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Abstract 
Geothermal energy utilization has become a burgeoning resource for many countries 
throughout the world, but specifically for Iceland where it is the main source of hot water 
for district heating and accounts for 24% of the total electricity generation. As growing 
energy demand yields greater interest in harnessing geothermal fields, it becomes essential 
to monitor the social and environmental impacts of this development in a more strategic 
manner. One of the more notable impacts caused by geothermal power plant development 
is a transformation of the spatial/visual elements of the landscape. Evaluating these 
particular landscape impacts can be a challenging process and is often left 
underrepresented compared to the other social and environmental considerations. This 
study intended to shed light on these impacts and propose a new Geographic Information 
System (GIS)-based methodology for assessing and rating geothermal power plants based 
on six spatial and visual landscape factors: (a) fragmentation, (b) surface area, (c) 
visibility, (d) geothermal sprawl, (e) wilderness area reduction, and (f) conservation 
conflicts. The methodology, named the Spatial Landscape Impact Assessment (SLIA) 
rating system, was developed and tested on the Hellisheiði Geothermal Power Plant in 
Iceland. It was also then tested on the Nesjavellir Geothermal Power Plant for comparison 
purposes. The results showed Hellisheiði having a higher SLIA rating compared to 
Nesjavellir and thus a higher visual and spatial impact on the landscape. 
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Útdráttur 
Jarðvarmi er orðinn mikilvæg auðlind í ýmsum löndum, ekki síst á Íslandi þar sem 
mestallur varmi til húshitunar og 24% allrar raforku koma frá jarðhitavirkjunum. Með 
auknum áhuga á virkjun jarðhita og sífellt meiri eftirspurn eftir orku, verður einnig æ 
mikilvægara að greina og fylgjast með samfélagslegum og umhverfislegum áhrifum 
jarðhitanýtingar með skipulegum hætti. Meðal augljósustu afleiðinga jarðhitanýtingar eru 
sjónræn áhrif á landslag. Það er þó ekki einfalt að lýsa þessum áhrifum eða meta þau. 
Landslagsáhrifum eru þess vegna oft gerð lítil skil í mati á umhverfisáhrifum, miðað við 
önnur umhverfisleg eða samfélagsleg áhrif.  

Markmið þessa verkefnis er að greina sjónræn áhrif jarðvarmavirkjana á háhitasvæðum og 
þróa nýja nálgun, byggða á landfræðilegum upplýsingakerfum (LUK /GIS) til að meta og 
bera saman jarðhitavirkjanir. Aðferðin er byggð á sex sjónrænum landslagsþáttum: a) 
sundurhlutun landslagseininga b) flatarmáli, c) sýnileika, d) útbreiðslu mannvirkja, e) 
víðernum og f) skörun við friðlýst svæði. Aðferðin, kölluð Spatial Landscape Impact 
Assessment Rating System (SLIA) var þróuð og prófuð fyrir Hellisheiðarvirkjun. Til 
samanburðar var Nesjavallavirkjun einnig metin með sömu aðferð. Niðurstöðurnar leiddu í 
ljós að sjónræn og landslagsáhrif Hellisheiðarvirkjunar voru meiri en Nesjavallavirkjunar.  
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1 Introduction 

1.1 Background 

As the global demand for varied and renewable energy sources continues to increase, so 
does the need to understand their utilization impacts socially, economically, and 
environmentally. Specifically, geothermal energy utilization is of growing interest amongst 
many countries throughout the world. As of 2012, 24 countries were generating electricity 
from geothermal resources with a total installed capacity of 10,898 MWe, and the number 
of countries is expected to almost double by 2015 with installed capacity projected to be 
around 19,000 MWe (Bertani, 2012). Though the environmental and social impacts of 
geothermal energy production have been regarded as relatively insignificant compared to 
other sources of energy (i.e. fossil fuels), its production is still not without its potential 
disturbances (Hunt, 2001). Some of the more apparent impacts have included land 
subsidence due to mass fluid and steam withdrawal, groundwater and surface feature 
depletion, air/water contamination, and visual/spatial effects on the landscape (Hunt, 
2001). 

Iceland is a significant user of geothermal energy, which is exploited for two main 
purposes in the country: Generation of electricity and hot water for district heating. There 
are two types of geothermal fields, classified as low-temperature (LT) and high-
temperature (HT) fields (Arnórsson, Axelsson, & Sæmundsson, 2008); Björnsson, 
Gudmundsdottir, & Ketilsson, 2010). The HT fields are directly linked to the active 
volcanic systems where underground temperatures reach 200°C at 1,000 m depth. These 
fields have surface expressions of fumaroles, mud pools and thermally altered ground but 
rarely any significant surface outflow of hot groundwater. The LT fields are mostly found 
in the areas flanking the volcanic zones where temperatures do not exceed 150°C in the 
uppermost 1,000 m. These fields are expressed on the surface by hot springs, silica sinter 
deposits, and occasionally geysers. LT fields have been extensively exploited for space 
heating, first by harnessing the natural flow, then by drilling and utilizing downhole pumps 
to increase the hot water production. This has led to the lowering of the hot groundwater 
table and drying out most of the natural hot springs. Exploitation of the HT fields is less 
developed, and these fields are mainly utilized for generation of electricity, steam 
production for industry, and production of hot water for space heating as long as the field 
is not too distant from populated regions (Björnsson et al., 2010). Today 43% of Iceland’s 
harnessed geothermal energy is used for space heating and 40% used for electricity 
generation (Orkustofnun, 2015). About 77% of the electricity generation is used by the 
energy-intensive industry and only 17% for public consumption. The installed 665 MWe 
power capacity of geothermal plants amounts to about 24% of the country’s total electric 
generation capacity (Orkustofnun, 2015).  
 
Population in Iceland is expected to rise by 36% at least until 2050 and the demand and 
utilisation of geothermal space heating by 50% in the same period (Ketilsson, Petursdottir, 
Thoroddsen, & Johannesson, 2015). This increase in space heating cannot be met by the 
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LT fields, which are almost fully exploited. There is also strong interest in more electricity 
production due to further development of the energy-intensive industry, mostly aluminium 
smelters of foreign companies (Arnórsson et al., 2008). The country’s overall use of 
geothermal energy is forecasted to increase significantly by 2015 with a predicted installed 
capacity of 1285 MW compared to 665 MW in 2014 (Bertani, 2012; Orkustofnun, 2015).  
 
However realistic it is for Iceland to meet this increased demand by heavy industry and the 
market of space heating, it is clear that the use of geothermal energy is, and will continue 
to be, a primary energy resource for the country in the near future. This demand has 
already yielded significant pressure specifically on some of the HT fields as they are the 
most productive and efficient source for cogeneration of electricity and hot water along 
with the fact that the LT fields are already overexploited. Iceland’s relatively easy 
accessibility to abundant geothermal power from the HT fields puts the country in a unique 
and vital position, giving it a national and global responsibility to manage these natural 
resources in the most strategic and sustainable way. As also seen in New Zealand, the 
natural features and resources of Iceland that surround geothermal power, specifically 
those which are found in HT fields, bear immense social/cultural, economic and 
environmental significance, such that all must be taken into consideration when manmade 
changes and specifically power plant operation occurs in the region (Thórhallsdóttir, 
2007b). Dickie and Luketina (2005) also hit on this core issue of ensuring a balanced 
approach, stressing that the ‘…natural geothermal ecosystems are extremely rare. 
Therefore…the depletion or degradation of the remaining rare features of the geothermal 
resource must be avoided but, equally, recognition must be given to the development 
potential of the resource’ (p. 3). 

HT fields and their exotic characteristics are an inherent part of the natural landscape of 
Iceland. Even though socially geothermal areas may seem well-valued, the current 
Icelandic legislation and the more development-oriented stakeholder contingent may need 
to find more means of upholding this value. It is not a new concept that a balanced 
understanding of, and appreciation for, the social, environmental, and economic value of 
the Icelandic HT areas must be undertaken to more strategically dictate the use or 
preservation of the land within the fields. Yet, gaining a credible and workable 
understanding of some of these features that fall under the valued social and environmental 
considerations to meet this proper-use standard or preservation need is not straightforward. 
This is the case for visual and spatial landscape disturbances and particularly those due to 
power plant utilization in these HT fields. Determining the most appropriate strategy for 
assessing these spatial disturbances is complex and may therefore be one of the 
contributing reasons why general landscape considerations in planned and operating 
geothermal development projects do not receive the weight and credit deserving of its 
character. 

1.2 Objectives 

This study, therefore, is meant to further this discussion regarding environmental and 
social impacts, in particular, exploring the visual and spatial components of landscape and 
their relationship to geothermal power plants in Iceland. The conversation will mainly 
relate to HT geothermal fields as they are typically associated with power plant production, 
though LT fields will also be mentioned. An assessment system will be proposed to 
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evaluate the spatial landscape impacts caused by geothermal power plants using 
Hellisheiði as a case study. This newly-created assessment system will be given the name 
Spatial Landscape Impact Assessment (SLIA) Methodology and Rating. The Hellisheiði 
Power Plant will be evaluated by six selected spatial landscape criteria. Each criterion will 
then be measured and given an equivalent numerical rating. These individual ratings will 
be added together to produce a final, aggregate rating meant to be easily comparable to 
other geothermal power plant aggregate ratings that undergo the same assessment. 

The SLIA methodology and rating is designed to be simple but versatile and can be applied 
to any geothermal power plant and theoretically almost any anthropogenic feature. Again, 
as explained above, the reason for applying this assessment system specifically to 
geothermal power plants is due to this increased demand and potential future escalation of 
geothermal energy development in Iceland. With this increased exploitation must also 
come increased attention to its effects on the visual/spatial and physical landscape, 
especially as the greatest potential for geothermal energy in Iceland rests in the sensitive 
and highly-valued interior of the country (Highlands) and its HT fields.  

Therefore, the purpose of this research intends to fulfill the following goals: 

• Develop a framework to assess and rate geothermal power plants in Iceland based on 
selected spatial landscape disturbance criteria 
 

• Raise the level of awareness and further the conversation regarding the importance of 
visual and spatial landscape components and the effects due to anthropogenic 
features 

 
• Support and encourage a well-balanced approach to monitoring current geothermal 

power plants and future geothermal planning as well as other development projects 

1.3 Thesis Structure 

The thesis begins with a brief background of geothermal utilization in Iceland and 
justification for the thesis focus and objectives. Then the research objectives are formally 
introduced. Chapter two provides a more in-depth theoretical background that discusses the 
current protection status of geothermal fields in Iceland, environmental impacts related to 
geothermal power development, a closer look at the visual and spatial components to 
landscape, and the specific landscape components selected for this assessment. The third 
chapter provides a description of the case study area (Hellisheiði), an overview of the 
area’s environmental monitoring/mitigation measures, and its current protection status. 
Chapter four outlines the methodology of the proposed assessment system in this thesis 
including the following sub-chapters: (a) pre-assessment information, (b) rating scale, (c) 
ArcGIS analysis, (d) assessment criteria, and (e) Nesjavellir comparison. Chapter five 
shows the results of the methodology’s mapping and rating assessment applied to the 
Hellisheiði case study area. An application of the methodology to the Nesjavellir Power 
Plant is also conducted for comparison purposes. Lastly, chapter six provides a discussion 
on the results, data errors, further considerations, and concluding remarks.   
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2 Theoretical Background 

2.1 Protection Status of Geothermal Fields in 
Iceland 

2.1.1 Icelandic Legislation 

Geothermal fields, their reservoirs, and surface features have fairly loose supervision and 
management regulations in Iceland. This seems to be the case because either protection is 
not for the whole geothermal field itself (only certain features of the field) or that its 
protection status is ephemeral and contingent on certain factors. That having been said, 
geothermal fields seem to have at least some sort of protection consideration under three 
authoritative bodies.  

Iceland Nature Conservation Act (44/1999)  

Chapter 5 (Landscape Conservation), Article 37 (Special Protection) deems certain 
landscape types ‘shall enjoy special protection and their disturbances shall be avoided if at 
all possible’ (Ministry for the Environment, n.d.). One of these landscape types is ‘hot 
springs and other thermal sources, as well as surficial geothermal deposits (sinter and 
travertine), 100 m2 or more in area’ (Ministry for the Environment, n.d.). This phrasing is 
vague and may not necessarily incorporate all aspects and features that make up a 
geothermal field, depending on the interpretation of the policy-maker or other stakeholder, 
which may greatly affect the extent and impact of development projects. Chapter 7 
(Protected Sites of Natural Interest), Article 50 (Classifications of Protected Sites of 
Natural Interests) lists several site types that are given automatic protection, though 
geothermal fields are not necessarily included as one of these sites. Instead, a certain 
procedure, as outlined in the Act (Chapter 7, Articles 58-60), must be undertaken for a 
potential site (like a geothermal field) to be deemed ‘protected’. The protection terms of a 
potential site are drafted by the Nature Conservation Agency, presented to the landowners, 
local authorities, and any other relevant stakeholders, agreed upon, and then presented to 
the Minister for the Environment for final approval (Ministry for the Environment, n.d.).  

IUCN Protected Areas Categories System  

The International Union for Conservation of Nature (IUCN), amongst other roles and 
responsibilities, provides an internationally recognized classification system for managing 
areas based on their level of protection (Hallanaro & Pylvänäinen, 2001). Though there is 
no mandate that legally requires its implementation on a national level, it is increasingly 
being used by national governments as a standard for defining and protecting certain areas. 
The IUCN categories are as follows, listed in order from most to least strict protection 
status: 
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• Strict Nature Reserve (Ia) 
 

• Wilderness Area (Ib) 
 

• National Park (II) 
 

• National Monument or Feature (III) 
 

• Habitat/Species Management Area (IV) 
 

• Protected Landscape/Seascape (V) 
 

• Protected Area with Sustainable Use of Natural Resources (VI) 
 

Iceland has used this classification system in some capacity with around 10,000 km2 of the 
country’s land falling under one of the categories, mainly that of category V (Hallanaro & 
Pylvänäinen, 2001). The interpretation and implementation of this system is mandated by 
the Icelandic Environment Agency (under auspices of the Ministry for the Environment), 
and its respective categories are as follows: National Parks, Nature Reserve, Natural 
Monument, Habitat Protection Area, Country Park (The Environment Agency of Iceland, 
n.d.a). It is not explicit, though, that HT fields are considered protected under any of these 
categories.  

Icelandic Master Plan (Rammaáætlun um verndun og nýtingu náttúrusvæða )  

In 1997 the Icelandic government published a white paper in response to the increased 
electricity demand for heavy industry as well as the realization that energy utilization 
needed to incorporate a wide range of interests and stakeholders (Steingrímsson, 
Björnsson, & Adalsteinsson, 2007). The first phase (1999-2003) of the Master Plan for the 
Utilization of Hydropower and Geothermal Energy was then initiated in order to outline a 
long-term energy strategy. The goal was to evaluate and prioritize potential hydropower 
and geothermal energy projects/sites based on their energy/economic potential as well as 
the value of their natural environment and cultural heritage and impact on the Icelandic 
environment, society, and culture (Steingrímsson et al., 2007). The Plan’s second phase 
(2004-2010) added the step of placing each potential energy site into one of three 
categories based on its rating: ‘Protected’, ‘Further Consideration’, or ‘Utilization’. Now in 
its third phase of site evaluation and re-evaluation (2014-2017), the current steering 
committee will be mainly looking to provide more clarity on the energy sites from the 
second phase which needed further consideration and also consider development proposals 
in new energy areas. All categorized sites (including the ‘Protected’ sites) now have legal 
status under the Act for the Master Plan for the Utilization and Protection of Energy 
Resources no. 48/2011, which established its legal framework as of May 2011 (Ketilsson 
et al., 2015). According to this Act, the Minister for the Environment shall do the 
following:  

...In co-operation with the Minister of Industry, at least every four years, propose a Master 
Plan to the Parliament. After the confirmation of the Parliament, the Master Plan is valid and 
binding for all parties for up to four years, unless the Parliament changes its resolution. 
(Ketilsson et al., 2015, p. 6) 
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Additional Legislation 

However directly or indirectly, there are a series of Icelandic laws that affect the land, 
resources, and overall use in and around geothermal fields. A short list of each law and 
brief description of how they relate to the management of geothermal fields is provided 
below (Table 2.1). 

 

Table 2.1 Short list of legislation in Iceland directly or indirectly impacting geothermal 
fields including a brief description of its connection to environmental or social factors. 

Icelandic Legislation Title Reference No. Brief Description 

Act for the Master Plan for the 
Utilization and Protection of 
Energy Resources 

48/2011 

Provides legal framework for the evaluation of 
potential energy sites based on environmental, 
cultural/social, and economic considerations 
(Ketilsson et al., 2015). 

Energy Act/Electricity Act 65/2003 

Requires developers who are planning to produce 
more than 1 MW of electrical power to apply for 
an operation permit (Andrésdóttir, Sigurdsson, & 
Gunnarsson, 2003). Requires 'a power plant 
license…in order to build and operate a power 
plant. On-site monitoring at the power plant, 
quality of electricity, security of supply of 
electricity and accounting…' should be in 
accordance with the Act (Ketilsson et al., 2015, 
10).  

Environment Impact 
Assessment (EIA) Act  

63/1993, 
106/2000, 
74/2005, 
123/2014 

Qualifying development projects, including all 
geothermal power stations with 'a heat output of 
50 MW or more…' or '…electricity output of 10 
MW or more…' require an EIA report before the 
development permit can be given (Alþingi, 
2015). An EIA report is also required if the 
project 'may have significant effects on the 
environment' (Andrésdóttir et al., 2003, p. 34) 

Hygienic and Pollution Act  7/1998 

The Act 'divides Iceland into 10 regulatory zones 
and each zone has one committee. The operation 
licenses for power plants are issued by these 
health committees. The objective…is to prevent 
pollution from e.g. run-off water and to promote 
a clean environment' (Ketilsson et al., 2015, p. 9).  

