improve the system for a while, but the 

only other option might be to use a back-up of less clean energy thereby leaving more pollution. 

Chemical changes may occur underground due to geothermal utilization, but they are generally 

limited to the near-well area. In case of reinjection, due to difference in temperature between 
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the reinjected fluid and the geothermal fluid some dissolution/precipitation may occur within 

the reservoir. In the case of flash systems, the reinjected fluid can be different from the 

produced fluid because some gas is emitted at the surface (see 6 Degassing chapter). This 

effect is generally negligible because the volume of fluid is low compared to the volume of the 

reservoir. 

Other chemical changes, that sometimes may have effective consequences, are due to new 

circulation path that are created during drilling or during resource utilization, creating hydraulic 

connectivity between different layers. In this case, the new circulation has large effect and can 

lead to the dissolution or swelling of the rock in the previously isolated level. An example of 

this “in-reservoir” chemical change is the city of Staufen [134] were, due to the swelling of an 

anhydrite (CaSO4) layer after drilling for the geothermal probe, that resulted in an uplift of the 

town up to 26 cm in the period 2007-2010. 

Among the consequences of production are thermal changes of a reservoir where changes in 

temperature can lead to precipitation and changes in permeability of the surrounding rock. 

Thermal changes can lead to changes in the flow paths due to difference in density or viscosity 

of fluids of different temperature and can lead to thermal pollution of aquifers. The thermal 

changes induce equilibrium changes that affect the fluid composition and its interaction with 

rocks. Indeed, when cold fluids are injected into high temperature reservoirs the difference in 

temperatures may very well shock and damage the formation [135]. It can generate fine 

release, migration, mineral dissolution or precipitation and changes in permeability. 

 

Monitoring 

Regular monitoring of pressure, temperature and production in a geothermal well, before and 

after the beginning of its utilization allows to follow the evolution and to enable good 

management during long-term utilization. In low temperature systems the water level is often 

monitored instead of pressure. Besides the well logs, chemical samples are collected regularly 

and analysed to see the evolution of the fluid’s composition with time. Tracer tests, i.e. injection 

of a chemical compound in one well and retrieval in the surrounding wells, also provide useful 

information regarding permeability and other hydraulic parameters of the reservoirs. 

Pressure and temperature are logged regularly in selected monitoring wells in high 

temperature geothermal system, preferably production wells which have rested for some 

weeks and therefore recovered partly the pressure drawdown, as well as exploration wells 
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which are not utilized. Often the temperature and pressure are plotted at selected depths over 

time to see clearly the changes.  

Besides the regular monitoring after utilization of a well starts, there are several types of 

monitoring and logging performed to increase the knowledge about a well and the geothermal 

system. To mention some of them, step tests are performed at the end of drilling by changing 

stepwise injection of water into a well and monitoring to see the pressure change, and 

production step tests are performed before start utilizing a well. The series of temperature and 

pressure logging during the warmup and thermal recovery period of a well after drilling allow 

to estimate the formation temperature and initial pressure at the well. 

Monitoring is utilized in decision making for necessary mitigations if the pressure decline is not 

acceptable and for modelling the system, its response to utilization in time and forecasting 

scenarios.  

 

Prevention and mitigation 

The injection of fluids in the reservoir to replace the volume of extracted fluids is the only long-

term risk-mitigation measure which helps to avoid the pressure decline in the resource 

(reservoir depletion) on a large scale, and during long-term operation. The reinjection, i.e. the 

injection of the geothermal fluids extracted during production and available after releasing their 

heat to the generator or heat exchanger, is the most common procedure, and is used both to 

restore the original water balance in the underground (sustainable development) and to 

prevent the environmental effects of the wastewater at surface [133]. The most clear and 

known example of the beneficial effects of reinjection after a main pressure decline is from the 

most productive geothermal field in the world, The Geysers in California, USA, where the 

excessive production of fluids without proper reinjection produced a steep decline of reservoir’s 

pressure and of resource’s productivity in the late 1980’s. Only after a large increase of 

injection rate of fluids and prolonged injection, the pressure and productivity declines 

stabilized. 

Underground injection/reinjection is a technical procedure which calls for high-quality well 

design supported by monitoring data, the completion of the well and its testing and operation, 

and close observation of the several risks involved. Risks on the reservoir scale are more 

probable at fractured reservoirs, while risks in the vicinity of the well (i.e. problems near to the 

well-bore itself) are more frequent at porous reservoirs. 



  121 | D 2.1 

Report on environmental concerns 

 

Reinjection requires care to avoid a so-called thermal break through, and the risk of generating 

seismicity (see Chapter 10 on 10 Seismicity). Thermal decline due to geothermal fluid 

extraction and fluid injection can be minimized by keeping production in balance with the 

natural inflow of water and by careful siting of injection wells. 

According to Axelsson [133] reinjection sites are essentially located: (a) Inside the main 

production reservoir, i.e. in between production wells. Often production/reinjection doublets. 

(b) Peripheral to the main production reservoir, i.e. on its outskirts but still in direct hydrological 

connection. (c) Above or below the main reservoir. (d) Outside the main production field. In 

this case direct hydrological connection to the production reservoir may not exist. 

The hydraulic connection between the production and reinjection well are evaluated by in situ 

hydrogeological testing, including interference and tracer tests, and hydrogeological modelling. 

Reinjection of geothermal fluid can also cause changes of permeability in the reservoir, which 

in turn cause pressure changes. The main cause is the scaling in injection wells and the rock 

formation surrounding them, when the minerals in the cooler reinjected fluid become less 

soluble and precipitate. Other causes of reduction of permeability are: (a) swelling of clays, 

silica, or carbonate scaling in the reservoir, (b) biofilm growth, and/or (c) corrosion particles 

originating from the surface pipelines; (d) clogging caused by the migration of fine particles 

among larger grains in the reservoir, near the well, or in the screens. Reinjection in porous 

reservoirs has further challenges, the most common being the damage caused to the formation 

due to drilling and well activities (and even the injection process itself) which result in a 

deterioration of the permeability of the rocks.  

Successful prevention of reinjection failures requires comprehensive knowledge about the 

processes involved, and to avoid sudden starts and stops of the flow. To this aim, an 

accumulation tank is built in the vicinity of the reinjection well to provide an injection flow rate 

which is as constant as possible.  

Wells are completed by under-reaming and gravel pack, an over ground micro-filtering system 

that removes the suspended solids from the water prior to injection in the well. All wells are 

shut down periodically, at least once a year, so that their static water level can be measured, 

and the surface piping system can be cleaned. If the pressure in the production wells 

increases, the following interventions are carried out:  

• filter cleaning with a compressor, hourly water sampling and visual inspections, 

• sterilization of the piping system, 
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• backwashing of the reinjection well with hourly water sampling, 

• bottom-hole cleaning of the well, incorporating packer tests, 

• layer cleaning involving acid treatment. 

Various procedures prevent silica scaling, e.g. with “Hot” injection when the separation water 

is injected directly from the separator, at temperatures 160-200°C [133]. In “cold” injection the 

temperature of the return fluid is below the saturation temperature for silica. Other preventive 

measures include deposition of silica in ponds or the use of scale inhibitors before injecting 

the fluid.  

Additional mitigations for declining pressure and production from a system include drilling 

makeup wells and cleaning of wells which are partly clogged by precipitated minerals, both in 

the case of a production well and reinjection well. Pressure is also recovered letting some wells 

to rest while others are used, or to rest some parts of the geothermal system.  

 

Illustrative examples 

In low temperature systems the water level is often monitored instead of pressure. Figure 

28Figure 28: Hamar near Dalvík, a LT-field in N-Iceland. Water-level and monthly averages of 

flow-rate from 1977 to 2011 [131]. and Figure 29 show examples of water level and flow rate, 

how the water level declines with time. Mitigations may be planned, depending on results of 

analysis and modelling of the data. Monitoring extraction of fluid from a geothermal system 

and water level or pressure can be used as input data for a model to predict different scenarios 

during a selected period of time (see [130, 136, 137]). An example from a low temperature 

geothermal system in Beijing is presented in Figure 29, where the measured and simulated 

flowrate and water-level are shown. The importance of reinjection is clear in Figure 30, where 

the predicted water level is shown (a) for 100 kg/s flowrate without reinjection and (b) with 200 

kg/s flowrate with 80% reinjection for 200 years.  
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Figure 29: The production history of the Urban geothermal field in Beijing with the water-level history simulated by 

a lumped-parameter model (squares = measured data, line = simulated data). ([136], see also [130, 137]). 

 

Figure 30: Predicted water-level (pressure) changes in the Urban geothermal field in Beijing for a 200-year 

production history (the figure shows annual average values). ([136], see also [130, 137]). 

Monitoring and tracer testing are important to be able to control reinjection in an appropriate 

way. 

An excellent example of the benefit of reinjection in a low temperature system at Hofsstadir, 

W-Iceland, is shown in Figure 31 and Figure 32 [133]. The water level was declining during 

production and the monitoring data was simulated in a model including prediction with and 

without reinjection (Figure 31).  
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Figure 31: Water level predictions for the Hofsstadir low-temperature system in W-Iceland. Both predictions assume 

the same production, while one assumes full reinjection and the other no reinjection [133]. 

The utilization continued and the pressure declined, until reinjection started with about 40-50% 

of the extracted mass reinjected (Figure 32). The geothermal system at Hofsstadir is an 

unusually closed system with limited natural recharge, fracture-controlled system, where the 

benefit from reinjection is unusually clear and considerably greater than that predicted (Figure 

31).  

 

Figure 32: Pressure changes in the Hofsstadir low-temperature geothermal system in W-Iceland during the first 11 
years of production, shown as water-level changes in the main production well (HO-1) and in a monitoring well (AS-

1). A continuous pressure decline for 7 years is reversed in the spring of 2007 when reinjection commences [133].  
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An example of thermal breakthrough is e.g. well PN-26 in Palinpinon in the Philippines [138] 

where thermal breakthrough occurred 18 months after reinjection commenced. As a result, 

temperature declined rapidly by about 50°C in 4 years. Actual thermal breakthroughs caused 

by injection have, however, only been observed in relatively few high temperature geothermal 

fields [139]. 