Icelandic National Renewable 
Energy Action Plan (2012) 

In accordance 
with EU Directive 
2009/28/EC 

Outlines energy strategy (including geothermal 
utilization) based on 2020 energy goals. 
Electricity generation from geothermal sources is 
expected to increase 12% by 2020, and district 
heating from geothermal resources is expected to 
increase by 20% by 2020 (Ketilsson et al., 2015). 
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National Heritage Act 107/2001, 
80/2012 

Calls for the protection and safeguarding of 
Iceland's cultural heritage. The Act's main goals 
were used as one of the criteria for Work Group I 
of Phase II of the Master Plan for determining 
impact size (including HT fields) based on the 
degree to which any development would inhibit 
those goals (Thórhallsdóttir, 2007b).  

Nature 
Conservation/Protection Act 44/1999 

Reflects the aims of official environmental 
considerations in Iceland including geothermal 
projects- to 'regulate the interaction of man with 
his environment so that it harms neither the 
biosphere nor the geosphere, nor pollutes the air, 
sea or water' (Ketilsson et al., 2015, p. 9). Special 
protection is given to certain landscape types and 
habitats including 'hot springs and other thermal 
sources, as well as surficial geothermal deposits 
(sinter and travertine), 100 m2 or more in area' 
(Ministry for the Environment, n.d., Article 37). 

Official Monitoring Act 27/1999 

Ensures 'that official monitoring rules promote 
the welfare of the Nation, safety and public 
health, safety of property, environmental 
protection, normal business practices and 
consumer protection' (Ketilsson et al., 2015, p. 
10). All monitoring rules should be reevaluated 
every five years to ensure current and relevant 
monitoring needs based on any changes in 
operation (Steinsdóttir, 2009). 

Icelandic Planning Act  123/2010 

Under Article 27, projects must be in accordance 
with development plans 
(municipal/regional/local) and EIA decisions in 
order to receive development permit if there will 
be any 'effect on the environment and change its 
appearance, alteration of land by changing its 
soil, or the removal of material' 
(Skipulagsstofnun, n.d.a, p. 17). Permit expires if 
work has not started within 12 months of permit 
being issued. 

Research and Use of 
Underground Resources 
Act/Survey and Utilization of 
Ground Resources Act 

57/1998 

Requires developers to apply for exploration and 
utilization permits for drilling in geothermal 
areas (Andrésdóttir et al., 2003). Research and 
utilization of any ground resources including 'any 
element, compound, and energy that can be 
extracted from the earth, whether in solid, liquid 
or gaseous form' (Ketilsson et al., 2015, p. 7-8) 
requires a license for prospecting, even on private 
land, in accordance with Orkustofnun (Ketilsson 
et al., 2015).  

Strategic Environmental 
Assessment (SEA) Act 105/2006 

Requires SEA report for plans, policies, and 
programs to assist in integrating environmental 
considerations in decision-making at the 
strategic, decision-making level 
(Skipulagsstofnun, n.d.b) 
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It is worth briefly discussing the Official Monitoring Act 27/1999, and specifically one of 
its main objectives regarding ‘resource monitoring’. The Act states that for every 
geothermal project, an official monitoring of its utilization, particularly the geothermal 
fluid levels and other reservoir measurements, must be conducted and reported by the 
developer to Orkustofnun annually (Ketilsson et al., 2015). This is done in an effort to 
prevent reservoir depletion and ensure long-term protection of the natural resource 
(Ketilsson et al., 2015). Yet, it is surprising that other specific considerations besides 
reservoir fluids are not necessarily included and not explicitly stated in this Act, such as 
visual impact, vegetation, or landscape fragmentation for example. Regarding specifically 
visual disturbances, their non-inclusion in this Act may speak more towards the fact that 
visual disturbances and landscape perception are difficult to understand and quantify, and 
so may be the reason why there is no explicit mentioning of a required monitoring system 
for this disturbance. But, as is emphasized in this thesis, the lack of consideration should 
yield even more reason to institute a monitoring system for the visual impact of geothermal 
power plants. Whether visual character is weighted differently than geothermal fluid 
extraction and the other currently monitored information in terms of its overall value, the 
visual and spatial character of landscape still falls within the confines of the Act as a part 
of the ‘natural resource’ that should be ‘protected and maintained for next generations’ 
(Ketilsson et al., 2015, p. 9); ‘To protect the environment’ (Ketilsson et al., 2015, p. 9) is 
also one of the three main pillars of official monitoring under the Act for geothermal 
power plant projects. This consideration is not meant to disregard the need or importance 
of reservoir monitoring as this is a critical component for long-term resource use, but it is 
merely to suggest that visual disturbance monitoring should also be given consideration 
within this Act in some capacity. It is the responsibility of the power plant owner to 
conduct monitoring projects prescribed by the Environmental Impact Assessment (EIA) 
Report. But these monitoring projects are determined before the project would even be in 
operation and based on predicted impacts. It seems that there should be an additional 
monitoring plan (possibly outlined within the Official Monitoring Act), or at least a general 
framework, that is designed and implemented during plant operation to monitor current 
impacts.  

Also, Ketilsson et al. (2015) states that ‘Orkustofnun has the responsibility to monitor 
geothermal areas being researched or utilized, according to the Resource Act’ (p. 9). It is 
worth considering that this monitoring responsibility be merged with that of the power 
plant owner’s own monitoring systems as laid out in the EIA report. In fact, paragraph 4 in 
article 9 of the Official Monitoring Act calls for the ‘monitoring authorities to be 
harmonized and the monitoring implemented by one and the same party to the greatest 
possible extent’ (Ketilsson et al., 2015, p. 11). Indeed, the law is even suggesting merging 
responsibilities. It might be possible, then, to have one comprehensive monitoring system 
(with visual/spatial impact monitoring potentially added) where oversight is consolidated. 

2.2 Environmental Impacts from the Utilization 
of Geothermal Fields 

2.2.1 Introduction 

Geothermal energy utilization has been ‘generally accepted as being a…benign energy 
source’ (Hunt, 2001, p. 9), and the environmental and social impacts of this production in 
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HT fields have been viewed as relatively negligible compared to other sources of energy, 
specifically fossil fuels (Hunt, 2001; Armannsson & Kristmannsdottir, 1992). Though this 
may be valid, there is an inherent deficiency in this somewhat misguided comparison, 
which is the belief that the mitigation of these impacts may not deserve the same attention 
as the mitigation of impacts of other energy sources. With the rapidly-growing interest in 
geothermal utilization amongst many countries throughout the world in terms of energy 
use and potential and specifically the predicted significant increase of the continued use of 
the resource in Iceland (Ketilsson et al., 2015), there is a need, now more than ever, to 
heighten the awareness of these negative consequences and consolidate realistic efforts 
towards their reduction. Since the environmental effects are quite broad, the following 
discussion will focus on the most significant and relevant impacts for Iceland (using New 
Zealand to help emphasize some of these impacts), acknowledging that there may be other 
impacts not mentioned.   

2.2.2 Lessons from New Zealand 

New Zealand has seen some of the most damaging environmental effects of geothermal 
power utilization, so it is worth a brief discussion before turning to Iceland’s status. It 
should also be noted that most of the significant changes occurred prior to 1990, before the 
implementation of the country’s Resource Management Act (RMA) of 1991, which may 
speak to the credibility of this piece of legislation and other New Zealand legislation 
regarding geothermal supervision (Dickie & Luketina, 2005).   

Geothermal energy accounts for about 13% of New Zealand’s total electricity supply with 
the Waikato Region specifically containing the country’s most fruitful geothermal energy 
resource, providing 90% of the total country’s geothermal energy from its five power 
stations (Dickie & Luketina, 2005). Due to exploitation of the Wairakei Power Station (and 
other neighboring power stations), the geothermal system has seen a lowering of 
approximately 200 m in ground water levels and land subsidence effects of more than 15 m 
(Dickie & Luketina, 2005). Keam, Luketina, and Pipe (2005) also recount some of the 
effects of this utilization: 

All the geysers in Geyser Valley, Wairakei, and the Spa, Tauhara ceased action following the 
establishment of the Wairakei geothermal power station in the 1950s. The formation of Lake 
Ohakuri in 1961 drowned 50% of the surface features at Orakeikorako including 70 geysers. 
By 1980 the proliferation of shallow geothermal bores for domestic use in Rotorua city 
affected the Whakarewarewa geysers, a premier tourist attraction. (p. 1) 

Though greater knowledge and more baseline data have been collected in recent years, 
there is still limited predictability in resource changes due to geothermal utilization: 

The time lag between an activity taking place and any noticeable degradation of the resource 
can vary from seconds to decades. There is little historical evidence of surface features being 
able to be re-established once damaged. Instead, new flow regimes occur and introduced 
plants and animals invade the modified habitats. Where new surface outflows occur, existing 
land use tends to prevent or retard the establishment of new geothermal ecosystems. As a 
result, natural geothermal ecosystems are extremely rare. (Dickie & Luketina, 2005, p. 3) 

Management of these resources in New Zealand is certainly an ongoing challenge. For 
instance, certain natural surface features of geothermal resources, specifically geysers and 
sinter springs, require a consistent outflow of ‘mineralized hot liquid’ (Dickie & Luketina, 
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2005, p. 3). Yet, this outflow becomes significantly restrained and reduced with artificial 
extraction from the same reservoir, thus reducing and/or completely extinguishing these 
surface features. At the same time, certain other features such as steam vents and mud 
pools do not necessarily require this consistent outflow, so they can still remain present 
even during power plant extraction. It should also be noted that the deterioration of one 
feature cannot necessarily be mitigated by the preservation or enrichment of another 
feature. This leads to difficulty as to how to regulate production and prioritize geothermal 
system features.  

In his report regarding the geodiversity of geothermal fields in New Zealand’s Taupo 
Volcanic Zone (TVZ), Cody (2007) discusses the geothermal features that are most 
sensitive to energy utilization and subject to change: geyser presence, flowing/boiling 
alkaline-chloride springs, and silica sinter deposits. Energy and fluid extraction from the 
reservoir causes a drawdown or a decrease in its water level, which creates a two-pronged 
effect: pressure drop causing boiling at the top of the reservoir and decreased hot water 
flowing to the surface. Increased amounts of steam and other gases then flow to the 
surface, which can destroy chloride water springs and their features. It is also possible for 
hydrothermal eruptions to flare-up as a result of these alterations: 

Geysers typically operate at very low pressures…therefore, a pressure fall of a few KPa may 
be sufficient to permanently stop boiling from ever commencing at the critical depth where a 
stored chamber of water underneath a geyser can be induced to boil and erupt. (Cody, 2007, 
p. 22)  

Alkaline springs and sinter deposits can also be inhibited and destroyed due to this same 
reservoir pressure drop. 

Geothermal wastewater itself produces its own set of environmental concerns whether it is 
discharged into a wastewater pond or reinjected back into the ground in an effort to re-
charge the reservoir system. The creation of a wastewater pond has seen increases in 
concentrated solid content (mercury, arsenic, boron) within surface water systems (i.e. 
rivers, etc…), and in groundwater, including potential drinking water as well as an increase 
in water temperature (Dickie & Luketina, 2005). A much more common practice in recent 
years has been the reinjection of wastewater back into the reservoir, though this has seen 
its negative effects as well, including increased seismic activity and reservoir cooling 
(Dickie & Luketina, 2005).  

2.2.3 Iceland Environmental Impacts 

Iceland has experienced similar environmental effects caused by geothermal utilization as 
seen in New Zealand including ‘scenery spoliation, soil disturbance, noise, visual and heat 
pollution’ (Arnórsson et al., 2008, p. 296). Increased amounts of air pollutants such as 
hydrogen sulphide (H2S) and carbon dioxide (CO2) also accompany geothermal utilization. 
Levels of H2S during operation are typically 0–0.5 ppm (Gunnlaugsson, Leifsson, 
Hrólfsson, & Geirsson, 2010). The hydrogen sulphide smell is noticeable by humans at a 
concentration of about 0.3 ppm (Baba, 2003). In response to the negative effects of 
geothermal emissions, ongoing research projects at the Hellisheiði Power Plant known as 
the SulFix and CarbFix Projects are currently experimenting with the reinjection and 
sequestration of both emissions (H2S and CO2 respectively) to help mitigate this particular 
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impact (Aradóttir, Gunnarsson, Sigfússon, Gunnarsson, Júlíusson, Gunnlaugsson, & 
Sonnenthal, 2014).  

In Kristindóttir’s (2012) thesis project, which was part of the larger Externalities project 
regarding estimating external costs from geothermal power projects, an analysis of land 
quality changes in the Hengill geothermal area showed that the Hellisheiði Power Plant 
had a significant impact on the surrounding species richness, vegetation quality, and 
overall land quality. ‘Moss damage was apparent in a radius up to 700 m from Hellisheiði 
Power Plant in the prevailing wind direction’ (Kristinsdóttir, 2012, p. 21). Her results 
revealed a connection between the H2S emissions and the vegetation damage. Kristinsdóttir 
(2012) also found that the Hengill region changed from a CORINE Land Cover (CLC) 
category 322 (Heathland) to 121 (Industry) between the period 2000-2006, and species 
diversity was reduced by 11% due to the construction of Hellisheiði. This 11% change was 
compared to 24 other randomly chosen 10 x 10 km grids in Iceland during the same time 
period, and it still showed the biggest reduction in species diversity (Kristinsdóttir, 2012).  

As was mentioned earlier, wastewater discharge into nearby water bodies and groundwater 
resources can also seriously affect the local biota and entire ecosystems by adding excess 
heat to the environment. Lake Þingvallavatn, about 6 km from the Nesjavellir Power Plant, 
saw an increase in water temperature from about 4°C (the normal water temperature) to 20-
26°C in localized samplings after production began at the plant and wastewater was 
discharged into the lake (Baba, 2003).  

Both Kristmannsdóttir and Ármannsson (2003) and Gunnlaugsson et al. (2010) 
acknowledge the visual impact and scenic quality disturbance caused by geothermal 
development, referring specifically to the steam plumes and the core plant features (road 
system, powerhouses, pipelines, boreholes, etc...). Yet, both sources also recognize the 
subjective nature of this disturbance- whether the plant’s visual and spatial presence is 
positive or negative. In fact, it is argued that in some cases, tourism can be integrated with 
this utilization and may promote a positive attitude regarding geothermal development’s 
visual qualities (Kristmannsdóttir & Ármannsson, 2003; Gunnlaugsson et al., 2010). As 
this particular disturbance becomes more of a social issue and one influencing tourism, a 
more strategic effort should be made by geothermal developers and monitors to appeal to 
the public and other relevant stakeholders to encourage appropriate discourse on the 
matter.   

Baba (2003), in his report for the Geothermal Training Program at the United Nations 
University, notes the increasing concern of geothermal development effects on the 
environment and society, and by not giving them the attention they deserve, that ‘it may 
lead to a loss of confidence in that industry by the public as well as by regulatory, and 
financial sectors’ (p. 94).  
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2.3 Concerning the Visual and Spatial Landscape 
Character 

2.3.1 Subjectivity vs. Objectivity 

The classification and evaluation of landscape has been a highly-debated and complex 
issue especially for straddling the fine line between a subjective and objective 
phenomenon. Brabyn (2009) states that ‘the classification of landscapes is complicated by 
the fact that it involves both human perception and physical reality’ (p. 300). It is first 
worth briefly mentioning the difference between a landscape classification and a landscape 
evaluation to help clarify some of the further discussion. Previous research on this subject 
including Brabyn (2009) grapples with this important distinction. Landscape classification 
provides an objective description without any kind of valuation system- the basis for a 
consistent framework allowing for easy communication about landscape features (Brabyn, 
2009). Harvey (1969) understands classification to be ‘the basic procedure by which we 
impose some sort of order and coherence upon the vast inflow of information from the real 
world’ (as cited in Brabyn, 2009, p. 302). Brabyn splits the classification process into two 
phases, firstly, identifying classes/setting the guidelines that define these classes and, 
secondly, applying the guidelines to the classes. Landscape evaluation, on the other hand, 
is a quality assessment or valuation typically based on the landscape features used in the 
classification (Kaplan & Kaplan, 1989).  

This having been said, it should not be assumed that the classification process is purely an 
objective process. The process of selecting which classes/features of the visual landscape 
will be used in the classification system can be a subjective process in itself as it may not 
always be agreed upon as to which classes/features are the most relevant (Kaplan & 
Kaplan, 1989). This complexity is an inevitable reality and must be respected for as long as 
humans maintain personal preference when it comes to perceiving landscapes. 

Landscapes can be reduced to a merging of subjective and objective qualities and, in a 
sense, create a third way of understanding them as suggested by Dakin (2003) who alludes 
to the fact that landscapes are not reducible to either strictly social or physical traits, but 
rather involving a necessary mixture of the two. This fusion is described by Jones (1991) 
as the ‘elusive reality of landscape’ (p. 229) and that the ‘lack of recognition that 
landscapes are of a physical reality and a social or cultural construct has led to an 
“academic battlefield” with different disciplines and schools concentrating exclusively on 
either the physical landscapes or on the observer’ (as cited in Brabyn, 2009, p. 300).  

It is worth noting one of the more successful implementations of this integration between 
subjective and objective landscape considerations. Scotland’s Landscape Character 
Assessment (LCA) functions as the country’s main authoritative tome for not only 
classifying landscapes but also helping to inform land-use decision-making (Swanwick, 
2002). It is an unprecedented guideline and methodology in many fashions, upholding the 
basic principle that ‘landscape is about the relationship between people and place’ and 
‘...provides the setting for our day-to-day lives’ (Swanwick, 2002, p. 2). In other words, 
landscape has a wider initiative of improving quality of life and must be understood as a 
human and societal concern. Public participation and various stakeholder input is also 
well-integrated throughout the landscape characterization and judgment processes, 
encouraging a somewhat ‘bottom-up’ approach to policymaking. Though not without its 
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flaws, the LCA remains an impressive model for future landscape classifications and 
evaluations.  