An example of a doublet system, where the produced hot fluid is continuously replaced by 

cooled injected water, is Riehen near Basel in Switzerland where practically constant heat 

production can be sustained and numerous doublet installations in the Paris Basin where most 

have not shown any production temperature drawdowns [140]. In these operations, geothermal 

fluid is produced at 1500 meters depth at around 70°C and is reinjected in the formation at 

around 40°C. The impact is very local and thermal breakthrough at the production well is 

expected to take place after more than 30 years of operations according to reservoir simulation 

(convection and conduction through walls of the reservoir).  
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12 INTERCONNECTIONS OF AQUIFERS AND 

DISTURBANCE OF NON-TARGETED AQUIFERS 

With depth varying between a few hundred and thousand meters, deep geothermal resources 

are explored, developed and produced through well drilling. To reach the targeted resource, 

the well is likely to intersect one or several aquifers of different quality and property that are 

separated by impermeable layers. The risk is to unintentionally affect aquifers via the wellbore 

or disturb non-targeted aquifers with fluid intrusion (geothermal fluid, testing fluid, drilling mud, 

etc.). The consequences of these phenomena are diverse and may include potential aquifer 

and freshwater resource contamination and depletion, loss in geothermal potential, affect other 

underground uses, ground elevation at surface from formation swelling, collapse or landslides 

from formation dissolutions. 

The phenomena are driven by differential pressures between layered aquifers and can be 

caused by well barrier and integrity failures due to poor cementation practices, mechanical 

damage during well development, corrosion and scaling, geo-mechanical disturbances, 

thermal stress and material failure or degradation, and aging over the life cycle of operations. 

It can be triggered during the drilling process and through all life stages of a geothermal project 

(i.e. drilling, usual operation of the plant, abandonment, decommissioning). It can also result 

from improper reinjection applications.  

The risk of affecting groundwater aquifers is better controlled in geothermal operations thanks 

to mitigation actions taken, from the conception phase to day-to-day operations (e.g. best 

practices or legislation requirements). 

In order to mitigate the risk of connection between aquifers and their disturbance, preventive 

and remedial solutions can be implemented. The well design and more specifically materials 

chosen for casing when developing a drilling program and monitoring the work during 

cementation and tubing placement are essential to prevent effects on groundwater aquifers. A 

good knowledge of the geological and hydrogeological setting at the well site is essential. The 

monitoring of reservoir behavior, the control of casing and tubing and maintenance operations 

also contribute to prevent and mitigate aquifer interconnection and contamination.  

Corrective solutions implemented to stop or confine potential leakages can be carried out 

through direct well operations and work-over using patch or new casing. Several prevention 

measures and good practice exists to mitigate this risk at all stages of geothermal operations. 

The severity of the incidents is however important since it may affect humans (e.g. 



  127 | D 2.1 

Report on environmental concerns 

 

contamination of drinking water resources), the ecosystem and other underground resources. 

It may also affect greatly the geothermal industry and public perception of the public by each 

incident, despite being very rare. 

The table below provides an overview of this event in term of risk and impact assessment i.e. 

its causes, consequences, the phases concerned, the influencing context or the principals 

monitoring and mitigation measures that can be adopted. 
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Main causes Event 
Main consequences  

if event ignored 

Differential pressure 
between aquifers, poor 
cementation of a well, 

leak from casing 

Interconnection of 
aquifers and disturbance 
of non-targeted aquifers 

Disturbance of 
underground resource, 
pollution of an aquifer 

Risk or impact identification  
Risk ☒  Impact ☐ 

Influencing contexts 

The risk increases with the number of aquifers intersected during drilling and with 
mineralization of fluids in some contexts. Special attention should be paid when drilling 
through anhydrites, saline or gypsum rocks 

Concerned phases of geothermal project 

 

Risk and impact assessment 

Gravity of 
consequences given 
mitigation measures 

applied 

Probability of  
occurrence  

Criticality given 
mitigation measures 

applied 

Minor   Moderate   Serious 

Improbable  ☐ 

Low  Medium   High 

Unlikely ☐ 

Possible ☒ 

Probable ☐ 

Very likely ☐ 

Risk and impact control and monitoring 

Monitoring 

- Monitoring of corrosion  
- Monitoring of cement work 
- Monitoring of water level or pressure and geochemical 
properties of untargeted aquifers intersected 

- Monitor well parameters (flow rate, temperature and pressure)  
- Monitoring of abandoned wells 

Main prevention and 
mitigation measures 

- Isolation of well from surrounding formation (double casing, 
cementation of the casing annulus) 

- Use water-based mud to avoid pollution of an aquifer with drill 
mud 

- Protocol of corrective measures in case of leaks either in the 
injection or production wells and remediation with work over 

- Follow states of the art when decommissioning of wells  

 

Origin  

When drilling deep geothermal resources, either for exploration or operational purpose, it is 

commonly expected for a well to intersect one or several aquifers. The feared consequence is 

to generate unintentionally connection between different aquifers and generate disorder in 

Exploration

No effects 

Development

Main effects

Operation

Main effects 

Decommissioning 
and abandonment

Main effects 

x x
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untargeted geological horizons with water inflow or outflow (from geothermal horizon or other 

aquifers) along the wellbore.  

In the first hundred meters below the surface, the potentially targeted or intersected aquifers 

are usually freshwater ones tapped for water supply (e.g. chalk in the Paris Basin, alluvial 

formations in sedimentary basins, etc.). These shallow aquifers can also supply surface flow 

and groundwater dependent wetland ecosystems. Depending on the hydrogeological setting 

controlling water quality and mineralization, deep aquifers intersected might also be freshwater 

resources and thus considered as strategic reserves. It is then essential to prevent any 

contaminations and pollutants propagation (e.g. Albien and Neocomien aquifers of the Paris 

Basin, France). When fluid mineralization is strong, or temperature is high, deep aquifers are 

developed for geothermal energy production, heat or other activities and disturbances of such 

horizons might lead to loss in heat production capacity and other effects resulting from the co-

use of the same subsurface space leading to groundwater aquifer alteration. 

The aquifers can be defined as unconfined, artesian or confined (captive) depending on their 

location, on the presence of overlying impermeable or semi-permeable layers and depending 

on the type of recharge. They are characterized by depth and extension or volume, by 

geological parameters, by fluid properties and by key dynamic parameters affecting flow in 

porous medium or through fractures. Therefore, different water quality and pressure conditions 

can be found throughout various overlay aquifers crossed along the wells, which tend to create 

preferential flow direction between the horizons. Thus, it is important to maintain the separation 

between overlay aquifers to prevent different alterations in fluid quality and flow between them. 

This environmental risk is common to all extractive industry (oil and gas, water production, 

underground storage) and can be triggered at all life stage of operations. However, given the 

lifetime of utilization and post abandonment phases, the risk of potential connection of aquifers 

might be more important during operation of the wells and abandonment phases. 

During exploration or production well drilling, the upper part of the well is sealed with multiple 

layers of casing and cementation and through the last section of the well, cementation and 

casing is done with a single layer in order to ensure isolation of the well from non-targeted 

geological formations and aquifers during operation and long after (Figure 33). If the barrier is 

not implemented correctly, the well acts as a conduct and favors flow paths. 
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Figure 33: Example of well design of a geothermal well in Ilkirch, France (ESG) and illustration of shallow aquifer 

insulation from the well using cement layers [35]. 

For the interconnection or fluid intrusion to happen, preferential pathway between the aquifers 

or between the well and the formations is necessary. The phenomenon occurs when the 

integrity of the well is compromised, and sealing is not ensured due to alteration in cementation 

in the annulus of the well (Figure 34) or in plugs (in the case of abandoned wells). It occurs 

also with deterioration of tubing and casing materials (Figure 35) [141, 142]. Interconnection 

of aquifers can be the results of poor implementation of drilling programs, of poor choices in 

materials, of defective use of different sealing plugs, cements and casings, or also due to aging 

and fatigue of the cement and other materials installed in the wells.  

 

Figure 34: Example of decentered casing and poor cementation or crack in cement [143] 

During well testing and utilization phases, the phenomenon can also be triggered by other 

mechanisms ranging from corrosion (internal or external with aggressive fluids) to thermal, 

mechanical and shearing constraints on the wellbore [144] or erosion of the casing by a 

passage of tool in the wellbore (during workover). Stimulation fluids and inhibitors can then 
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contaminate the aquifers during development phases. If a blowout of the well occurs, the tubing 

and sealing elements of the well can be damaged and lead to aquifer contamination and 

leakages. 

Alteration of cementation can be caused by acidification from the geothermal fluids (containing 

H2S, CO2, etc.) resulting in chemical unbalancing between the fluid and the cement [145]. 

 

Figure 35: Photo of corroded tubing due to incompatibility between the tubing material and circulating fluids (a) [146] 
and corroded casing (c) [147] 

The potential leakage pathways through cementation and casing are presented in Figure 36 

[148, 149].  

  

Figure 36: Flow path for fluid leak and aquifer inter-connection in a cemented wellbore (right from [148] and left 

[149]. Migration of fluids can occur between the cement and the formation, between the casing and the cement, 

through the casing, inside the cement between casing and formation rock, along a sheared wellbore or through the 

plug when the well is abandoned. 

 

Project phases 

Aquifer connection and intrusion of fluid can be encountered during all stages of wells life, but 

it appears to be more common during the development and the abandonment of wells. 
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Contamination of untargeted aquifer by drilling mud may occur during drilling operations when 

entering permeable formations or fault zones. 

 

Influencing contexts 

The risk of affecting underground aquifers increases with the number of aquifers intersected 

by the geothermal well, their sensitivity, the fluid quality and physicochemical composition of 

the leaking aquifer and of the contaminated one. 

Special attention should be paid when drilling in sensitive geological contexts where 

anhydrites, saline or gypsum formation are encountered. Anhydrite (CaSO4) can hydrate and 

transform into gypsum (CaSO4, 2H2O) thus favoring the risk of surface deformation [150].  

 

Risk or impact 

The connection between aquifers is a risk in geothermal operation. The likeliness of this risk 

is however relatively scarce, as prevention and mitigation measures are applied at all stages 

of geothermal operations. The gravity of the consequences is however important since they 

affect humans, ecosystems and underground resources.  

 

Consequences 

Only direct negatives consequences are mentioned in this section assuming the worst-case 

scenario. 