Though landscape aesthetics is a larger discussion beyond the scope of this research, it is 
interesting to at least mention a couple of theories that seem to explain humans’ tendencies 
to favor certain landscape types over others. Tveit, Ode, and Fry (2006) explores this 
concept and notes that landscape preference is typically ascribed to evolutionary or cultural 
factors. The evolutionary theory says that humans tend to favor landscapes offering certain 
natural conditions that support our biological survival (Kaplan & Kaplan, 1989). This can 
be further explained by Appleton’s (1975) prospect-refuge theory, which acknowledges 
that humans have found themselves in both a predator and prey role, at times seeking the 
next source of food or other ‘prospects’ for survival, and at other times seeking refuge 
from predators or other environmental conditions (as cited in Tveit et al., 2006). In 
contrast, the cultural preference theory suggests a more observer-oriented preference, 
stating that humans favor landscapes based on more cultural, personal, and experiential 
grounds. This theory can be further explained by Tuan’s (1974) topophilia hypothesis 
noting that this preference originates out of individual human characteristics such as 
gender and personal hobbies, Carlson’s (2001) ecological aesthetic that associates 
preference with environmental ethics, and Bell (1999) who discusses the formal aesthetic 
where experts or connoisseurs trained in aesthetic philosophy and theory are deemed 
equipped to judge what is indeed visually preferred (as cited in Tveit et al., 2006).   

Regardless of how exhaustive this deliberation can be over how to interpret landscape, it is 
a necessary conversation to have in order to help explain landscape preference and support 
reasoning for selecting certain visual/spatial landscape components over others to be 
included in classification and evaluation systems.     

2.3.2 Visual Landscape Components 

Despite the purpose or use of the classification and evaluation systems, it is critical that 
landscape always remains at the very least to be a visual phenomenon (Brabyn, 2009). The 
complexities of the subjectivity/objectivity debate are inevitable, though it is still vital to at 
least make thoughtful attempts at identifying components of the visual and spatial nature of 
the landscape. Tveit et al. (2006) stresses this process is ‘urgently required if we are to be 
able to compare different landscapes or the same landscape over time’ (p. 229). Her 
research provides a helpful breakdown of visual and spatial landscape components, which 
can be used for further classification and evaluation analyses. Admittedly, these 
components are by no means a definitive list and are only those supported by previous 
landscape research and that can help provide a theoretical justification for their use in 
visual/spatial landscape assessments (Tveit et al., 2006). Nine visual and associative 
components of landscape are identified: stewardship, coherence, disturbance, historicity, 
visual scale, imageability, complexity, naturalness, and ephemera. The ‘disturbance’ 
component is of particular interest, especially as it relates to the proposed assessment in 
this study and involves the contrast between natural and anthropogenic features in the 
landscape. ‘Visual disturbance is mostly created by man-made elements that have a 
disruptive effect due to their size, incongruous style or lack of integration in a specific 
context’ (Tveit et al., 2006, p. 240), though it can be seen as any kind of complete variance 
with the natural form, shape, pattern, or scale of the land. Another way of understanding 
‘disturbance’ is its stark contrast to another one of Tveit et al.’s (2006) landscape 
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components, coherence, which is described as the ability to feel harmonious and a sense of 
order amongst a scene of consistent patterns, shapes, and colors.    

Ode, Hagerhall, and Sang (2010) focuses on the concept of complexity, which happens to 
be one of the nine landscape components identified by Tveit et al. (2006). Complexity is 
described as being the bridging indicator amongst disciplines, that is, the way to potentially 
bring together the physical, objective analysis and the conceptual, perception-based 
analysis of landscapes (Ode et al., 2010). It is broken down into three categories: 
‘Distribution of landscape elements’ (i.e. how much variation and diversity exists in a 
particular view), ‘spatial organization of patterns’ (i.e. how the elements are arranged), and 
‘variation and shape of elements and patterns’ (Ode et al., 2010, p. 114-116). The 
description of ‘Spatial organization of patterns’ highlights another interesting relationship 
between ‘complexity’ and ‘coherence’ (mentioned above), which is that high complexity 
does not necessarily assume low coherence. In other words, just because there is a high 
level of arrangement and spatial variation of different elements in the landscape 
(vegetation types, colors, etc...), it does not mean that one cannot be oriented and feel a 
sense of order, and thus, prefer the landscape. Kaplan & Kaplan (1989) also suggests that 
this spatial arrangement will affect preference because of one’s ability to be functional in 
that setting. The other variable or definition of complexity, ‘Variation and shape of 
elements and patterns’, seems to be slightly easier to evaluate as it can be monitored using 
patch size and the number of patches in the landscape (Ode et al., 2010). Fragmentation, or 
the number of patches created from anthropogenic features, will be discussed in more 
depth below as it is one of the six landscape criteria used in this study. 

Another landscape component common to the visual and spatial landscape theory 
discussion is ‘spaciousness’ as highlighted in Palmer and Lankhorst (1998). One of the 
national goals of the Dutch landscape policy is to maintain the land’s identity and quality, 
and towards this effort, the concept of spaciousness was recognized as one of the central 
characteristics of Dutch landscape identity. Spaciousness was then monitored and 
evaluated using a Geographical Information System (GIS)-based model (Palmer & 
Lankhorst, 1998). The quantitative model measured the openness or enclosure of certain 
landscape study areas based on how populated the area was with such objects as buildings 
and trees. One of the conclusions from the study noted that ‘it is possible to predict 
landscape spaciousness using measurements of the area occupied by landscape objects’ 
(Palmer & Lankhorst, 1998, p. 75).  

Spatial character in general is recognized as one of the major aspects of landscape quality 
and also one to be severely affected by future social trends (land use, increased 
transportation, settlement/living standards and preferences) (Palmer & Lankhorst, 1998). 
Similarly, the trend of continued geothermal power utilization and expansion as seen in 
Iceland will also have an affect on the landscape’s spatial character, and supports the need 
for an impact assessment and monitoring system such as the one being proposed in this 
study. 

2.3.3 Assessing the Visual Impacts of Geothermal Power Plants 

As the literature suggests, there is a wide variety of ways to understand the visual 
components of landscape, whether it is meant to help make sense of our aesthetic 
experience or to design a more formal classification system of its features (whether of 
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subjective origin, objective origin, or a combination of both). What does seem to be a 
reoccurring theme, though, is the clash of anthropogenic/man-made features and natural 
landscape features, especially when dealing with the unusual and almost contradictory 
landscapes of Iceland that make them so distinguished from others throughout the world. 

The components of geothermal power plants are, of course, no different when it comes to 
this anthropogenic-natural feature clash. This is especially true since, as already 
mentioned, the most productive regions for geothermal power production in Iceland are the 
geothermal fields found along the North American and Eurasian plate boundary 
(Arnórsson et al., 2008). Most of this boundary, and thus a majority of the HT fields, lie 
within the untouched and uninhabited areas of the Highlands, which are known and valued 
for their unique wilderness landscapes. So when anthropogenic features (in this case, 
physical components of a geothermal power plant) are placed within a landscape so 
distinct as the Icelandic Highlands, its contrast resonates with that much more intensity.  

This study separates the geothermal power plant into eight components: (a) pipelines, (b) 
drill pads (including production/re-injection wells), (c) core plant infrastructure (including 
most main buildings- steam separators, powerhouses, cooling towers, maintenance and 
valve sheds, water tanks, pumping stations, pressure regulators and emergency exhaust 
chimneys), (d) road system, (e) transmission lines, (f) outdoor storage/supply areas, (g) 
mines, and (h) wastewater ponds. All of these components that make up the power plant as 
a whole have their impacts on the visual and spatial qualities of the landscape such as the 
created lines and patterns (leading to fragmentation) and the amount of surface area it 
consumes.  

Understanding and evaluating some of the environmental disturbances in utilized HT 
geothermal fields can become a nebulous and complex process, especially when it comes 
to the assessment of visual impacts. This being said, proof of its inherent value is 
exemplified in the ongoing attempts of developing a credible methodology. Arriaza, 
Canas-Ortega, Canas-Madueno, & Ruiz-Aviles’s (2004) assessment of rural landscape 
visual quality provides a good introduction and supports the generally accepted notion that 
landscape ‘visual quality…decreases with the growing presence of…man-made elements’ 
(p. 119-120). The visual effect tends to be one of the most notable and controversial 
impacts also as it relates to HT geothermal field development specifically. Rodas (2010) 
supports this very notion in her research comparing two HT geothermal development 
projects along with interviews from four Icelandic field experts concluding that one of the 
most significant social and environmental disturbances is the visual quality due to man-
made structures and road construction. This concern is also stressed in Gunnlaugsson et al. 
(2010) as it relates specifically to the HT region of Hengill in Iceland, identifying visual 
impact as a ‘main public concern regarding geothermal development in [the country]’ (p. 
4) along with groundwater pollution, hydrogen sulfide smell, and the integration of tourism 
with geothermal development.  

In Iceland, as has been mentioned earlier, there are existing systems to help anticipate 
potential impacts (including visual impacts) of power production on HT geothermal fields. 
This seems to have been done nationally in two main forms. Firstly, since the 
Environmental Impact Assessment (EIA) Act was introduced in May of 1994 (Hildén, 
1998), qualifying development projects, including all geothermal power stations with ‘a 
heat output of 50 MW or more…’ or ‘…electricity output of 10 MW or more’ (Alþingi, 
2015, p. 14), require an EIA report before the development permit can be given (Alþingi, 
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2015). The report requires a section on evaluating the potential impacts of the project and 
its alternatives. It also requires a monitoring and mitigation plan during its construction and 
operation. Engineering and consulting firms are typically hired to complete these reports, 
though, as mentioned above, it is the responsibility of the power plant owner (not the 
consulting firm) to implement and manage the monitoring/mitigation plan.  

During the planning stages of certain development projects, some consulting firms have 
designed their own landscape assessment systems in conjunction with in-house landscape 
architects. Vignisdóttir and Brynjólfsdóttir’s (2013) landscape report exemplifies one of 
these attempted assessment systems developed by Icelandic engineering firms (Verkís in 
cooperation with Landsvirkjun, in this case). The potential landscape impacts of the 
proposed Blanda hydropower plant project were analyzed and evaluated. Five selected 
landscape criteria were given a rating to determine which areas had the highest landscape 
value with intentions to inform the decision-making for the project’s design, location, and 
other social/environmental factors (Vignisdóttir & Brynjólfsdóttir, 2013). In general, 
though, landscape assessment and evaluation systems for development and power projects 
such as this one from consultants may still be considered experimental as long as landscape 
considerations remain undervalued in legislation and policymaking.  

The second instance of predicting and evaluating impacts has been in the Master Plan for 
Hydro and Geothermal Energy Resources in Iceland (Rammaáætlun um nýtingu vatnsafls 
og jarðvarma), which began in 1999, and sets out to rate and prioritize potential energy 
sites based on economic, social, and environmental values and impacts (Thórhallsdóttir, 
2007b). Work Group I of the Master Plan, whose focus was the natural environment and 
cultural heritage, used six attributes (including scenic value and land 
continuity/fragmentation) to evaluate five sub-classes (including landscape) 
(Thórhallsdóttir, 2007b). This plan evaluates and prioritizes sites based on potential 
impacts before power plant operation and not current impacts.  

Monitoring systems as well as a better understanding of the visual impacts of HT 
geothermal utilization in Iceland have come into existence in recent years, but formal 
processes to assess and rate these impacts in a credible manner still seem either 
underdeveloped or undervalued and mostly relate to predicted impacts. The creation of an 
assessment and prioritization system for current visual and spatial impacts such as the one 
proposed in this research would be beneficial not only to identify the most spatially-
impacted fields but, more generally, to heighten awareness of landscape value and 
considerations. 

2.4 Visual and Spatial Landscape Criteria Used 
in this Assessment 

This section will introduce and provide theoretical context for the six visual and spatial 
landscape criteria used to evaluate the geothermal power plant (Hellisheiði) in this 
proposed SLIA methodology. The six criteria are as follows: (a) fragmentation, (b) surface 
area, (c) visibility, (d) geothermal sprawl, (e) wilderness area reduction, and (f) 
conservation conflicts. Further details about their specific application to the rating scale 
and the rest of the methodology will be explained in chapter four.  
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2.4.1 Fragmentation 

As alluded to in the previous chapter, the concept of fragmentation certainly has its place 
in the landscape discussion (Ode et al., 2010). It should be noted, though, that landscape 
fragmentation can be understood in multiple ways, typically from either an 
environmental/ecological or visual/aesthetic perspective. Both perspectives will be 
discussed in this section, though only the visual meaning of fragmentation will be applied 
in this methodology.   

Landscape fragmentation can have harmful effects on the ecosystem of a particular area. 
Wald (2012), documenting land use changes of Iceland’s southern lowlands between 1900-
2010, identified several consequences of these land use shifts, one being landscape 
fragmentation. The fragmenting elements Wald used in her analysis to define the resulting 
patches were roads, towns greater than 50 inhabitants, and drainage ditches. Fragmentation 
resulted in negative environmental and ecological consequences such as decreased 
biodiversity, wildlife distribution patterns, and ecosystem functionality. EEA and FOEN 
(2011) states that ‘spatial segregation or fragmentation of landscapes, [is] mainly caused 
by transportation infrastructure, urban sprawl, and intensive agriculture’ (as cited in Wald, 
2012, p. 1). Jaeger et al. (2008) also supports a similar array of ecological consequences 
due to fragmentation and stresses the importance of this landscape factor, arguing for its 
inclusion in the Swiss monitoring system for sustainable development. It presents four 
interpretations of how to define fragmentation, or what is called ‘fragmentation 
geometries’ (FGs). FG 1 is of particular relevance and worth nothing as this category has 
similarities to the way fragmentation will be used in this study. In describing FG 1, ‘only 
anthropogenic elements were taken into account as fragmenting elements, no natural 
elements. Useful for assessing the anthropogenic pressure on the entire landscape; 
appropriate for the assessment of the scenery and the recreational quality’ (Jaeger et al., 
2008, pg. 740). Additionally, this way of classifying fragmentation is particularly useful 
for assessing conservation significance along with EIA and SEA reporting (Jaeger et al., 
2008). Ouyang, Skidmore, Hao, Toxopeus, and Abkar (2009) also exemplifies the use of 
fragmentation through its application on monitoring the spatial-temporal landscape 
changes due to accumulated disturbances from hydroelectric cascade exploitation. It was 
measured using several landscape metrics including patch density (the number of patches 
per 100 hectares), mean patch size, largest patch index, and edge density (Ouyang et al., 
2009). The analysis supports the theory that increased landscape fragmentation and 
specifically patch density results in decreased biodiversity.  

Fragmentation can also create a disturbance to the visual, spatial, and aesthetic qualities of 
the landscape (Wald, 2012; Jaeger et al., 2008). In Palmer’s (2004) paper intended to 
interpret scenic perception on a natural landscape, the results indicated the following:  

...A preference for natural appearing landscapes with a mosaic of open and forested land. 
Preference is for a dominant large patch within a view, rather than a more fragmented 
pattern. In addition, patch edges should be complex, and simple geometric shapes should be 
avoided. (p. 216) 

Palmer (2004) connects fragmentation to coherence (described above) arguing that scenic 
value and aesthetic pleasure seem to be positively correlated with an increase in landscape 
coherence. Fragmentation by definition decreases coherence. Therefore, fragmentation 
would decrease the scenic and aesthetic value (Palmer, 2004). Thórhallsdóttir’s (2007a) 



19 

research and reporting on Iceland’s Master Plan for the Utilization of Hydropower and 
Geothermal Energy shows that geothermal areas in particular have a high impact rating 
when it comes to landscape components including fragmentation and wilderness due to 
geothermal utilization. ‘Most landscape components were heavily impacted by energy 
development, reducing scenic value, fragmenting landscapes and affecting rare landscape 
types’ (Thórhallsdóttir, 2007a, p. 534).     

2.4.2 Surface Area 

It goes without saying that all types of terrestrial energy production types require a certain 
surface area, and geothermal energy production is of course no exception. The core plant 
infrastructure- steam separators, cooling towers, powerhouses, and other additional 
facilities such as maintenance buildings, valve sheds, water tanks, pumping stations, 
pressure regulators and emergency exhaust chimneys- all usually remain relatively 
contained in a common location. The other components of the geothermal plant that are 
typically notorious for taking up more space are the multiple drill pad sites used for drilling 
the production/reinjection wells and then the respective pipelines and road systems needed 
for connection to the core plant infrastructure. DiPippo (1991) discusses the total land and 
surface area amounts typically needed by various types of power plants, and HT 
geothermal energy utilization requirements are relatively modest in comparison to other 
energy production types (Table 2.2). Having said this, Iceland’s relatively large wilderness 
and uninhabited regions in relation to its total surface area may make Iceland a rare case. 
What may be considered a ‘modest’ surface area amount for a power plant in a larger 
country may not be ‘modest’ for Iceland’s small geographical size. In other words, a small 
change in land use can have a big effect on the Icelandic landscape. 

 

Table 2.2 Comparison of land requirements for typical power generation options 
(DiPippo, 1991) 

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 FC-RC Plant (excluding wells) 2,290 

56 MW Geothermal Flash Plant (including wells, pipes, etc…) 7,460 

2,258 MW Coal Plant (including strip mining) 40,000 

670 MW Nuclear Plant (plant site only) 10,000 

47 MW (avg) Solar Thermal Plant (Mojave Desert, CA) 28,000 

10 MW (avg) Solar PV Plant (Southwestern US) 66,000 
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One of Shortall’s (2010) indicators used in her assessment protocol for the sustainability of 
geothermal energy development also revolves around surface area and the land needed for 
additional production. Shortall’s (2010) ENV-LU1 indicator is ‘land area used by energy 
project and infrastructure’ and the target is that ‘additional land area used should not cause 
total land area used by the energy project to exceed the average size of a geothermal plant’ 
(p. 189). According to Renewable Energy Policy Project (n.d.), the average land use for a 
geothermal power plant is one to eight acres/MW (0.004 km2–0.032 km2/MW) (as cited in 
Shortall, 2010, p. 189). A drill site on average spans about 200-2500 m2 (0.002 km2 – 
0.0025 km2) and can be kept on the lower end of this range using directional drilling 
(Shortall, 2010). Though, as estimated in the 2005 EIA report for the expansion of the 
Hellisheiði plant and commented upon in the National Planning Agency’s 
(Skipulagsstofnun) ruling of the expansion, drill pads have been known to be larger, 
averaging around 4,000 m2 for drill pads with one borehole and around 12,000 m2 for drill 
pads containing four boreholes (Orkuveita Reykjavíkur, 2005; Skipulagsstofnun, 2006). 