The main consequences of connection between aquifers initially independent are the 

contamination and the hydrodynamic alteration of the aquifers. They might also include change 

of geothermal resources, or storage potential loss, swelling and collapse of geological 

formation from fluid-rock interactions. The consequences affect consequently humans, 

underground water resources and surface activities. The alteration of an aquifer depends on 

the volume of the geothermal fluids or water resources intruding the aquifer, the 

physicochemical quality and temperature of these fluids. It also depends on the properties of 

the affected aquifer (which can also be a geothermal or freshwater resource). The 

consequences and seriousness of the event on underground formations will depend strongly 

on the regions’ geological and hydrogeological setting as water quality varies significantly.  

 

Monitoring 
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To check casing condition in geothermal wells, and to intervene in case of detection of incurrent 

or potential damage, various monitoring systems have been implemented in different 

countries.  For example, in France a certain number of measures are being carried out since 

the late 1980s to identify and monitor the effects of corrosion, thermomechanical and other 

disturbances on the casing in the wellbore. These measures include adding corrosion inhibitors 

when reinjecting the geothermal fluid in the reservoir, using thicker tubing, and wellbore 

integrity scans to assess deposit thickness and corrosion evolution. Casing corrosion controls 

in France are enforced by legislation and performed every 3 years over injector wells and every 

5 to 6 years in production wells.   

Flow rate, pressure and water quality are monitored during the operation phase to identify 

potential leakage. The quality of cementing work during and after drilling is tested through 

pressure tests and borehole logging (e.g. Cement bound Log (CBL) and Cement Evaluation 

Tool (CEV)) [141, 151]. 

The potential interference of the different aquifers is monitored using piezometers, which 

record water levels and conductivity in real time of the aquifers above the developed 

geothermal reservoir, and potable aquifers. A correct monitoring plan requires the recording of 

meteoric conditions, the rainfall and snowfall regimes. A continuous monitoring of piezometric 

regimes and periodical chemical analyses of waters reveals the hydraulic parameters of the 

freshwater resource and establishes the correlation between the aquifers and meteoric inflow, 

and thus defines if there is any correlation with geothermal fluid production. Water quality 

controls of intersected aquifers allow to be reactive in case of contamination and take actions 

to contain pollutant propagation. 

 

Prevention and mitigation 

Different preventive and remedial solutions are implemented in order to mitigate the risk of 

connection between aquifers and their disturbance. First, optimal well design, and more 

specifically the choice of materials for isolation from surrounding formation, both when 

conceiving drilling programs and when setting up the well, and monitoring the work done during 

cementation and tubing placement, are essential to prevent adverse effects on groundwater 

aquifers. The monitoring of reservoir behavior, the control of casing and tubing condition, and 

maintenance operations also contribute to prevent and mitigate aquifer interconnection and 

contamination.  
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Corrective solutions implemented to stop or confine the potential leakages can be carried out 

through direct well operations and work-over using patch or new casing. Injection of 

anticorrosion inhibitor is also a prevention method done at surface and downhole production 

wells in many countries, e.g. in Paris Basin and Netherland.  

The sealing of the well through the whole life cycle of the well is ensured by appropriate drilling 

work, and more specifically cementation and casing implementation (cementation & casing in 

the following). During decommissioning the risk is managed through great care in conception 

and implementation of plugs; casing and cement need to be selected in accordance with the 

property of fluids along with thermal and mechanical constraints encountered. 

Working with qualified professionals (driller, manufacturer, etc.) and understanding the local 

geological and hydrogeological context are key elements to succeed in geothermal operation 

and prevent environmental risks. 

MAIN PREVENTIVE SOLUTION TO MITIGATE THE RISKS 

In the shallow few hundred meters the isolation from multilayer casing and cementation 

prevent the risk of aquifer connection and fluid migration. At deeper depth, with fewer casing 

& cementation, it is the quality of drilling practices that avoid the flaws, and the selection of 

materials in accordance with the property of fluids along with thermal and mechanical 

constraints encountered. The main roles of cementation and casing is to: 

• ensure horizontal sealing by preventing chemical aggression and corrosion of the 

casing; 

• ensure vertical sealing in the annulus to avoid contamination and connection between 

overlapped aquifers or with geothermal fluid and drilling mud; 

• seal and fix the casing to the surrounding formation; 

• account for mechanical constraints on the casing and tubing (formation pressure, fluid 

pressure in the production or injection column, axial and vertical dilatation with 

temperature). 

The technique of well cementing was introduced in the 1900’s [152]. The efficiency of the upper 

barrier implemented can be tested, prior to engaging in the drilling of deeper level, through 

pressure tests and borehole logging (using wellbore logging tools such as CBL: Cement bound 

Log and CET: Cement Evaluation Tool).   
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Anticorrosion treatments improve the aging of materials and reduce the risk of leakage due to 

piercing of casing and tubing. The anticorrosive materials are chosen considering the 

geothermal fluid composition and properties. In Italy, it is prohibited to use chemicals that are 

not naturally present in the original geothermal fluids.  

Water quality controls of intersected aquifers allow to be reactive in case of contamination and 

take actions to contain pollutant propagation. 

Water-based mud, bentonite or biopolymer-based mud are commonly used for geothermal 

well drilling to limit the potential effects of intrusion of drilling mud in permeable formations 

crossed along the well or fault zones. Oil-based muds are never used, and are prohibited in 

European countries, in consideration of their high potential environmental risk. Also, the 

density and pressure of the mud during the drilling phase is continuously monitored and kept 

lower than static pressure in intersected formations to prevent drilling mud intrusion. 

To avoid the effects of deep blowout, formation fracture pressure is kept below the pressure 

at the casing shoe (see Figure 14) when pumping fluid into a well.   

CORRECTIVE SOLUTIONS TO MITIGATE THE RISKS 

In case of accidental and proven connection between aquifers, some actions are directly 

carried out on either the injection or production wells to stop the leakage and mitigate 

contamination, and wells are repaired. 

If the connection occurs through the well casing in the injection column, the injection is 

immediately stopped, and the well repaired. In the worst-case scenario, the inflow rate inside 

the non-targeted aquifer will be limited to the artesian flow rate. 

If the connection occurs in the production well, the geothermal fluid is extracted at the 

maximum pressure (flow rate), in order to let the fluid from the untargeted aquifer flow in the 

well and to avoid the contamination.  If the leak is just below the well head, the contamination 

of shallow formations is prevented by closing the safety valve.  

Depending on the severity of the damages, the wells are repaired installing patches on tubing 

or implementing new casing. Weak cementation is repaired with injection of high-pressure 

cement. 
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SPECIFIC CASE OF ABANDONED WELLS 

In case of abandonment, legislation enforces the use of Best Available Technologies to ensure 

definitive sealing between the well and avoid connection between intersected aquifers.  The 

state of tubing in the well is diagnosed by borehole logging and tests (e.g., calibration tool, 

acoustic or electromagnetic logging, pressure test or tracing) [145]. When weaknesses of 

cementation are identified, specific repairs avoid risks during the decommissioning (removal 

of casing, pressurized cement injection, replacement of casing) and abandonment phases.  

Multiple plugs are then installed: above permeable levels and sensitive aquifers, between 

liners and tubing, where diameter reductions occur, and at the top of the well, near the surface 

[145]. Pressure or weight tests of the plugs are carried out to control the quality of the work 

before ending the decommissioning operations. Illustration of well abandonment in France is 

given in Figure 37.   

Surface operation to remove well head and plug the well should be operated with great care 

to avoid leakage and generate surface pollution.  
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Figure 37: Example of well plugging for abandonment in a case of exploration well (left) and production well (right) 

 

Illustrative examples 

Incidents of aquifer leak and interconnection for deep geothermal operations are very rare and 

the risk is negligible. Underground or surface collapses due to geothermal operations has 

never been reported. This phenomenon has however been identified in a petroleum context 

with saline formation wash out in Algeria [153] and un-cemented well corrosion in the US [154]. 

Studies of the origin of groundwater contamination in geothermal field of Balcova (Izmir, 

Turkey) where hot geothermal fluids contaminated shallow aquifers [155] found that the origin 

of alteration was principally anthropogenic and due to improper reinjection of waste geothermal 

fluid, failures in well casings, discharge of waste geothermal water to a nearby lake, 

construction of deep cold-water wells and overutilization of shallow aquifers.  

For example, an incident that appeared in the Paris Basin in the operation of Coulommiers in 

1996 was caused by a sealing default, which led to a leakage of 660,000 m3 of geothermal 
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fluid in an upper aquifer formation used for drinking water [141]. Despite that important amount 

of water was discharged into the formation, chemical composition of the freshwater did not 

indicate significant alteration of the aquifer. 

A blowout incident occurred at Alasehir geothermal field in Turkey [156] caused by improper 

casing operation and a permeable fault zone along the wellbore. As a result, wellhead 

preventer system closed and high-pressure fluids from the reservoir surfaced out along faults, 

causing chemical and physical disturbances in local groundwater resources. Alteration of the 

aquifer quality with arsenic and boron contained geothermal fluid exceeded the maximum level 

allowed for drinking water in superficial aquifers. Continuous monitoring of chemical 

composition in aquifers was established to identify the extent and seriousness of the alteration. 
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GLOSSARY 

‐ Abandonment (of a well): well abandonment is the last step of a well lifecycle including 

well plugging, monitoring of the cement plug and testing of efficiency and well head 

removal. It shall isolate all permeable and prevent contamination of freshwater aquifers 

and leakage of any wellbore fluids to the surface.  

‐ Aggression or extreme natural event: extreme flooding, storm or landslide and so on 

that were not anticipated in the building parameters of the geothermal operation. It also 

includes vandalism.  

‐ Alteration of living conditions: long-term modification of lifestyle with no life-threatening 

consequences  

‐ Aquifer alteration (including drinking water aquifer): modification of aquifer (chemical, 

thermal or other).  

‐ Aquifer depletion (including drinking water aquifer): decrease of fluid reserve that 

jeopardizes resource durability. The aquifer can be used for drinking water or for agriculture 

or for nothing.  

‐ Binary plant: a geothermal electricity generating plant employing a closed-loop heat 

exchange system in which the heat of the geothermal fluid (the "primary fluid") is 

transferred to a lower boiling point fluid (the "secondary" or "working" fluid). The heat 

causes the second liquid to turn to steam, which is used to drive a generator turbine.  

‐ Binary system: a power generation system used in binary plants. 

‐ Biodiversity alteration: fauna and flora loss or deterioration.  