2.4.3 Visibility 

A viewshed is generally defined ‘as the visible areas from an observation point’ (Ode et 
al., 2010, p. 119). A viewshed analysis will be conducted as part of this methodology to 
determine the amount of the power plant that can be viewed from a pre-defined 
observation location. In Ode’s discussion concerning the landscape component of 
‘complexity’, the use of GIS-based viewshed analysis to monitor the whole of a landscape 
and its particular components can be a useful alternative where either photographs or 
computer representations may fall short. The use of viewsheds can be very helpful in 
defining a visibility area and be a basis for visual quality analysis (p. 119).  

As has been discussed already, there seems to be a general notion of a certain discord when 
anthropogenic features such as those components of a power plant are viewed within a 
natural landscape. This has a certain affect on the visual experience, and aesthetic and 
perception theory research suggest this experience to be a negative one. Sæþórsdóttir 
(2004) supports the notion that less natural infrastructure such as power lines, dams/power 
plants are undesirable, though more integrated infrastructure like mountain huts and 
footpaths are more accepted (as cited in Taylor, 2011). Arriaza et al. (2004) also supports 
this reaction to the presence of ‘negative’ man-made elements (i.e. industries, electric 
power lines, roads).  

2.4.4 Geothermal Sprawl 

Geothermal sprawl is a new term and concept coined for the purpose of this research. Just 
like urban sprawl refers to the outward spreading of a city, geothermal sprawl refers to the 
outward spreading of a geothermal power plant. The technical definition is the linear 
distance between the power plant’s farthest-reaching components (i.e. the largest diameter 
created by the power plant). The physical expansion of a geothermal power plant typically 
arises when there is an increased need for additional production wells to be drilled in order 
to meet production demands for either electricity or hot water. Also, it can sometimes be 
the case that initial geothermal reservoirs tapped for production become inefficient due to 
over-exploitation and depletion of a reservoir (i.e. too much/quick of uptake of geothermal 
fluid) or due to natural hydrological systems changes, which may yield a need to tap into 
other geothermal reservoirs that may be further outside of the initial production and 
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operation site. Any new production wells (and their respective drill pads) must then be 
connected to the steam separator and the powerhouse by additional pipelines. The 
Hellisheiði Power Plant has actually seen this happen as a result of declining output of 
wells (Orka Náttúrunnar, 2014). The neighboring Hverahlíð area to the southeast now has 
several drill pads and production wells drilled with a connecting pipeline (currently under 
construction) to one of the steam separators (Skipulagsstofnun, 2014).   

What can take place then is a series of ‘arms’ that begin reaching outward from the 
immediate production area and expand into surrounding regions. The purpose of 
monitoring this sprawling trend is not to deny the energy requirements of a power plant; 
that additional reservoirs may need to be tapped for productive geothermal steam and 
water (though the necessity for the amount of increased electricity in general and its usage 
is controversial and a debate to be continued outside the scope of this thesis). Instead, the 
goal is to shed light on its potential intrusiveness into more land than was initially planned. 
As will be highlighted below, some of this land may even be wilderness area or protected 
land. Also, additional sprawling lends itself to potentially more visibility, and thus, more 
aesthetic concerns.   

2.4.5 Wilderness Area 

For the purpose of this study, wilderness will be referred to by it’s legal definition under 
Iceland’s Nature Conservation Act 44/1999 as an area ‘at least 25 km2 (10 mi2) or such that 
solitude and nature may be enjoyed without disturbance from man-made structures or 
motorized traffic, lies at a distance of at least five km (three mi) from man-made structures 
including power lines, power stations, reservoirs and roads, and where a direct influence of 
man is absent and nature may develop without stress imposed by human activity’ (Ministry 
for the Environment, n.d.). For simplification purposes, only the five km distance will be 
adhered to in the methodology.  

Ólafsdóttir and Runnström (2011) also use the legal definition of wilderness as a basis for 
their study to map the wilderness quality of Iceland. Two GIS-based analyses were 
conducted (proximity analysis and viewshed analysis) to map wilderness and determine 
which method gives a more accurate and qualitative result in the context of nature-based 
tourism. The proximity analysis relates to distance from anthropogenic features, and its 
results show that 34, 695 km2 (34%) of the surface of Iceland remains a wilderness. The 
viewshed analysis relates to visibility from certain vantage points in the landscape, and its 
results show that 34,161 km2 (33%) of Iceland remains a wilderness (Ólafsdóttir and 
Runnström, 2011). 

Tims (2014) suggests there can be other ways of defining and approaching the concept of 
wilderness besides anthropogenic proximity where a more comprehensive view of 
wilderness can be determined, which includes public geotagged photographs, other 
visibility analyses, and mobile phone coverage.   

Many land management processes and project planning applications can be enhanced with 
the understanding of wilderness concepts, especially as it relates to power development 
(geothermal and hydroelectric) in remote and uninhabited areas of Iceland. As noted in 
Tims (2014), the Kárahnjúkar hydropower project is a good example of the significant 
lowering of wilderness quality and naturalness of the area. The status of rural Iceland and 
specifically the Central Highlands is one of the largest remaining terrestrial wilderness 
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areas in Europe. The concept of wilderness has also shown its value through its inclusion 
as a protected area (category Ib) according to the IUCN classification system (Tims, 2014).  

The Icelandic wilderness holds value not only for its ecological status and rarity in Europe, 
but, as noted by Sæþórsdóttir (2013), it also acts as one of the defining pillars for nature-
based tourism (as cited in Tims, 2014). The importance of pristine and unspoiled areas in 
Iceland and the pressure put on these areas by increased tourism is also acknowledged and 
supported by Taylor (2011) in her research monitoring the change in wilderness from 1936 
to 2010. Therefore, as the demand for power production from heavy industry increases as 
well as the desire to experience Iceland´s untouched nature, so does the need to monitor the 
effects of wilderness, hence, part of the reasoning for its inclusion as one of the six criteria 
in this proposed methodology. 

There is a very peculiar paradox with the interaction between the protection of wilderness 
areas and the increasing nature-based tourism, which is also noted by Taylor (2011). 
Wilderness areas are attracting tourists, so hence the need to preserve and maintain the size 
and quality of wilderness areas, at least for the purposes of the tourism industry (though 
also of course for many other intrinsic and social/environmental reasons). But as the 
tourism increases, so does the human activity and the need for supporting infrastructure, 
thus reducing the size and quality of wilderness areas. In other words, the very thing that 
needs wilderness areas (tourism) is also what is causing its reduction and demise. The issue 
is further complicated by the increased power production and building of geothermal and 
hydroelectric power plants in these deemed wilderness areas, which reverts back again to 
the deliberation as to whether or not energy development can work hand-in-hand and 
positively influence nature-based tourism.  

It is important to note that wilderness being legally defined does not automatically give it 
legal protection status. Taylor (2011) shows in her work that wilderness has declined by 
68% from 1936 to 2010. This reduction is supported by Sæþórsdóttir (2009) who says 
‘during the past decades, access to the interior highlands has gradually increased mainly 
following the power plant constructions that have greatly expanded since the late 1970s, 
subsequently transforming the wilderness areas in Iceland into recreational areas’ (as cited 
in Ólafsdóttir and Runnström, 2011, p. 283). Without any kind of change in legislation 
over protection or conservation status for wilderness areas, Taylor (2011) predicts that 
based on the rate of decline specifically in the past decade (2001-2010), it is possible that 
by 2030, there will be no wilderness area in Iceland.  

As mentioned earlier, Vignisdóttir and Brynjólfsdóttir’s (2013) landscape analysis of the 
impacts of the Blanda hydropower plant project represents one of the attempted landscape 
assessment methodologies. One of the five criteria to assess the landscape value was 
wilderness, amongst others including wetlands/water, outdoor recreation, protection area, 
and the cultural landscape (i.e. areas of cultural, historical significance). Similarly, the 
assessment in this proposed methodology recognizes the importance of wilderness through 
its inclusion as one of the six landscape criteria.  

2.4.6 Conservation Conflicts 

For the purpose of this study, protected areas include those that are defined by the Nature 
Conservation Act 44/1999 as well as what the Environment Agency of Iceland 
(Umhverfisstofnun) considers ‘areas protected according to special acts’, which include 
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water protection areas (The Environment Agency of Iceland, n.d.a). Figure 2.1 shows the 
protected areas of Iceland according to these definitions. 

 

 

Figure 2.1 Protected areas of Iceland as defined by the Nature Conservation Act 44/1999 
and the Environment Agency of Iceland 

 

Similar to wilderness areas, protection areas can possess a high value that may come from 
such characteristics as its rarity, uniqueness, or sensitive nature from either an 
environmental or social/cultural perspective. A substantial amount of this protected land 
shown in Figure 2.1 lies within the volcanic belt of Iceland along the North American and 
European plate boundary, which, contains more suitable conditions for harnessing 
geothermal energy and thus the potential construction of more geothermal power plants in 
these areas (Gunnlaugsson et al., 2010; Kristinsdóttir, 2012).  

So, with the likelihood of future geothermal development to be in these protected areas, 
there seems to be value in giving attention to just how much land for power plants may 
overlap with protected areas and also considering what is really meant by ‘protection’. As 
alluded to above in chapter two, there exist some vagaries with what may be considered 
‘protected areas’ under Icelandic law and the rigidness of those definitions, especially in 
regards to geothermal field protection. The meaning of ‘special protection’ for certain 
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landscape types as it is stated in Chapter 5, Article 37 of the Nature Conservation Act 
44/1999 is quite nebulous, in particular, the statement saying that ‘disturbances shall be 
avoided if at all possible’. If these ‘disturbances’ are to be clarified in either a project-
based EIA report or policy/plan/program-based Strategic Environmental Assessment 
(SEA) report, then it should be explicitly noted as such in this Article of the Act. Also, 
only certain features of geothermal fields are specified under this ‘special protection’ (hot 
springs, thermal sources, and surficial geothermal deposits- sinter and travertine) (Ministry 
for the Environment, n.d.). This is not necessarily a comprehensive inclusion of all 
geothermal features found in Iceland, which may be problematic as many natural features 
can be directly or indirectly connected to each other. Disturbing one feature that is not 
‘protected’ may disturb another feature that is considered ‘protected’. 
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3 Case Study Area: Hellisheiði 

3.1 Power Plant Overview 

The Hellisheiði Geothermal Power Plant is owned and operated by Orka Náttúrunnar 
(ON), a daughter firm of Reykjavík Energy (Orkuveita Reykjavíkur). It is considered a 
flash steam, combined heat and power (CHP) plant that has been in operation since 2006 
when it began electricity production. Hot water production for district heating began at the 
end of 2010. Its six 45 MWe high-pressure turbines and one 33 MWe low-pressure turbine 
generator units make up its current installed capacity of 303 MWe with 133MWth (planned 
400 MWth) (Hallgrímsdóttir, Ballzus, & Hrólfsson, 2012). Hallgrímsdóttir et al. (2012) and 
Ólafsson (2011) also provide a more detailed and technical overview of the functionality, 
systematic design, and process flow of the power plant itself. Several research and 
consultant groups have worked on various aspects of the planning, construction, operation, 
design, management, and environmental monitoring/reporting of the plant including 
Mannvit (formerly VGK), Verkís, Iceland Geosurvey (ÍSOR), and other partners 
(Ólafsson, 2011). Please refer to Appendix B for a more comprehensive timeline of the 
development, expansion, and environmental reporting related to Hellisheiði.    

3.2 Physical Settings and Location Overview 

The Hellisheiði Power Plant is located within the greater Hengill geothermal field about 30 
km east of the Reykjavík Capital area (Figure 3.1, 3.2, 3.3). Hengill is one of Iceland’s 
largest HT regions with an estimated surface area of about 140 km2 with a predicted 
installed energy capacity of 700 MWe (National Energy Authority, 2010b, as cited in 
Kristinsdóttir, 2012). Such prevalent geothermal activity in the Hengill area is due to its 
central placement within the western volcanic belt on the North American and European 
plate boundary. Volcanic activity along this belt results in magma intrusions allowing for 
higher geothermal activity and harnessing potential (Gunnlaugsson et al., 2010; 
Kristinsdóttir, 2012). Figure 3.4 provides a general representation of this volcanic belt 
running through Iceland and the main HT geothermal fields identified (see Appendix A for 
a more comprehensive listing of current HT fields in Iceland). Within the Hengill region 
exist three volcanic systems and about 11 distinguishable geothermal fields, one of them 
being Hellisheiði. The Nesjavellir field to the north of Hengill is currently the only other 
utilized/developed field in the region, though construction is currently underway to connect 
production wells in the Hverahlíð field to the Hellisheiði plant (Skipulagsstofnun, 2014).  
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Figure 3.1 Location and delineation of the Hellisheiði Case Study Area 

 

 

 

Figure 3.2 Hellisheiði Power Plant (photo credit:  www.flickr.com/photos/thinkgeoenergy) 
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Figure 3.3 The greater Hengill geothermal region (photo credit: www.framtidarlandid.is, 
© Mats Wibe Lund) 

 

 

 

Figure 3.4 Volcanic belt (ORANGE) and Main HT fields of Iceland (image credit: 
Orkustofnun, 2015) 
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Hellisheiði sits right along the heavily-trafficked Route 1 (Þjóðvegur 1) about 30 km east 
of the Capital Area and 16 km northwest of Hveragerði. The land surrounding the 
immediate Hellisheiði construction zone (and the Hengill region in general) is a highly-
valued recreational and hiking area, known for its unique geothermal activity and surface 
features, diverse vegetation, and landscapes. It includes a series of hiking trails that 
crisscross over the entire region. In fact, the Hellisheiði Plant also includes a visitor’s 
center (currently owned and operated by Orkusýn) and was even originally intended to be 
visually distinct and inviting for guests and passersby (Figure 3.5) (Gunnlaugsson et al., 
2010).    
 

 

 

Figure 3.5 Hellisheiði Power Plant Visitor´s Center (photo credit:  www.atlantik.is) 

3.3 Environmental/Social Monitoring and 
Mitigation Measures 

During the preparation, construction, and operation of the Hellisheiði Power Plant, there 
have been various environmental mitigation/monitoring initiatives and plans that have 
either directly or indirectly influenced this HT region. A more comprehensive list of these 
initiatives can be found in Appendix C. Please also refer to Table 1 in Steinsdóttir (2009), 
which provides a very general overview of the public monitoring conducted for Hellisheiði 
(p. 26).   

There do exist some management tools that predict potential environmental impacts of 
Hellisheiði (and other power production projects on HT geothermal fields), one 
management tool being the Environmental Impact Assessment (EIA) Report(s), which 
requires a section on the monitoring and mitigation plans that shall be implemented during 
its construction and operation period. It is important to note again that even though the full 
EIA report (including the outlined monitoring/mitigation plans) is written and proposed by 
the developer or outsourced third party organization or consulting firm (Mannvit, formerly 
VGK, in the case of Hellisheiði), the actual implementation of the plans is the 
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responsibility of the power plant owner (Orkuveita Reykjavíkur in the case of Hellisheiði) 
(A. Andrésdóttir, personal communication, October 22, 2014). One of the mitigation 
initiatives outlined in the original EIA report involved using dirt and other material dug out 
during the construction of Hellisheiði to fill back in volcanic craters that were originally 
scarred in the 1970’s from material (scoria) used to build nearby roads. Archived aerial 
photographs were also used in conjunction with consultation from landscape architects 
(Gunnlaugsson et al., 2010). In general, during the construction period, a conscious effort 
was made to minimize any additional impact on, and scarring of the landscape. The area 
was first outlined delineating the most productive well and fluid supply locations for the 
plant. Then the same area was outlined with locations that had been disturbed by previous 
activity (e.g. old ski resort, road construction). Lastly, the drill sites were located and 
grouped together with these previously disturbed areas to minimize additional landscape 
scarring. Additionally, the use of directional drilling (drilling multiple production wells 
from a single drill site) has helped reduce the amount of land used for the plant 
(Gunnlaugsson et al., 2010).  

3.4 Conservation/Protection Status  

Currently, the immediate Hellisheiði HT geothermal field does not hold any legal 
protection status. The only legally-protected area in the greater Hengill region is the 
northern section that is considered a ‘water protection area’ (Figure 3.6) under ‘areas 
protected according to Special Acts’ as is indicated by the Environment Agency of Iceland 
(n.d.a). The Hengill region as a whole is considered a ‘site of special interest’ (The 
Environment Agency of Iceland, n.d.b). This is merely a declaration of intent for 
protection and does not hold any legal status, though it is the first step towards gaining this 
legal recognition (Thórhallsdóttir, 2007b). During the planning and EIA reporting stages of 
the Hellisheiði plant, several areas were designated as ‘conservation’ zones to be avoided 
during construction, particularly because of certain highly-valued features such as rare 
geological formations, crater rows, historical monuments, and other spots of cultural 
significance (Orkuveita Reykjavíkur, 2005, p. 149-150). These zones also do not hold any 
legal protection status.  
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Figure 3.6 The Hellisheiði study area in proximity to the nearest protection areas as 
defined by the Nature Conservation Act 44/1999 and the Environment Agency of Iceland 
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4 Methodology 
In this section, the proposed Spatial Landscape Impact Assessment (SLIA) methodology 
and general framework is explained and applied to the utilized HT geothermal field of 
Hellisheiði. The outline of the methodology is as follows: 

• Pre-assessment information  
• Rating scale 
• GIS analysis overview 
• Assessment criteria  
• Nesjavellir comparison 

 

4.1 Pre-assessment/Background Information 

Once one of the current geothermal power plants in Iceland was selected for assessment, 
pre-assessment baseline data and background information about the power plant and the 
corresponding HT geothermal field were collected in order to provide a general overview 
of the area and accurately represent the power plant components for the GIS analysis. This 
information included details regarding field conservation/protection status; power plant 
planning, construction, operation, design, management, and environmental 
monitoring/reporting considerations; location of power plant components; the state of the 
field and any disturbances prior to utilization; naturally-occurring geothermal reservoir and 
surface feature changes; aerial photographs and satellite images. Sources for this baseline 
data and background information specifically for Hellishieði included engineering firms 
(Mannvit and Verkís), the respective power plant EIA reports, and current 
monitoring/mitigation reports from the power plant owner (Orka Náttúrunnar/Orkuveita 
Reykjavíkur). A more comprehensive listing of recommended information sources for 
future assessments using this methodology is below: 

• Engineering/Consulting Firms 
• Environment Agency of Iceland (Umhverfisstofnun) 
• Icelandic Environmental Association (Landvernd) 
• Icelandic Forestry Association (Skógræktarfélag Íslands) 
• Icelandic Institute of Natural History (Nattúrufræðistofnun Íslands) 
• Icelandic Master Plan (Rammaáætlun) 
• Loftmyndir ehf. 
• National Energy Authority (Orkustofnun) 
• National Land Survey of Iceland (Landmælingar Íslands) 
• National Planning Agency (Skipulagsstofnun) 
• ON (Orka Náttúrunnar) 
• Reykjavík Energy (Orkuveita Reykjavíkur) 
• Samsýn ehf. 
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4.2 Rating Scale 

The rating scale was based on the same six-point, non-linear scale as Work Group I in the 
Icelandic Master Plan, Phase II. The Phase II rating scale was adjusted from the original 
Phase I scale and meant to allow for better distribution of values and more easily identify 
heavier impacts (Thórhallsdóttir, 2007b). The impact descriptions (‘no impact’, ‘low 
impact’, etc...) were only used in this study to represent the gradation of impact levels and 
not necessarily as a subjective valuation indicator (‘good’ to ‘bad’ or ‘positive’ to 
‘negative’). The ratings and their equivalent impact description are below (Table 4.1). 

 

Table 4.1 Numerical rating scale and respective impact level descriptions based on the 
same rating scale as Work Group I in Phase II of the Icelandic Master Plan 
(Rammaáætlun) 

Numerical Impact Rating Impact Description 
0 No Impact 
1 Low Impact 
4 Some Impact 
8 Significant Impact 

13 High Impact 
20 Very High Impact 

 

Six visual and spatial landscape criteria were selected to be measured and assessed based 
on how they were affected by the Hellisheiði Power Plant: (a) fragmentation, (b) surface 
area, (c) visibility, (d) geothermal sprawl, (e) wilderness area reduction, and (f) 
conservation conflicts. Each of these six assessment criteria was given pre-defined 
measurement ranges that equated to the six numerical ratings on the rating scale (Tables 
4.4, 4.5, 4.6, 4.7, 4.8, 4.9). Each assessment criterion was measured using certain GIS 
analyses (described below), and then, based on which range the resulting measurement fell 
into, each criterion was given the equivalent numerical impact rating (0, 1, 4, 8, 13, or 20). 
All six numerical impact ratings from the corresponding six landscape criteria were then 
added together resulting in the total power plant impact rating known as the SLIA rating. 
The highest possible impact rating for each criterion is 20, so the total SLIA rating is out of 
120.      

4.3 GIS Analysis Overview 

The Hellisheiði Power Plant and the six spatial landscape criteria were measured and 
analyzed using a Geographical Information System (GIS), specifically ArcGIS version 
10.2 from ESRI (ESRI, 1999-2013). All GIS maps in this study were created using this 
software. The geographic coordinate system used is ISN_1993_Lambert_1993, projection 
Lambert_Conformal_Conic. A digital elevation model (DEM) was also imported as a data 
layer used for the visibility analysis. The study area boundary (Figure 3.1) was outlined to 
include all of the power plant components. For more accurate and timely GIS processing, 
this boundary was also designated as its own polygon feature to ‘mask’ or isolate any data 
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layer features that may have covered areas beyond the study area. For instance, the 
imported road system data layer from the National Land Survey of Iceland (NLSI) 
included the road system for the entire country. The processing time needed for any 
analysis done with this entire data layer would be much longer than necessary, so the study 
area polygon was established to contain any GIS processing performed using the road 
system to that which fell within the confines of the polygon. The base layer images used to 
view and identify the Hellisheiði components were aerial photographs from the Loftmyndir 
ehf. database. All components of the power plant were grouped into eight categories; 
manually traced as a polygon, polyline, or point shapefile feature using the Editor tool; and 
then saved as separate data layers in ArcGIS. Figure 4.1 shows the schematic of Hellisheiði 
as a result of the traced components in ArcGIS. Some power plant components had to be 
altered from their original feature type and additional data layers created in order for 
certain assessment criteria GIS analyses to be conducted (Table 4.2). Other data types and 
layers were imported from various sources (Table 4.3) and georeferenced to make sure all 
of the data layers shared the same geographic coordinate reference system.  

 

 

Figure 4.1 Hellisheiði schematic representing the individual power plant components 
recreated and overlaid in ArcGIS 
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Table 4.2 Created data layers along with their original shapefile geometry, GIS analysis 
tools conducted/any data conversion required, and for what assessment criteria the 
analysis tool/data conversion was needed   

Data Layer Original 
Geometry Types 

GIS Data Conversions/Analysis 
Tools Assessment Criteria 

Pipelines Polyline 

Feature to Polygon Fragmentation 

Zonal Geometry Surface Area 

Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 

Drill Pads Polygon 

Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 

Zonal Geometry Surface Area 

Core Plant 
Infrastructure Polygon 

Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 

Zonal Geometry Surface Area 

Road System Polyline 

Feature to Polygon  Fragmentation 

Zonal Geometry Surface Area 

Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 

Main Road- 
Observer 
Location 

Polyline Visibility Analysis Visibility 

Geothermal 
Sprawl Indicators Polyline Measure Geothermal Sprawl 

Geothermal 
Sprawl Points Point n/a Geothermal Sprawl 

Transmission 
Lines Polyline n/a n/a 

Outdoor 
Supply/Storage 
Area 

Polygon 
Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 
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Zonal Geometry Surface Area 

Mines Polygon 

Buffer Wilderness Area Reduction 

Model Builder (Extract by Mask, 
Raster Calculator) Visibility 

Zonal Geometry Surface Area 

Wastewater 
Ponds Polygon n/a n/a 

Hellisheiði Study 
Area Polygon 

Buffer Wilderness Area Reduction 

Model Builder (Clip) Wilderness Area Reduction 

Model Builder (Clip) Conservation Conflicts 

 

 

Table 4.3 Imported Sources and data types used for GIS analysis of the Hellisheiði study 
area 

Data Provider Type of Data Date 

National Land Survey of Iceland (NLSI) 

Digital Elevation Model (DEM) 2014 

Hillshade  2013 

Transportation- Road System 2014 

Protected Areas 2015 

Loftmyndir ehf. 
Aerial Photographs 2014 

Topographical Map 2014 

Ólafsdóttir and Runnström (2011) Wilderness Area 2011 
 

4.4 Assessment Criteria 

As stated above, the following six landscape assessment criteria were selected to evaluate 
the Hellisheiði Power Plant: (a) fragmentation, (b) surface area, (c) visibility, (d) 
geothermal sprawl, (e) wilderness area reduction, and (f) conservation conflicts. The power 
plant itself was broken down into eight components: (a) pipelines, (b) drill pads/boreholes, 
(c) core plant infrastructure (including any steam separators, powerhouses, cooling towers, 
maintenance and valve sheds, water tanks, pumping stations, pressure regulators and 
emergency exhaust chimneys), (d) road system, (e) transmission lines, (f) outdoor 
supply/storage area, (g) mines, and (h) wastewater ponds. All power plant components 
were considered for each assessment criterion analysis with the exception of 
fragmentation, which only used pipelines and the road system as defining features. 
Transmission lines and wastewater ponds were recognized as power plant components but 
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not assessed and scored due to unavailable data at the time of this study. It is also 
important to note that the mines identified for this assessment of Hellisheiði already 
existed before the power plant and are owned and used by the Icelandic Road Authority as 
gravel mines (Björnsson et al., 2010). Each criterion was defined in a way that they could 
be easily measured, interpreted, and reproduced through GIS analysis. 

4.4.1 Fragmentation 

Objective: To determine the number of patches created by dividing elements of the power 
plant.  

Metric: # of patches 

GIS Processing and Analysis 

Dividing elements included the pipelines and road system. Measurements and analyses for 
Hellisheiði were conducted both with and without the inclusion of the proposed Hverahlíð 
pipeline currently under construction. Firstly, the pipeline and road system polyline data 
layers were combined and converted to polygons using the Feature to Polygon data 
management tool. Then the number of polygons (patches) were counted using the attribute 
table to find an aggregate number of patches. This number fell within a patch range that 
equated to a numerical impact rating (Table 4.4). Figure 4.2 shows the lines created by 
both the pipelines and road system within the Hellisheiði study area. 

 

Table 4.4 Rating scale with equivalent measurement ranges for fragmentation 

Numerical Impact Rating Fragmentation Range (# of patches) 
0 0 patches 
1 1 - 74 patches 
4 75 - 99 patches 
8 100 - 124 patches 

13 125 - 149 patches 
20 ≥ 150 patches 
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Figure 4.2 Lines created by the pipelines and road system of Hellisheiði. Both power plant 
components were used as dividing elements to measure fragmentation. The ORANGE lines 
indicate the Hverahlíð pipeline system currently under construction.  

4.4.2 Surface Area 

Objective: To calculate the surface area of the individual components of the power plant 
(pipeline system, drill pads, core plant infrastructure, road system, transmission lines, 
outdoor supply/storage areas, mines, wastewater ponds) in order to determine the total land 
used by the power plant. 

Metric: Square meters (m2) 

GIS Processing and Analysis 

The Zonal Geometry spatial analyst tool was used to calculate the individual power plant 
components (‘input raster or feature’). A one m x one m cell size was used so that cells 
could be simply added together to find surface area without additional calculations. These 
cell counts for each power plant component were then added together to find the total 
surface area for the whole power plant. This number fell within a surface area range that 
equated to a numerical impact rating (Table 4.5). Transmission lines and wastewater ponds 
were omitted from this calculation because their presence at Hellisheiði could not be 
properly identified for this study. Figure 4.3 shows all of the power plant components that 
were used for the surface area calculation.   
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Table 4.5 Rating scale with equivalent measurement ranges for surface area 

Numerical Impact Rating Surface Area Range (m2) 
0 0 m2 

1 1 – 449,000 m2 
4 450,000 – 649,000 m2 
8 650,000 – 849,000 m2 

13 850,000 – 1,049,000 m2 
20 ≥ 1,050,000 m2 

 

 

 

Figure 4.3 Hellisheiði study area showing all power plant components that were measured 
for surface area  

4.4.3 Visibility 

Objective: To determine what parts of the power plant can be viewed from a pre-defined 
section of the main road (i.e. what percentage of surface area of the plant components can 
be viewed from the main road.) 

Metric: % of the power plant visible from the main road 
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GIS Processing and Analysis 

A separate polyline feature was created and drawn to delineate a 10 km section of the main 
road (Þjóðvegur 1 for Hellisheiði) that would represent the ‘observer location’ from which 
the viewshed would be calculated (i.e. what surface could be seen along that section of the 
road) (Figure 4.5). The Visibility spatial analyst tool was then used to calculate the 
viewshed within the landscape from that section of the main road (the input feature layer) 
based on the imported digital elevation model (DEM) showing topography (the input raster 
layer). The average eye-level height of 1.8 meters was also used as an observer parameter 
(‘Observer offset’) to more accurately represent the viewshed (Ólafsdóttir & Runnström, 
2011; Tims, 2014). The results of the visibility analysis grouped cells into visible or non-
visible cells. Figure 5.3 shows all of the visible cells from the visibility analysis results. 
Then, a model builder was created that calculated which cells/parts of each component of 
the power plant overlapped with the visibility cells (i.e. which power plant component cells 
were visible from the main road). An example of the model builder created for the Outdoor 
Supply/Storage Area power plant component is shown in Figure 4.4.  

 

Figure 4.4 Example of the ArcGIS model builder tool used on the power plant component 
Outdoor Supply/Storage Areas to calculate its visibility based on the results of the main 
road (observer location) viewshed results. This model builder was created and processed 
for each of the power plant components.  
 

 

This model builder was created firstly by adding in the desired power plant component 
feature layer ((A) in Figure 4.4) to be analysed. Then the observer location viewshed 
results file was added ((B) in Figure 4.4). Next the Extract by Mask Spatial Analyst tool 
was added ((C) in Figure 4.4). Within this tool, the observer location viewshed results were 
used for the ‘input raster’ field, and the power plant component feature layer was used for 
the ‘feature mask data’ field. The function of this tool is to ‘mask’, or isolate the cells of 
the component that overlap with the cells of the viewshed results. The output/results are 
represented as (D) in Figure 4.4. Then the Raster Calculator spatial analyst tool was added 
to the model builder ((E) in Figure 4.4) in order to show only the visible cells of the power 
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plant component that overlapped with the viewshed results (i.e. all cells with a value of 
‘1’). This was performed within this tool by selecting the Extract by Mask results from the 
‘layers and variables’ field and then selecting the symbol ‘!=’ (‘is not equal to’) along with 
a value of ‘0’. The output/results are represented as (F) in Figure 4.4. The last step to 
complete the model builder was to make sure the cell sizes for both the Extract by Mask 
and Raster Calculator analyses matched the appropriate input cell sizes ((G) in Figure 4.4) 
(The cell size for any converted polyline feature layer should be ‘1’, and the cell size for 
any polygon feature layer should match the cell size for the ‘input raster’- in this case, the 
‘visibility results’, which had a cell size of ’20’). This completed the model builder for one 
power plant component, which was then replicated for each of the remaining components 
and processed. Using the attribute tables from the model builder results, the number of 
visible cells was compared to the total number of cells for that particular power plant 
component. Specifically, the ratio/percentage was found for the visible cells overlapping 
the cells of that power plant component compared to the total number of cells- visible and 
not visible- for that component). This was done for each power plant component (cell 
counts are shown in Table 5.3). Additionally, the cells for all visible and non-visible 
components were added together. Then the total visible cell count was divided by the total 
power plant cell count, which resulted in the total plant visibility percentage. The resulting 
percentage fell within a percentage range that equated to a numerical impact rating (Table 
4.6).   

 
Table 4.6 Rating scale with equivalent measurement ranges for visibility 

Numerical Impact Rating Visibility Area Range (%) 
0 0 % 
1 1 – 32 % 
4 33 – 48 % 
8 49 – 64 % 

13 65 – 80 % 
20 ≥ 81 % 
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Figure 4.5 The main road (Þjóðvegur 1) acting as the observer location for the viewshed 
analysis 

4.4.4 Geothermal Sprawl 

Objective: To determine the extent of expansion of the power plant by measuring the 
linear distance between its farthest-reaching components.  

Metric: meters (m) 

GIS Processing and Analysis 

The greatest linear distance amongst power plant components within the Hellisheiði study 
area was determined firstly by finding four points- the eastern, western, northern, and 
southern-most points of the components within the study area (Figure 4.6). A new 
shapefile was then created as its own polyline feature data layer (‘geothermal sprawl 
indicators) as well as a new point shapefile (‘geothermal sprawl points’). Using the editor 
tool, geothermal sprawl indicators were drawn out from what were identified as the 
eastern, western, northern, and southern-most points. 90 degree lines were drawn in each 
direction for the eastern and western-most points, and 180 degree lines were drawn in each 
direction for the northern and southern-most lines. The two lines from all four points were 
extended long enough in their respective directions so that a square was formed. Then, 
using the Measure tool, the four farthest points of the power plant components from each 
of the respective four points (eastern, western, northern, and southern-most points) were 
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identified. The four resulting distances were drawn using the editor tool. These four 
distances could then be identified and compared within the polyline shapefile attribute 
table. The longest of the four lines was then identified as the geothermal sprawl. This 
distance fell within a geothermal sprawl range that equated to a numerical impact rating 
(Table 4.7).   

 

Table 4.7 Rating scale with equivalent measurement ranges for geothermal sprawl 

Numerical Impact Rating Geothermal Sprawl Range (m) 
0 0 m 
1 1- 5999 m 
4 6000 - 8999 m 
8 9000 - 11999 m 

13 12000 - 14999 m 
20 ≥ 15000 m 

 
 

 

 

Figure 4.6 Hellisheiði study area. The four RED dots representing the eastern, western, 
northern, southern-most points of the power plant 
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4.4.5 Wilderness Area Reduction 

Objective: To determine how much of the legally-defined wilderness area of Iceland is 
reduced due to the geothermal power plant components. 

Metric: Square kilometers (km2) 

GIS Processing and Analysis 

As mentioned earlier, the legal definition of wilderness according to Iceland’s NCA 
44/1999 was used to assess its impact. The imported data layer used for wilderness areas 
was taken from Ólafsdóttir and Runnström (2011) and specifically their results from the 
proximity analysis, which also adhered to similar parameters of Iceland’s legal definition 
of wilderness under the NCA 44/1999. In Ólafsdóttir and Runnström’s (2011) analysis, a 
slight variation of distance buffer zones were created for anthropogenic features broken 
down into three categories: remoteness from mechanized access (five km for major roads 
and collector country roads, three km for highland roads), remoteness from settlement (25 
km for settlements > 100,000 inhabitants; five km for settlements < 100,000 inhabitants, 
industrial/service facilities, and farms/single houses), and apparent naturalness (five km for 
power lines/telecommunication, water/drainage facilities and three km for mountain huts). 
After these buffers were implemented, any remaining land that was also at least 25 km2 in 
size was then represented as the wilderness area. This resulting wilderness map was the 
data layer imported and used for this study (Figure 4.7). Figure 4.8 provides a closer look 
at the wilderness area in proximity to the Hellisheiði study area. 
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Figure 4.7 Wilderness area of Iceland as defined by the proximity analysis results from 
Ólafsdóttir and Runnström (2011) 
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Figure 4.8 The closest designated wilderness area to the Hellisheiði study area 

 

 

A five km buffer radius was added to the perimeter of the Hellisheiði Study Area data layer 
using the Buffer analysis tool in order to represent the five km wilderness distance from all 
of the power plant components. Then a model builder was created to calculate what buffer 
areas of the components overlapped with the wilderness areas (Figure 4.9). This model 
builder was created firstly by adding both the wilderness data layer ((A) in Figure 4.9) and 
the five km buffer results file ((B) in Figure 4.9). Then the Clip analysis tool was added 
((C) in Figure 4.9). Within this tool, the five km buffer results was used for the ‘input 
features’ field and the wilderness data layer for the ‘clip features’ field. The output/results 
are represented as (D) in Figure 4.9. If there was no overlap, then wilderness was not 
affected by the power plant components. If there was indeed overlap, the surface areas of 
any resulting polygons were added together using the attribute tables to find the total 
shared surface area. This shared surface area represents the reduction of wilderness surface 
area caused by the power plant. Its amount would then fall into one of the six wilderness 
area ranges and given the equivalent numerical impact rating (Table 4.8).  
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Table 4.8 Rating scale with equivalent measurement ranges for wilderness area reduction 

Numerical Impact Rating Wilderness Area Reduction Range (km2) 
0 0 km2 

1 0.1 - 1.0 km2 
4 1.1 - 1.5 km2 
8 1.6 - 2.0 km2 

13 2.1 - 2.5 km2 
20 > 2.5 km2 

 

 

 

Figure 4.9 ArcGIS model builder tool used to calculate any overlapping wilderness area 
with the Hellisheiði study area five km buffer radius 

4.4.6 Conservation Conflicts 

Objective: To determine how much of the land used by the geothermal power plant rests 
on protected land.  