‐ Biomonitoring: in environmental sciences, any technique that uses the observation of 

living species to detect changes in the environment; it may involve the analytical 

determination of some specific parameter (e.g., heavy metals in blood) or simply the 

observation of appearance/disappearance of certain species or associations. 

‐ Blowout: sudden and uncontrolled eruption of gas or fluid at the surface.  

‐ BOP: Blow Out Preventer, device used to seal well to prevent uncontrolled gas or liquid 

eruption at the surface. This device is used in the geothermal or oil and gas industries.  

‐ Buildings & infrastructures (consequence on): damage to buildings along public and 

private buildings including the geothermal power plant.  

‐ Cause: a combination of elements or phases that can trigger an impacting phenomenon   

‐ Climate change (consequence on): emissions during a geothermal operation that 

contribute to global climate changes.   
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‐ Chemical underground disturbance: chemical modifications of the aquifers and 

reservoirs. It includes the targeted aquifer as well as non-targeted aquifers.  

‐ Cogeneration: the process of generating two or more forms of energy from a single energy 

source. For geothermal plant, cogeneration refers to heat and electricity production.  

‐ Consequence: changes that a project or activity may cause in the environment, including 

any effect of any such change on ecosystems, human health or resources.  

‐ Construction work: work related to the construction of the surface installations of the 

geothermal site (e.g. well platforms, geothermal plant, surface planning and layout). Such 

work can last for a few weeks.   

‐ Corrosion: the loss of metal due to chemical or electrochemical reactions, which could 

eventually destroy a structure. Corrosion can occur anywhere in the production system, 

either in the borehole or in surface lines and equipment.  

‐ Decommissioning: removal process performed on surface equipment before well 

abandonment. It consists in dismantling and processing all surface installations.  

‐ Degassing: emission of geothermal gas such as H2S or hydrocarbon gases (CO2, N2, etc.) 

in the atmosphere deliberately or by accident.  

‐ Disturbances from surface operations: generic term that includes different type of 

disturbance that may affect population, wildlife, resource and activities during surface 

operations including vibration and noise caused by drilling operations for example or 

pumps, dust and traffic from engine circulating over the site, or visual impacts.  

‐ Dry steam plant: take high-pressure hot water from deep inside the earth and convert it 

to steam to drive generator turbines. When the steam cools, it condenses to water and is 

injected back into the ground to be used again. Most geothermal power plants are flash 

steam plants.  

‐ Energy and resource consumption: correspond to fuel and material used at the surface 

by engines working on site for instance and the resulting particulate matter or CO2 

emissions.  

‐ Flash steam plant: use of steam directly from a geothermal reservoir to turn generator 

turbines. The first geothermal power plant was built in 1904 in Tuscany, Italy, where natural 

steam erupted from the earth.   

‐ Galvanic currents: a direct current which stimulates as the current is suddenly applied or 

suddenly discontinued.   

‐ Geo-mechanical disturbance: phenomena that modify the physical properties and 

characteristics of the rock.  
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‐ Geothermal plant: plant that use underground hydrothermal resources at various 

temperature and depth to produce electricity and/or heat.  

‐ Geothermal loop (primary loop/ secondary loop): the circuit made by fluid circulation. 

The primary loop contains geothermal fluid. In binary system, a secondary loop contains a 

second fluid that has a lower boiling point and is used to generate heat or electricity. In 

flash system, only one loop exists.  

‐ Global warming potential (GWP): an index that measures how much heat a reference 

greenhouse gas (carbon dioxide) traps in the atmosphere up to a specific time horizon. 

The GWP represents the combined effect of the differing lengths of time that these gases 

remain in the atmosphere and their relative effectiveness in absorbing outgoing infrared 

radiation. The Kyoto Protocol ranks greenhouse gases based on GWPs from single pulse 

emissions over subsequent 100-year time frames.   

‐ Greenhouse gases: any gaseous compound in the atmosphere that can absorb infrared 

radiation, thereby trapping and holding heat in the atmosphere. 

‐ Ground surface deformation: subsidence or uplift of the ground noticeable at surface  

‐ Health, Safety and Environment (HSE): usually used for management of these issues at 

a workplace. 

‐ Induced seismicity: earthquake caused by anthropic activities such as geothermal 

activities.  

‐ Interconnection of aquifers and disturbance of non-targeted aquifer: connection 

between two or more aquifers that may result in aquifer pollution and disturbance by 

intrusion of mud, inhibitors, fine particles and hot geothermal fluids into non-targeted 

aquifers.  

‐ Land use: surface implantation of the geothermal plant, including well and transport pipes, 

that de facto use land (agriculture and farming, tertiary, natural habitat, etc.)  

‐ Leak due to surface installations/operations, explosions: leaks of water, geothermal 

fluid, heat transfer fluid or chemicals in the surface circuit or surface reservoirs and 

retention sites  

‐ Life cycle assessment (LCA): Life-cycle assessment is a method to assess 

environmental impacts associated with all the stages of a product's life from raw material 

extraction, through materials processing, manufacture, distribution, use, repair and 

maintenance, and disposal or recycling. This includes operation of the 

technology/facility/product as well as all upstream processes (i.e., those occurring prior to 

when the technology/facility/product commences operation) and downstream processes 

(i.e., those occurring after the useful lifetime of the technology/facility/product), as in the 
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‘cradle to grave’ approach. LCA aims to compare the full range of environmental damages 

of any given product, technology, or service.  