Metric: % of the power plant surface area with legal protection status  

GIS Processing and Analysis 

The surface area of the imported protection area data layer from the National Land Survey 
of Iceland (NLSI) was used to compare to the surface area of the power plant components. 
Similar to the wilderness area analysis, another model builder was created that calculated 
what surface areas of the components overlapped with the protection areas (Figure 4.10). 
The model builder was created firstly by adding both the protection area data layer ((A) in 
Figure 4.10) and the Hellisheiði study area data layer ((B) in Figure 4.10). Then the Clip 
analysis tool was added ((C) in Figure 4.10). Within this tool, the Hellisheiði study area 
data layer was used for the ‘input features’ field and the protection data layer for the ‘clip 
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features’ field (It is worth noting that any separate protection area data layers should be 
merged together using the Feature to Polygon data management tool to create one 
consolidated data layer since there can only be one feature used for the ‘input feature’ and 
‘clip feature’. In the case of this study, there were two protection data layers that needed to 
be merged together). The model builder output/results are represented as (D) in Figure 
4.10. If there was no overlap between the two input features, then no surface area of the 
power plant components was shared with the protected areas. If there was indeed overlap, 
the surface areas of any resulting polygons were added together using the attribute tables to 
find the total shared surface area. This shared surface area represents the amount of the 
power plant built on protected land. That resulting measurement would then be calculated 
as a percentage of the total power plant surface area (i.e. ratio of shared surface area to the 
total plant surface area). This percentage would then fall into one of the six protection area 
ranges and given the equivalent numerical impact rating (Table 4.9). 

 

 

Figure 4.10 ArcGIS model builder tool used to calculate any overlapping protection area 
with the Hellisheiði study area 

 

Table 4.9 Rating scale with equivalent measurement ranges for protection area 

Numerical Impact Rating Protection Area Range (%) 
0 0 % 
1 1 – 32 % 
4 33 – 48 % 
8 49 – 64 % 

13 65 – 80 % 
20 ≥ 81 % 
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4.5 Nesjavellir Assessment 

The same methodology above was also applied to the Nesjavellir Geothermal Power Plant 
for comparison purposes. The same six landscape assessment criteria were selected to 
evaluate the eight Nesjavellir components. Also, similar to Hellisheiði, transmission lines 
and wastewater ponds were recognized as power plant components but not delineated, 
assessed, and scored due to unavailable data at the time of this study. Figure 4.11 shows 
the schematic of Nesjavellir as a result of the traced power plant components in ArcGIS. 

 

 

Figure 4.11 Nesjavellir schematic representing the individual power plant components 
recreated and overlaid in ArcGIS 

 

 

4.5.1 Fragmentation  

The pipelines and road system of Nesjavellir were used as dividing elements to measure 
fragmentation. Figure 4.12 shows the lines created by both the pipelines and road system 
within the Nesjavellir study area. The same process for calculating the fragmentation of 
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Hellisheiði was done for Nesjavellir. Please refer to the corresponding methodology 
section above for details.  

 

 

 

Figure 4.12 Lines created by the pipelines and road system of Nesjavellir 

4.5.2 Surface Area  

Figure 4.13 shows all of the power plant components that were used for the surface area 
calculation. The same process for calculating surface area of Hellisheiði was done for 
Nesjavellir. Please refer to the corresponding methodology section above for details. 
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Figure 4.13 Nesjavellir study area showing all power plant components that were 
measured for surface area  

4.5.3 Visibility  

Figure 4.14 delineates the section of the main road that would represent the ‘observer 
location’ from which the viewshed would be calculated (i.e. what surface could be seen 
along that section of the road). The same process for calculating visibility of Hellisheiði 
was done for Nesjavellir. Please refer to the corresponding methodology section above for 
details. 
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Figure 4.14 The main road acting as the observer location for the viewshed analysis 

4.5.4 Geothermal Sprawl  

Figure 4.15 shows the eastern, western, northern, and southern-most points of the 
Nesjavellir Power Plant components. The same process for calculating the geothermal 
sprawl of Hellisheiði was done for Nesjavellir. Please refer to the corresponding 
methodology section above for details. 
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Figure 4.15 Nesjavellir study area. The four RED dots representing the eastern, western, 
northern, southern-most points of the power plant 

4.5.5 Wilderness Area Reduction  

Figure 4.16 provides a closer look at the wilderness area in proximity to the Nesjavellir 
study area. The same process for calculating the wilderness area reduction of Hellisheiði 
was done for Nesjavellir. Please refer to the corresponding methodology section above. 
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Figure 4.16 The closest designated wilderness area to the Nesjavellir study area 

4.5.6 Conservation Conflicts  

The same process for calculating conservation conflicts of Hellisheiði was done for 
Nesjavellir. Please refer to the corresponding methodology section above. 
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5 Results 

5.1 Assessment Criteria 

5.1.1 Fragmentation: Hellisheiði 

Using the road system and pipelines as dividing elements, a total of 131 patches were 
created. This aggregate equated to a SLIA rating of 13. Five patches were larger than 0.5 
km2, and the largest patch was 3.1 km2. With the intended/proposed pipeline connecting 
Hverahlíð, there were a total of 155 patches created (24 more patches than without the 
proposed pipeline). This aggregate equated to a SLIA rating of 20. The pipelines on their 
own created 11 patches, and the road system on its own created 51 patches. Figure 5.1 
shows both fragmentation results.   

 

Figure 5.1 Fragmentation results for Hellisheiði using the pipelines and road system as 
dividing elements. Fragmentation both with (RIGHT) and without (LEFT) the proposed 
Hverahlíð pipeline is shown.  
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5.1.2 Fragmentation: Nesjavellir 

Using the road system and pipelines as dividing elements, a total of 35 patches were 
created. This aggregate equated to a SLIA rating of 1. The largest patch was 0.11 km2. The 
pipelines on their own created seven patches, and the road system on its own created six 
patches. Figure 5.2 shows the combined fragmentation results.   

 

 

Figure 5.2 Fragmentation results for Nesjavellir using the pipelines and road system as 
dividing elements 

 

 

 

5.1.3 Surface Area: Hellisheiði 

Table 5.1 shows the surface area results of the individual power plant components. The 
total surface area measured for all of the Hellisheiði Power Plant components was 985,233 
m2 including the proposed Hverahlíð pipeline. The total surface area without the proposed 
Hverahlíð pipeline was 978,412 m2. Both results equated to a SLIA rating of 13. 
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Table 5.1 Surface area results of the individual power plant components for Hellisheiði 

Power Plant Components Surface Area (m2)  
Pipelines 72,148 
Pipelines (proposed) 6,821 
Drill Pads, Boreholes, Wells 231,764 
Core Plant Infrastructure 82,275 
Road System 92,199 
Outdoor Supply/Storage Area 156,638 
Mines 343,388 

 

5.1.4 Surface Area: Nesjavellir 

Table 5.2 shows the surface area results of the individual power plant components. The 
total surface area measured for all of the Nesjavellir components was 218,454 m2. The 
results equated to a SLIA rating of 1. 

 

Table 5.2 Surface area results of the individual power plant components for Nesjavellir 

Power Plant Components Surface Area (m2)  
Pipelines 37,778 
Drill Pads, Boreholes, Wells 55,388 
Core Plant Infrastructure 35,305 
Road System 25,974 
Outdoor Supply/Storage Area 46,363 
Mines 17,646 

 

 

5.1.5 Visibility: Hellisheiði 

Figure 5.3 shows the results of the visibility analysis from the main road. Within that 
viewshed, certain power plant components could be seen (Figure 5.4). Table 5.3 breaks 
down the cell count of the visibility for each power plant component (i.e. how many cells 
of each component were either visible or non-visible) and then provides a percentage of 
visible cells based on the total number of power plant component cells. The total visibility 
of Hellisheiði from the main road not including the proposed Hverahlíð pipeline was 72%. 
The total visibility including the proposed Hverahlíð pipeline was 73%. Both results 
equated to a SLIA rating of 13.  
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Figure 5.3 Viewshed area for Hellisheiði from the main road (i.e. results from the visibility 
analysis) 

 

Table 5.3 Breakdown of Hellisheiði cell counts based on which power plant component 
cells were considered visible or not visible as a result of the viewshed from the main road 
and the percentage of visibility 

  Cells (non- 
visible) 

Cells 
(visible) 

Total Cells 
(non-visible + 
visible) 

% Visible (visible 
cells/total cells) 

Outdoor Supply/Storage 
Areas 84 304 388 78% 

Pipelines 8094 14465 22559 64% 

Pipelines (proposed) 1193 5628 6821 82% 

Road System 23372 68328 91700 74% 
Core Plant 
Infrastructure 10 200 210 95% 

Drill Pads 249 332 581 57% 

Mines 168 688 856 80% 

Total 33170 89945 123115 73% 
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Figure 5.4 Visible power plant components of Hellisheiði from the main road 

5.1.6 Visibility: Nesjavellir 

Figure 5.5 shows the results of the visibility analysis from the main road. Within that 
viewshed, certain power plant components could be seen (Figure 5.6). Table 5.4 breaks 
down the cell count of the visibility for each component (i.e. how many cells of each 
component were either visible or non-visible) and then provides a percentage of visible 
cells based on the total number of power plant component cells. The total visibility of 
Nesjavellir from the main road was 95%. The results equated to a SLIA rating of 20.  
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Figure 5.5 Viewshed area for Nesjavellir from the main road (i.e. results from the visibility 
analysis) 

 

Table 5.4 Breakdown of Nesjavellir cell counts based on which power plant component 
cells were considered visible or non-visible as a result of the viewshed from the main road 
and the percentage of visibility  

  Cells (non- 
visible) 

Cells 
(visible) 

Total Cells 
(non-visible + 
visible) 

% Visible (visible 
cells/total cells) 

Outdoor Supply/Storage 
Areas 0 113 113 100% 

Pipelines 961 18,183 19,144 95% 

Road System 1,189 24,785 25,974 95% 
Core Plant 
Infrastructure 2 87 89 98% 

Drill Pads 14 128 142 90% 

Mines 9 37 46 80% 

Total 2175 43,333 45,508 95% 
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Figure 5.6 Visible power plant components of Hellisheiði from the main road 

5.1.7 Geothermal Sprawl: Hellisheiði 

The linear distance between Hellisheiði’s farthest-reaching components was 8404 meters, 
which equated to a SLIA rating of 4. The two points within the study area that defined this 
linear distance were a production well in the northeast and the mines in the southwest 
(Figure 5.7).  
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Figure 5.7 Geothermal sprawl indicators (BLACK) measured to determine the greatest 
linear distance from one end of Hellisheiði to another. The outside indicators that make up 
the grid around the components are 90 and 180 degree lines that extend in both directions 
from the eastern, western, northern, and southern-most points of the power plant (four 
RED dots). The four indicator lines within the grid represent the farthest distance from 
each of the four RED dots, of which the highlighted indicator in ORANGE represents the 
longest of those four distances, and thus represents the final geothermal sprawl distance.  

5.1.8 Geothermal Sprawl: Nesjavellir 

The linear distance between Nesjavellir’s farthest-reaching components was 7671 meters, 
which equated to a SLIA rating of 4. The two points within the study area that defined this 
linear distance was a freshwater pumping station in the northeast and a drill pad in the 
southwest (Figure 5.8).  
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Figure 5.8 Geothermal sprawl indicators (BLACK) measured to determine the greatest 
linear distance from one end of Nesjavellir to another. The outside indicators that make up 
the grid around the components are 90 and 180 degree lines that extend in both directions 
from the eastern, western, northern, and southern-most points (RED) of the power plant. 
The four indicator lines within the grid represent the farthest distance from each of the 
four geothermal sprawl points, of which the highlighted indicator in ORANGE represents 
the longest of those four distances, and thus represents the final geothermal sprawl 
distance 

5.1.9 Wilderness Area Reduction: Hellisheiði 

Using the imported data layer of wilderness areas from Ólafsdóttir and Runnström (2011), 
no wilderness area overlapped with the power plant surface area, and therefore, no 
wilderness was affected or reduced by Hellisheiði (Figure 5.9). This equated to a SLIA 
rating of 0.   
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Figure 5.9 Hellisheiði study area with the five km buffer zone surrounding the perimeter of 
the study area.   

5.1.10 Wilderness Area Reduction: Nesjavellir 

Using the imported data layer of wilderness areas from Ólafsdóttir and Runnström (2011), 
no wilderness area overlapped with the power plant surface area, and therefore, no 
wilderness was affected or reduced by Nesjavellir (Figure 5.10). This equated to a SLIA 
rating of 0.   
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Figure 5.10 Nesjavellir study area with the five km buffer zone surrounding the perimeter 
of the study area.   

5.1.11 Conservation Conflicts: Hellisheiði 

Using the imported data layer of protected areas from the NLSI, no components (0%) of 
the Hellisheiði Power Plant overlapped with legally-protected land (see Figure 3.6). This 
equated to a SLIA rating of 0.  

5.1.12 Conservation Conflicts: Nesjavellir 

Using the imported data layer of protected areas from the NLSI, all components (100%) of 
the Nesjavellir Power Plant overlapped with legally-protected land, specifically water 
protection areas (Figure 5.11). This equated to a SLIA rating of 20.  
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Figure 5.11 The Nesjavellir study area showing 100% of its components overlap with 
protection areas as defined by the Nature Conservation Act 44/1999 and the Environment 
Agency of Iceland 

5.2 Rating and Scoring 

The individual measurements for both the Hellisheiði and Nesjavellir Power Plants based 
on the six landscape assessment criteria, their aggregated amounts, and then their 
equivalent SLIA rating are listed below (Tables 5.5 and Table 5.6 respectively). Since the 
presence of transmission lines and wastewater ponds were not verified during the time of 
this study for Hellisheiði, they were listed as ‘n/a’. Measuring fragmentation only included 
pipelines and the road system, so all other power plant component measurements for 
fragmentation were listed as ‘n/a’. Geothermal sprawl only involved one measurement of 
linear distance, so individual components were not given a measurement and were also 
listed as ‘n/a’.  
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Table 5.5 Measurements and SLIA rating results of the Hellisheiði Power Plant based on 
the six landscape assessment criteria. An aggregate number is listed (with and without the 
inclusion of the proposed Hverahlíð pipeline). Then the equivalent SLIA rating is listed 
(with and without the inclusion of the proposed Hverahlíð pipeline) 

 

Hellisheiði SLIA Rating = 50 / 120 

Landscape 
Assessment 
Criteria  

Fragmen-
tation 

Surface 
Area Visibility Geothermal 

Sprawl 

Wilderness 
Area 
Reduction 

Conservation 
Conflicts 

Metric  # of Patches m2 % Visible m km2 % 

Power Plant 
Components 

Pipelines 11 72,148 64 n/a 0 0 

Pipelines 
(proposed) 0 6,821 82 n/a 0 0 

Drill Pads n/a 231,764 57 n/a 0 0 

Core Plant 
Infrastructure n/a 82,275 95 n/a 0 0 

Road System 51 92,199 74 n/a 0 0 

Transmission 
Lines n/a n/a n/a n/a n/a n/a 

Outdoor 
Supply/Storage 
Area 

n/a 156,638 78 n/a 0 0 

Mines n/a 343,388 80 n/a 0 0 

Wastewater 
Ponds n/a n/a n/a n/a n/a n/a 

Scoring & 
Rating 

Aggregate 131 978,412 72 8404 0 0 

SLIA Rating  13 13 13 4 0 0 

Aggregate (with 
proposed 
pipeline) 

155 985,233 73 8404 0 0 

SLIA Rating 
(with proposed 
pipeline) 

20 13 13 4 0 0 
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Table 5.6 Measurements and SLIA rating results of the Nesjavellir Power Plant based 
on the six landscape assessment criteria. An aggregate number is listed along with the 
equivalent SLIA rating. 

 

Nesjavellir SLIA Rating = 46/ 120 

 

 

 

 

Landscape 
Assessment 
Criteria  

Fragmen-
tation 

Surface 
Area Visibility Geothermal 

Sprawl 

Wilderness 
Area 
Reduction 

Conservation 
Conflicts 

Metric  # of 
Patches m2 % 

Visible m km2 % 

Power Plant 
Components 

Pipelines 7 37,778 95 n/a 0 100 

Drill Pads n/a 55,388 90 n/a 0 100 

Core Plant 
Infrastructure n/a 35,305 98 n/a 0 100 

Road System 6 25,974 95 n/a 0 100 

Transmission 
Lines n/a n/a n/a n/a n/a n/a 

Outdoor 
Supply/Storage 
Area 

n/a 46,363 100 n/a 0 100 

Mines n/a 17,646 80 n/a 0 100 

Wastewater 
Ponds n/a n/a n/a n/a n/a n/a 

Scoring & 
Rating 

Aggregate 35 218,454 95 7671 0 100 

SLIA Rating  1 1 20 4 0 20 
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Table 5.7 provides a listing of SLIA ratings amongst all of the geothermal power plants in 
Iceland. Hellisheiði and Nesjavellir have been the only evaluated power plants at this time, 
but the hope is that all power plants will be evaluated at a later date, their ratings recorded, 
and then easily compared in a table such as this one. The comparison not only shows the 
clear differences in higher or lower SLIA ratings of each assessment criterion amongst the 
power plants, but also promotes transparency and encourages the process of tracing back 
any SLIA rating to the individual components to explain the rating (Tables 5.5 and 5.6).     

 

Table 5.7 Comparison of individual assessment criteria SLIA ratings and total SLIA 
ratings for current geothermal power plants in Iceland 

 SLIA Rating 

Geothermal 
Power Plant Fragmentation Surface 

Area Visibility Geothermal 
Sprawl 

Wilderness 
Area 

Reduction 

Conservation 
Conflicts Total 

Hellisheiði 20 13 13 4 0 0 50 
Nesjavellir 1 1 20 4 0 20 46 
Reykjanes        
Svartsengi        
Bjarnarflag        
Krafla        
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6 Discussion and Conclusions 
The results of this applied methodology showed that Hellisheiði had a higher SLIA rating 
(50) compared to Nesjavellir (46), which suggests Hellisheiði has a higher overall visual 
and spatial impact on the landscape. Another SLIA rating variation is identified within the 
Hellishieði assessment when the SLIA rating including the proposed Hverahlíð pipeline 
(50) is compared to the rating without including the proposed pipeline (43) (Table 5.5). 
This discrepancy is accounted for by the higher fragmentation when the pipeline is 
included. By assessing and comparing multiple power plants- or variations of the same 
power plant- the higher or lower impacts on landscape begin to take on some meaning. 
Without either of these means for comparison, though, a final rating score by itself says 
very little, which may suggest that the scoring system and rating scale can be improved.  

6.1 GIS Analysis/Data Errors 

The incorporation of GIS in landscape studies and visual/spatial analysis has proven to be a 
beneficial tool for some time now, but its level of usefulness is only as great as the level of 
detailed, accurate, and updated data used for the GIS analysis (Ólafsdóttir & Runnström, 
2011). For instance, finding the most to-date satellite image or aerial photograph for the 
initial baselayer image is necessary as it acts as the main guideline for placement and 
location of all of the power plant components, though this can be a challenging process. 
Locating all of the plant components should, of course, be complimented with other 
location sources such as blueprints and plant schematics from the plant owner or 
consulting/engineering firms as was done in this study. It may be the case that 
geodatabases and individual data layers of geothermal power plant components already 
exist (such as the ones created in ArcGIS for Hellisheiði and Nesjavellir for the purpose of 
this study), and if so, they should be sought after as a reference in any future SLIA or 
similar assessment. 

6.1.1 Hellisheiði Study Area Boundary 

The Hellisheiði boundary buffer (pink-shaded region) hand-drawn in the ArcGIS Editor 
tool was based off of the work zone boundary used by Mannvit and Orkuveita Reykjavíkur 
but is not an exact measurement or replication. The hand-drawn boundary is merely meant 
to designate the confines of all of the power plant components. It is recommended that a 
more systematic way of designating this boundary be performed such as adding a buffer 
(using the Buffer analysis tool) to all of the power plant components once drawn in 
ArcGIS.     

6.1.2 Fragmentation 

It should be noted that the aggregate measurement of fragmentation is not a direct 
summation of the individual measurements. Independently, the pipelines and the road 



72 

system do not create too many patches, but together, they create a larger series of 
fragments in the landscape. Transmission lines should also be used in future assessments as 
a third dividing element.  

6.1.3 Surface Area 

There is a discrepancy in the core infrastructure surface area totals of Hellisheiði between 
what is listed as the ‘total facility’ area according to Hallgrímsdóttir et al. (2012) and the 
calculated ‘core plant infrastructure’ total area in this study. Hallgrímsdóttir et al. states 
that 35,150 m2 is the total facility amount where this study calculated 82,275 m2. The 
discrepancy may be a difference in what is defined as common facilities as well as a level 
of error in the GIS polygon drawing. In general, it must be made clear when comparing 
total surface areas of power plants whether or not the total is including surface area within 
the immediate project/construction area that may have no construction but still within the 
confines of the power plant property. It this study, the surface area only referred to the 
surface taken up by physical components of the plant and excluded any additional property 
or open land within the project area that may be owned by Orkuveita Reykjavíkur.   

6.1.4 Visibility 

As also acknowledged by Ode et al. (2010), a GIS viewshed analysis is based on a binary 
identification (either a cell is visible or it is not visible), and since the viewshed was based 
on the contour/elevation model, any cells that show up as ‘visible’ are as a result of the 
level of detail of that elevation model. Cells are very distinct square shapes, but the actual 
power plant components that the cells are representing of course do not necessarily follow 
this same shape. So a certain margin of error and level of inaccuracy needs to be taken into 
consideration when counting the cells that overlap with the man-made structures of the 
power plant. Also, the length and particular section of the main road selected for the 
visibility analysis should be more systematically selected in future assessments. 

Distance will affect the actual human viewshed altering the appearance of objects. Ode et 
al. (2010) speaks to this very point: 

A key problem in relating landscape metrics to visual preferences is establishing the effect of 
the process of vision on the metrics themselves. Landform can hide parts of the landscape so 
only some is visible, and perspective can change apparent geometry such as area…distance 
can render a unit so small it can no longer be distinguished. (p. 122).  

As mentioned in Ólafsdóttir and Runnström (2011), other factors are required to enhance 
the accuracy of the visibility analysis such as anthropogenic features being put into a 
‘digital geographical format’ (p. 289), which allows geometric dimensions (height, etc...) 
to be factored in to the visibility processing. This feature to provide building height was 
not available for this study but should be considered for future assessment. The factor of 
observer height is also a variable that will determine the accuracy of analysis. 
Dagbjartsson, Þórsson, and Pálsson (2000) states that the average height of Icelandic men 
is 1.806 meters and 1.706 meters for women (as cited in Tims, 2014). Therefore, Tims 
(2014) used the average, 1.75 meters, as the observer height parameter in his study. 
Ultimately, though, the proper recreation of an observer viewshed is quite limited and will 
of course never replace the experience of physically standing in the landscape.  
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6.1.5 Geothermal Sprawl 

The concept of geothermal sprawl used in this study is a measure of one linear distance, 
but it could certainly take on other definitions such as the change of this linear growth over 
time or the summation of the longest east-to-west and north-to-south distance. Another 
assessment criterion worth considering for future use and adaptation of this methodology is 
the concept of ‘energy sprawl’, which is a metric referring to the amount of land (km2) 
needed to produce one terawatt-hour (TW hr) of energy per year (i.e. the surface area 
needed to produce a certain amount of energy in a certain amount of time) (McDonald, 
Fargione, Kiesecker, Miller, & Powell, 2009). The term is mostly in reference to one of the 
potential downsides (i.e. larger land requirements) for increased renewable energy 
production (biofuels in particular). Geothermal energy is said to have a very little energy 
sprawl impact whereas biodiesel and ethanol production have a very high-energy sprawl 
impact (McDonald et al., 2009).   

6.1.6 Wilderness Area Reduction 

In order to visually show any wilderness reduction caused by the power plant, a data layer 
showing wilderness areas before construction would be needed so that any surface area 
overlap between the five km power plant component buffer and wilderness area could be 
identified and measured. Otherwise, a wilderness data layer post-construction (using the 
same specifications for defining wilderness) would already have taken into account the 
reduction of wilderness area caused by the power plant (or other surrounding man-made 
structures). The wilderness data layer used in this study was from 2011, which means it 
represents wilderness post-construction and thus is unable to provide an accurate analysis 
of wilderness reduction. There does exist a 2001 wilderness data layer from Taylor (2011), 
which would have been ideal for assessing Hellisheiði as its first exploratory wells were 
drilled in the summer of 2001, but the data layer was inaccessible at the time of this study. 
It is also important to have data and knowledge of other anthropogenic structures within 
the study area that may affect the reduction of wilderness in order to more accurately trace 
the source of reduction (i.e. is it one of the power plant components or some other man-
made feature that has reduced wilderness?).    

There should be a call for a more elaborate mapping and monitoring system of the 
wilderness area in Iceland due to its sensitive and rare ecosystem and landscape quality, 
especially with the increased pressures of nature-based tourism and energy development. 
‘Wilderness assessment and mapping is a necessary tool for stakeholders and decision 
makers and a step forward towards sustainable planning on a national and local scale. 
Pristine wilderness that disappears is a resource that will not be restored’ (Ólafsdóttir & 
Runnström, 2011, p. 295). In general, the study and measurement of wilderness area in 
Iceland over time has been very limited and inconsistent, which makes the use of it as an 
assessment criterion in this research quite challenging. The methodologies and results of 
previous attempts (Ólafsdóttir & Runnström, 2011; Tims, 2014; Taylor, 2011) have been 
incredibly beneficial, though it is unfortunate that their measurements are not conducted on 
a more consistent basis, say, every year or every two years, amongst other reasons, to show 
the before and after effects of certain man-made structures. Until that data is more readily 
available, the use of wilderness area as one of the assessment criteria in this methodology 
should either be reconsidered or used in a different manner.  
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6.2 Landscape Assessment Criteria 

6.2.1 Selection Process and Considerations 

This methodology is of course only one component of the comprehensive evaluation of 
landscape that should be conducted and monitored regarding development projects, 
specifically that of geothermal power projects. This methodology, just like the New 
Zealand Landscape Classification (NZLC), ‘…does not provide complete answers but 
provides decision support information for planners and this information needs to be 
considered alongside other landscape information’ (Brabyn, 2009, p. 316). One of the 
goals of this thesis is to merely raise awareness of these particular landscape components 
and how they can be affected specifically by geothermal utilization.  

As has already been alluded to in this research, the assessment of anthropogenic effects on 
the landscape (geothermal power plants in the case of this study) is a complex process, one 
of the main reasons being the range of factors that must be taken into consideration. This is 
largely due to landscape’s varying nature, which can be both subjective and objective. 
Landscape is also a meeting place of sorts between humans and nature, so there exists an 
interconnectedness between environmental and social factors, which yields a need to 
consider both. It goes without saying that this evaluation system and it six criteria should 
be only one of several other landscape considerations when evaluating the environmental 
and social factors of geothermal plant development and operation. Below is a short list of 
other criteria that should be considered when evaluating the landscape impact of 
geothermal power plants: 

• Intentionality: How much intention was there originally to make the power plant 
stand out from the landscape? 
 

• Pre-construction Disturbance Consideration: During the design of the power plant, 
was any disturbance that existed already on the HT field acknowledged, assessed, 
and taken into consideration?  
 

• Multi-functionality:  Does the HT field and surrounding area have other uses such as 
recreation, hiking, or tourism? Is it a high-traffic area?  
 

• Protection Value: What is the current protection and conservation status, and, if the 
field has other uses, should it be given higher priority in terms of 
protection/restoration?  

 
• Public and Stakeholder Perception: What are the public and other valued 

stakeholders’ opinions on the visual features of the landscape within the HT field? 
The use of participatory mapping and the designation of significant landscape 
features as interpreted by the public is also an interesting prospect and should be 
considered in this context.  

 
In 2008, 33,500 guests visited the Hellisheiði visitor’s center, two-thirds of whom were 
foreigners (Gunnlaugsson et al., 2010). The number of visitors, especially foreigners, has 
increased in later years, but exact statistics are not currently available. It is suggested that a 
formal and consistent surveying system be conducted at Hellisheiði to collect not only the 
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total number of visitors and nationality but also the purpose for visiting the plant and the 
greater HT region. Special emphasis should be placed on gathering opinions and the 
public’s perception on the visual impact of the power plant on the landscape. This 
feedback could then contribute to any future implemented visual impact assessment system 
like the one proposed in this study. More generally, this consistent feedback could also 
contribute to the ongoing research of geothermal energy production and tourism 
integration, furthering the conversation of whether or not the two can co-exist in a socially 
positive manner.  

What should assist in making any landscape evaluation more comprehensive and accurate 
is its incorporation of both subjective (public perception) and objective (physical data), 
though this is of course a challenging process. A proper balance should be found between 
qualitative and quantitative analysis. Palmer (2004) also contemplates this issue and 
questions the appropriate methods of understanding and classifying landscape elements. 
Specifically, is there a better way to include qualitative elements of the landscape so that 
they can also be included and processed in GIS (Palmer, 2004)? Other questions should be 
considered such as how it is that the landscape criteria should be selected- whether it 
should be left to a select few experts or ‘qualified’ academics, to a public participatory 
process within a more democratic framework, or an integration of the two processes.   

It should also be noted that the selected criteria may simultaneously have both 
environmental and social effects, which could change the weight or importance of the 
criteria based on which effect (environmental or social) is the most central in the study. For 
instance, land fragmentation can have potentially negative ecological and social impacts 
(ecologically, fragmentation can have damaging effects to biodiversity. Socially, 
fragmentation can create an aesthetically/visually displeasing man-made patchwork of 
lines and polygons in what would normally be a natural landscape). In this study, 
fragmentation was approached from a social perspective, so the visual aspects of lines and 
polygons in the landscape were the focus. Thus, both roads and pipelines were used in the 
analysis to define fragmentation. Yet, if the focus of the study was ecological 
fragmentation, it may be possible that only roads would be used to define the 
fragmentation. Most pipelines sit off the ground and do not inhibit biodiversity in the same 
way as roads.  

This methodology identifies and assesses eight of the main anthropogenic components 
typically associated with geothermal power plants (pipelines, drill pads, core plant 
infrastructure, road systems, transmission lines, outdoor supply/storage areas, mines, 
wastewater ponds), but depending on the type and size of the geothermal power plant, the 
existence of certain components may vary. Other components or anthropogenic structures 
may be present. A thorough investigation into identifying the plant specifics and 
components should be conducted during the pre-assessment, information-gathering phase 
for accuracy purposes. The creation of geothermal wastewater ponds and streams (whether 
intentional or accidental) can be particularly challenging to identify and assess due to their 
fluctuating nature, disappearing is some places and reappearing in others.  

6.2.2 Weighting Criteria 

No weighting of any of the eight power plant components or the six landscape criteria was 
conducted in this study, but it should certainly be considered for future assessments. As 
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recommended in Tims (2014), thought should at least be given to weighting the different 
objects of the power plant for the viewshed analysis (should seeing a pipeline be weighted 
the same as a cooling tower emitting steam?) (p. 54). 

It is also recommended that the six criteria and any potential weighting of these criteria be 
subject to stakeholder, expert, and the general public opinion. Due to time restraints and 
other restrictions in this project, the involvement of public participation was not possible 
but should be strongly considered with any continued work on this assessment system.  

One possible consideration is that a subjective selection and evaluation process lie both at 
the beginning and end of this kind of assessment system (i.e. the assessment system would 
be bookended by subjective/public analysis). As suggested above, the process could begin 
with a public participatory method of surveying various stakeholders and other members of 
the public asking them to provide their most important visual and spatial criteria (as 
opposed to the process used in this study where the visual and spatial criteria were selected 
by the researcher based on academic expertise and literature reviews/previous research). 
For instance, in this study, fragmentation was used as one of the visual/spatial disturbance 
criteria. But left to the public, fragmentation may not be as important as, say, the height of 
the power plant structures. Therefore, height may be one of the selected and analyzed 
criteria instead of fragmentation. These publicly selected and agreed-upon criteria would 
then undergo similar objective, GIS-based analyses as was done in this study. Finally, the 
results would then be put through another subjective deliberation amongst the public to 
ultimately determine the positive or negative impacts on the landscape based on their 
originally selected criteria. Of course, this is only one possible method of analysis amongst 
many others, but the general point is that this integration of subjective vs. objective 
analysis must be respected and considered in order to yield the most valuable and credible 
results.  

6.3 Power Plant Components 

Transmission lines were acknowledged but not evaluated as one of the power plant 
components since their direct connection specifically to Hellisheiði was unidentifiable at 
the time of this study. Long before the construction of the Hellisheiði plant, the mountain 
pass directly next to the plant’s current location functioned as the old main road and horse 
path. In 1955, the first of what would be a series of transmission lines were built through 
this same mountain pass, eventually becoming the central confluence of transmission lines 
transporting electricity to the Reykjavík area from several hydropower plants constructed 
further east over the following decades (Björnsson et al., 2010). So certain transmission 
lines that lie within and travel across the Hellisheiði boundary today were already in 
existence before construction of the geothermal plant, and these lines should not be 
included in the SLIA assessment of Hellisheiði. Since specific data about which lines are 
associated just with Hellisheiði (and not from other locations) was not available for this 
study, transmission lines were not assessed. But transmission lines should still be identified 
as one of the power plant components and assessed with the geothermal power plant in 
future assessments. Steam plumes from plant cooling towers were also omitted from the 
assessment system because of their elusive and ever-changing nature, though their notable 
visual presence is recognized. 
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6.4 Potential Evaluation Versatility  

Analysis and assessment in the context of this research was created for the purpose of 
evaluating current landscape impacts of operational geothermal power plants. The 
objective is to allow for easy comparison of landscape impacts and overall SLIA ratings 
amongst other existing geothermal plants in Iceland. Theoretically, though, the use of this 
kind of assessment (or something of a similar nature) does not necessarily have to be 
limited to the geothermal power plants in HT fields, nor limited to Iceland. It has the 
potential to be adapted and used for other anthropogenic features.  

Also, the hope of elevating the awareness of landscape impacts of geothermal power plants 
is that it may help dictate future plant design as well as contribute to the discussion of 
environmental and social considerations during the project planning stages. Specifically in 
Iceland’s case, the EIA reporting that must be completed for qualifying power plants 
before a development permit is granted includes a section on landscape (Landslag) and its 
potential impacts caused by the project (Alþingi, 2015). Currently, the collection of data 
and evaluation of landscape for this section of the report is relatively limited. The six 
criteria of the evaluation system in this research (amongst other criteria) can be applied and 
analyzed similarly to a predicted/computerized model of the future plant and thus help 
contribute to the predicted impact and overall evaluation of the landscape. It is also an 
interesting thought to consider performing the SLIA methodology to the original project 
design predicted in the EIA report and compare it to the same project’s current design. This 
comparison of the current project design and landscape impacts to the what was initially 
thought would be the project design and landscape impacts may hold some value in 
judging the accuracies (or inaccuracies) of EIA predictions and may help dictate future 
methods of making these predictions.   