‐ Liquid or solid effusion: effusion from wells during drilling and well operations; includes 

cuttings, mud, underground water, geothermal fluids or other liquid and gases.  

‐ Marine and freshwater pollution: all kind of pollution (chemical, thermal etc.) of shallow 

to surface water plans (rivers, lake, wetland, etc.), oceans and their related ecosystems 

(corals and all flora and fauna present over the ocean floor). 

‐ Microseismicity: refers to seismic events that are detected by seismometers but are not 

felt by population, events below magnitude 2.0-3.0, depending on many factors including 

subject sensibility. 

‐ Non-condensable gases (NCG): the gases that do not condense at the same pressure 

and temperature conditions as water vapor but remain in the gas phase.   

‐ Naturally Occurring Radioactive Materials (NORM): materials, usually industrial wastes 

or by-products enriched with radioactive elements found in the environment. In some case, 

geothermal scaling can contain radionuclides, such as uranium, thorium and potassium 

and any of their decay products 

‐ Organic Rankine cycle (ORC): a thermodynamic cycle that uses an organic fluid as the 

working fluid (secondary fluid) in a closed loop for electricity generation. It can utilize low-

temperature geothermal heat as commonly done in geothermal binary power plants. 

‐ Ozone depletion potential: a concept that was defined to describe the relative amount of 

degradation that a chemical compound can cause to the ozone layer.  

‐ Psychological impact: long and short term. May be caused by explosions, induced 

seismicity, visual and noise disturbances etc.  

‐ Particulate matter: diesel fuel, dust etc.  

‐ Pressure and flow changes in reservoir: it concerns the changes in pressure and flow 

of the targeted aquifer (i.e. hydro-mechanical modifications). This is the case with simple 

well operation (no reinjection) or partial reinjection of geothermal fluid or low permeability 

reservoirs.  

‐ Primary loop: the loop where the primary fluid (e.g. geothermal fluid) flows in a binary 

plant. 

‐ Resource consumption: energy, water, material used during the life cycle project  

‐ Radioactivity: spontaneous transformation of unstable atoms, called radionuclides that 

release particles and energy in the form of radiation. In geothermal water, some natural 

radioactivity is sometimes present.  
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‐ Reinjection: underground injection of geothermal fluids, cooled after heat extraction, 

typically close by the extraction area.   

‐ Scaling: accumulation of deposit inside the installation (pipes, heat exchangers…), as well 

as in wells, formed by thermodynamic or corrosion process of the geothermal fluid  

‐ Secondary loop: the loop where the secondary fluid (working fluid, e.g. an organic fluid) 

flows in a binary plant. 

‐ Seismometer: instrument that makes a record of seismic waves caused by earthquakes 

and other Earth-shaking phenomena. This record is proportional to the motion of the 

seismometer mass relative to the earth, but it can be mathematically converted to a record 

of the absolute motion of the ground. 

‐ Stimulation: a treatment performed to restore or enhance the productivity of a well. This 

treatment can be done by injecting water at a certain pressure (hydraulic stimulation), by 

thermal shock injecting cold water in hot rocks (thermal stimulation), or by dissolving some 

deposited minerals (chemical stimulation).  

‐ Surface disturbances (noise, vibration, dust, smell, land use and visual, etc.): generic 

term that includes all type of disturbance of neighbors. Vibration can be caused when 

drilling or because of acting pumps, noise is important during the drilling phase, the 

operation and workover, smell can be caused by motor oil, engine or plant operation. The 

visual impact concerns mostly the drilling bit installed and dust material can be caused by 

traffic or during ground operations.   

‐ Surface emission from underground: this category concerns all risks and impacts 

related to underground operations that have effects at surface. While the source of the 

phenomena is located underground, the resulting impacts are at surface.  

‐ Surface operations: consist in all operations, from the construction phase, to drilling 

operations and the utilization of the geothermal resource that have an impact at surface 

(e.g. implantation of the drill pad, maintenance of the cooling tower or well pumps)  

‐ Thermal infrared imagery (TIR): infrared thermography is equipment or method, which 

detects infrared energy emitted from object, converts it to temperature, and displays the 

image of temperature distribution. 

‐ Triggered seismicity: where the stress variation is only a small fraction of the natural 

tectonic stress field. 

‐ Underground fluid disturbance: concerns all phenomena that can affect the 

underground fluids. That can concern either the geothermal fluid or other untargeted 

aquifers that were crossed by the wells.  
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‐ Underground water: the water present beneath Earth's surface in soil pore spaces and in 

the fractures of rock formations. 

‐ Vibro-seismic method (or vibrator): an adjustable mechanical source that delivers 

vibratory seismic energy to the Earth for acquisition of seismic data. Mounted on large 

trucks, vibrators use a large oscillating mass in direct contact with the ground to put a range 

of frequencies into the earth.  

‐ Well design & engineering choices: choices of well design (completion, material, 

diameter, deviation, etc.) during drilling planned operations according to different 

parameters such as geology, target reservoir, depth, presence of a shallow aquifer.  

‐ Well testing: pumping or injection in wells and monitoring of pressure and temperature 

variation for short (few hours) or long period of time (few days) to provide information on 

the reservoir and its behavior or information on the fluid composition by sampling water. 
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