It is suggested that there should be a regular assessment schedule so that the rating from 
this evaluation system can be monitored on a consistent basis and produce easy 
comparisons of the rating change over time and amongst power plants. The nature of 
operating power plants is, of course, dynamic even after the beginning of hot water and 
electricity generation, and the plant can physically expand to cover more ground and thus 
affect more of the landscape. Therefore, having a consistent assessment schedule (e.g. 
biannually, annually, etc…) to monitor the respective growth and landscape impact is 
encouraged.  

In short, this SLIA methodology could have use in the following contexts: 

• Providing a systematic process for assessing Landslag impacts in EIA Reporting  
 

• Identifying protected land/wilderness area encroachment and targeting potential 
mitigation initiatives 
 

• Monitoring current visual and spatial landscape impacts 
 

• Monitoring the physical expansion of power plants over time and amongst power 
plants 
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• Grounds for national landscape standards for geothermal development or other 
development initiatives   

6.5 Concerning Future Development of 
Geothermal Resources 

The balance of nature conservation and resource utilization is certainly the objective of 
Iceland’s Master Plan (Rammaáætlun). And, of course, the necessity of continued power 
development should always be questioned. In 2014, 77% of the total electricity produced 
by geothermal power plants was used for energy-intensive industry and only 17% for 
population consumption (Orkustofnun, 2015). Based on the predicted population increase 
of 36% by 2050, the amount of power needed to meet the increased residential demand 
would be about 1500 GWh, which could be generated by a 200 MW hydro or geothermal 
power plant (Björnsson et al., 2010). Thus, the pressure on creating more geothermal 
plants and utilizing additional HT fields is mainly due to the demand in energy-intensive 
industry (and also the possibility of growing external markets from the potential creation of 
a submarine cable), not the increase in population and residential consumption (Björnsson 
et al., 2010). Meeting electricity and district heating demands for residential and local 
industry use is one thing, but the sincere hope is that any economic reasoning for continued 
development beyond meeting these demands is another thing, and must be fully-justified. 
In a society so condensed and homogeneous as it is in Iceland, this economic motivation 
requires more justification than may be needed in other countries. In Iceland’s case, the 
distribution of financial benefits for only a small contingent from continued geothermal 
development seem morally misguided for both the reason of the country’s unusually small 
population as well as the international rarity and sensitivity of these HT regions. The 
preciousness of Iceland’s societal and geological position may often be taken for granted 
and overlooked. And when this happens, it is a shame. So, if there are indeed to be 
substantial financial gains that somehow justify continued development beyond what 
immediate energy demands require, this profit should reach the entire Icelandic people in 
some capacity. And if this does not happen, it is also a shame. 

6.5.1 Offshore Geothermal Resource Considerations 

The concept of offshore geothermal resource utilization requires consideration that 
certainly stems outside the scope of this report, but it is an intriguing idea that should 
promote further discussion. Offshore utilization is of course still peppered with its own 
potential social, environmental, and economic consequences, this energy production 
method may be a positive alternative to onshore geothermal drilling at least in regards to 
the disturbances focused on in this study (i.e. HT land protection and visual impact). The 
technology seems to exist, though the economic feasibility of this idea remains one of the 
greater concerns at the moment (Kárason, 2013). Yet, it has the possibility of shifting the 
discussion of environmental and social concerns (hopefully positively) about future 
geothermal energy utilization in Iceland.  
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6.6 Concluding Remarks 

Of course not without its flaws and areas for improvement, the proposed SLIA 
methodology can be a useful tool in monitoring and comparing geothermal power plant 
design and their spatial/visual landscape effects. It possesses versatility and the ability to 
be conducted in a timely manner. More generally, it is a sincere hope that this research 
contributes positively to the discourse on current geothermal resource management and 
future development, specifically in regards to its visual and spatial landscape impacts. 
Landscape considerations in Iceland still remain undervalued at least in terms of its given 
weight in decision-making processes, which partially stems from the difficulty and 
ongoing debate of how to assess landscape and what indicators are to be included. 
Iceland’s land is too precious of a resource for its spatial and visual elements to be 
regarded as an afterthought. This study intends to counteract this notion in whatever small 
capacity by putting forward this new method for assessment and ultimately encouraging 
what should be a necessary, continued deliberation on the subject.   
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Appendix A: Current HT Geothermal 
Fields in Iceland 

HT Region HT Field Utilization 
Status 

Master Plan 
Results 

(Phase II) 

Power Plant 
Owner Date of Operation 

Reykjanesskagi  Reykjanes**** Reykjanes 
Power Plant 

Reykjanes 
Power Plant HS Orka 2006 (Electricity) 

  Stóra Sandvík* Under 
Assessment Development     

  Eldvörp**** Under 
Assessment Development     

  Svartsengi**** Svartsengi 
Power Plant 

Svartsengi 
Power Plant HS Orka 1976 (Hot Water), 

1977 (Electricity) 

Krýsuvíkursvæði Sandfell* Under 
Assessment Development     

  Trölladyngja** Under 
Assessment Research     

  Sveifluháls* Under 
Assessment Development     

  Austurengjar* Under 
Assessment Research     

Brennisteinsfjöll Brennisteinsfjöll* No Current 
Consideration Protection     

Hengilssvæði Meitillinn* Under 
Assessment Development     

  Gráuhnúkar* Under 
Assessment Development     

  Hverahlíð* Under 
Assessment Development     

  
Hellisheiði/ 

Kolviðarhóll**** 

Hellisheiði 
Power Plant 

Hellisheiði 
Power Plant 

Orkuveita 
Reykjavíkur 

2006 (Electricity), 
2010-2011 (Hot 
Water) 

  Innstidalur* Under 
Assessment Research     

  Bitra/Ölkelduháls* Under 
Assessment Protection     

  Þverárdalur* Under 
Assessment Research     

  Ölfusdalur* 
Under 

Research     
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Assessment 

  Grændalur* Under 
Assessment Protection     

  Nesjavellir*** Nesjavellir 
Power Plant 

Nesjavellir 
Power Plant 

Orkuveita 
Reykjavíkur 

1990 (Hot Water), 
1998 (Electricity) 

  Hveragerði*** Municipal 
Heating  n/a     

Geysir Geysir**** No Current 
Consideration n/a     

Kerlingarfjöll  Hverabotn*   Protection     

  Neðri-Hveradalir*   Protection     

  Kisubotnar*   Protection     

  Þverfell*   Protection     

  Prestahnúkur***** n/a n/a     

  Hofsjökull***** n/a n/a     

Kjölur/ 

Hveravellir 
Hveravellir****   Research     

Torfajökulssvæði Blautakvísl******   Protection     

  Vestur-Reykjadalir*   Protection     

  Austur-Reykjadalir*   Protection     

  Ljósártungur*   Protection     

  Jökultungur*   Protection     

  Kaldaklof*   Protection     

  Landmannalaugar*   Protection     

Mýrdalsjökull Mýrdalsjökull*** n/a n/a     

Grímsvötn Grímsvötn*** n/a n/a     

Skaftárkatlar Skaftárkatlar*******   n/a     

Tindfjallajökull Tindfjallajökull***** n/a n/a     

Thórðarhyrna Thórðarhyrna***** n/a n/a     

Hálendið 

Köldukvíslarbotnar/ 

Hágönguvirkjun-  

1. áfangi**** 

Under 
Assessment Development     

  
Köldukvíslarbotnar/ 

Hágönguvirkjun-  

Under 
Assessment Development     
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2. áfangi**** 

  Vonarskarð****   

Protection 
(Vatnajökull 
National 
Park) 

    

  Kverkfjöll****   

Protection 
(Vatnajökull 
National 
Park) 

    

  Askja****   

Protection 
(Vatnajökull 
National 
Park) 

    

  Hrúthálsar****** Under 
Assessment Research     

  Fremrinámar**** Under 
Assessment Research     

 Mývatn to 
Öxarfjörður 

Bjarnarflag/Námafjall/ 

Hverarönd**** 

Bjarnarflag 
Power Plant 

Bjarnarflag 
Power Plant Landsvirkjun 1969 (Electricity & 

Hot Water) 

  Krafla I**** 
Krafla  

Power Plant 

Krafla  

Power Plant 
Landsvirkjun 1977 (Electricity) 

  Krafla II* Under 
Assessment Development     

  Gjástykki******   Protection     

  Þeistareykir**** Under 
Assessment Development     

  Þeistareykir 
Vestursvæði* 

Under 
Assessment Development     

  Öxarfjörður***** ^ Under 
Assessment n/a     

Kolbeinsey Kolbeinsey***** ^^ n/a n/a     

* High-Temperature Geothermal Field as defined by Björnsson (2011) 

** High-Temperature Geothermal Field as defined by Arnórsson et al. (2008) & Björnsson (2011) 

*** High-Temperature Geothermal Field as defined by Arnórsson (1995) & Arnórsson et al. (2008) 
**** High-Temperature Geothermal Field as defined by Arnórsson (1995), Arnórsson et al. (2008), & Björnsson 
(2011) 
***** High-Temperature Geothermal Field as defined by Arnórsson (1995) 

****** High-Temperature Geothermal Field as defined by Arnórsson (1995) & Björnsson (2011) 

******* High-Temperature Geothermal Field as defined by Arnórsson et al. (2008) 

^ Determined to be a Low-Temperature Field as mentioned in Björnsson (2011) 

^^ Located under the sea as mentioned in Björnsson (2011) 
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Appendix B:  Development, Expansion, 
and Environmental Reporting Timeline 
for Hellisheiði 

Date Activity Description Reference 

2000 (Summer) Application for Exploration Drilling Permit (Andrésdóttir, Sigurdsson, & 
Gunnarsson, 2003) 

2001 (Spring) Exploration Drilling Permit Received (Andrésdóttir, Sigurdsson, & 
Gunnarsson, 2003) 

2001 (Summer) Exploration Well Drilling Begins (Andrésdóttir, Sigurdsson, & 
Gunnarsson, 2003) 

2003 (Fall) Environmental Impact Assessment (EIA) Report- Hellisheiði (Orkuveita Reykjavíkur, 2003) 

  First Formal Design Meeting by Consultant Groups (Ólafsson, Ed., 2011) 

2005 (Winter) EIA Report- Hellisheiði Expansion (Orkuveita Reykjavíkur, 2005) 

2006 (Fall) Hellisheiði Power Plant Operation Begins (Electricity Production) (Ólafsson, Ed., 2011) 

  2 High-Pressure (HP) Turbines (45 MWe each) Begin Operation (Ólafsson, Ed., 2011) 

2006 
(September) 

Proposal for EIA Report- Hverahlíð Power Plant (90 MWe)  (Orkuveita Reykjavíkur, 2006) 

2007 1 Low-Pressure (LP) Turbine (33 MWe) Begins Operation (Hallgrímsdóttir, Ballzus, & 
Hrólfsson, 2012) 

2007 (August) Initial EIA Report- Power Plant in Bitra (135 MWe)  (Orkuveita Reykjavíkur, 2007a) 

  Initial EIA Report- Power Plant in Hverahlíð (90 MWe) (Orkuveita Reykjavíkur, 2007b) 

2008 2 HP Turbines (45 MWe each) Begin Operation (Hallgrímsdóttir, Ballzus, & 
Hrólfsson, 2012) 

2008 (March) EIA Report- Power Plant in Bitra (135 MWe) (Orkuveita Reykjavíkur, 2008a) 

  EIA Report- Power Plant in Hverahlíð (90 MWe) (Orkuveita Reykjavíkur, 2008b) 

2010 (Winter) Hellisheiði Power Plant Operation Begins (Heating/Hot Water 
Production) 

(Ólafsson, Ed., 2011) 

  133 MWth Heat Output (Ólafsson, Ed., 2011) 

  Hot Water Main (pipeline) put into service (Ólafsson, Ed., 2011) 

2011 (March) Initial EIA Report- Gráuhnúkar Expansion of Hellisheiði Power Plant (Orkuveita Reykjavíkur, 2011) 

2011 (Spring) 2 HP Turbines (45 MWe each) Begin Operation in New Powerhouse 
(Sleggjubeinsdalur) 

(Hallgrímsdóttir, Ballzus, & 
Hrólfsson, 2012) 
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2014 (March) Project Proposal Report from Orka Náttúrunnar (ON)- Hverahlíð Pipeline (Orka Náttúrunnar, 2014) 

2014 (May) National Planning Agency´s (NPA) Response & Decision for ON's 
Hverahlíð Pipeline Proposal: EIA Not Required 

(Skipulagsstofnun, 2014) 

2020 
(Estimated) 

Additional 133 MWth Capacity (Hallgrímsdóttir, Ballzus, & 
Hrólfsson, 2012) 

2030 
(Estimated) 

Additional 133 MWth Capacity (Hallgrímsdóttir, Ballzus, & 
Hrólfsson, 2012) 
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Appendix C: Environmental Monitoring 
and Mitigation Measures for the 
Hellisheiði Region 

Study Date Publication 
Date 

Name of 
Initiative 

Sponsor Brief Description/Project Goal 

1999-2003 2007 Iceland Master 
Plan (Phase I) 

Ministry of 
Industry, 
Ministry for the 
Environment 

Identification and ranking of potential power 
projects (hydro and geothermal) with high 
economic value, minimum impact on 
environment, and positive impact on society 
(Ketilsson et al., 2015). 22 geothermal sites 
evaluated (Thórhallsdóttir, 2007a).  

2003, 2005, 
2008 

2003, 2005, 
2008 

Environmental 
Impact 
Assessment (EIA) 
Reports 

Mannvit 
(formerly VGK) 
on behalf of 
Orkuveita 
Reykjavíkur 

Monitoring/Mitigation Initiatives as outlined in 
the final EIA Reports, respectively Hellisheiði 
(2003), Hellisheiði Expansion (2005), Bitra 
(2008), Hverahlíð (2008) (Orkuveita 
Reykjavíkur, 2003, 2005, 2008b) 

2003-
Ongoing 

n/a Orkuveita 
Reykjavíkur 
Reclamation 
Projects 

Orkuveita 
Reykjavíkur 

Various projects conducted during power plant 
operation such as restoration of original flora 
(moss, highland flora) and reconstruction of 
volcanic craters (Gunnlaugsson et al., 2010) 

2004-2010 June, 2011 Iceland Master 
Plan (Phase II) 

Ministry of 
Industry, 
Ministry for the 
Environment 

Evaluate new projects and re-evaluate phase I 
projects, with a focus on additional studies of the 
natural environment (Steingrímsson et al., 2007). 
38 geothermal sites evaluated (Ketilsson et al., 
2015).  

2005-2008 October, 2009 Evaluation of the 
Conservation of 
18 High-
Temperature 
Geothermal Areas 
[NÍ-09014] 

Icelandic 
Institute of 
Natural History 
(IINH) 

Geological and vegetation data collected in 18 
HT geothermal areas to support research 
conducted for the 2nd Phase of Iceland's Master 
Plan (IINH, n.d) 

2007 May, 2011 Restoration of 
Disturbed 
Highland 
Vegetation 

The Agricultural 
University of 
Iceland & 
Orkuveita 
Reykjavíkur 

Test a variety of methods in the Hellisheiði area 
for restoring disturbed highland vegetation 
(Aradóttir, 2011) 

2007-
Ongoing 

n/a Pilot Gas 
Separation Station 
Project 

Orkuveita 
Reykjavíkur 

Ongoing, experimental, industrial/academic 
research project to capture CO2 and H2S 
emissions from Hellisheiði (Aradóttir et al., 
2014) 

2007-
Ongoing 

n/a CarbFix Project Orkuveita 
Reykjavíkur and 
Affiliates* 

Ongoing, experimental, industrial/academic 
research project on feasibility to sequester CO2 
emissions from Hellisheiði (Aradóttir et al., 
2014) 

2007-
Ongoing 

n/a SulFix Project Orkuveita 
Reykjavíkur 

Ongoing, experimental, industrial/academic 
research project on feasibility to sequester H2S 
emissions from Hellisheiði (Aradóttir et al., 
2014) 
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2009 October, 2009 Geological 
Artifacts, 
Geology, 
Landscaping, & 
Surface Features 
in High-
Temperature 
Geothermal Areas 
[NÍ-09012] 

Icelandic 
Institute of 
Natural History 

Methodology to assess and classify the 
conservation of HT geothermal areas in Iceland 
(IINH, n.d.) 

2009 October, 2009 Classification of 
Vegetation & 
Land types in 
High-Temperature 
Geothermal Areas 
in Iceland [NÍ-
09013] 

Icelandic 
Institute of 
Natural History 

Vegetation and land feature data collected for 17 
HT geothermal areas to support research 
conducted for the 2nd Phase of Iceland's Master 
Plan (IINH, n.d) 

2009 October, 2009 Vegetation, Birds, 
& Small Animals 
in 18 High-
Temperature 
Geothermal Areas, 
Summary of 
Available Data 
[NÍ-09015] 

Icelandic 
Institute of 
Natural History 

Flora and Fauna data collected in 18 HT 
geothermal areas to support research conducted 
for the 2nd Phase of Iceland's Master Plan (IINH, 
n.d) 

2012 December, 
2013 

Monitoring Moss 
Damage at 
Hellisheiði & 
Nesjavellir [NÍ-
13007] 

Icelandic 
Institute of 
Natural History 
(for Orkuveita 
Reykjavíkur) 

Monitor and evaluate both current and future 
conditions of vegetation in the area. 'This is the 
first vegetation monitoring scheme that has been 
set up in an area around geothermal power plants 
in Iceland. A second sampling within the 
monitoring areas...is intended to take place in 
2017' (Helgadóttir, Eyþórsdóttir, & Magnússon, 
2013, p. 51) 

2014-2017 TBD Iceland Master 
Plan (Phase III) 

Ministry of 
Industry, 
Ministry for the 
Environment 

Consideration of new project sites to evaluate and 
provide more clarity on under evaluated sites 
from phase II (Rammaáætlun, n.d.)  

*Affiliates include the Institute of Earth Science at the University of Iceland, Earth Institute-Lamont-Doherty Earth 
Observatory at Columbia University (NY), the Centre National de la Recherche Scientifique/Universite Paul Sabatier 
in Toulouse (Aradóttir et al., 2014). 

 

 

 

 


