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Abstract

Geothermal energy utilization contributes to less than 0.5% of the world’s electricity demand
and is not well represented in energy policies and environmental studies of energy systems.
Research on geothermal potential and environmental impacts shows that geothermal energy
can contribute to a low-carbon future and increased share of renewables in future energy
systems, wherever access to geothermal resources is technically and economically feasible.
Furthermore, geochemical conditions have to be favorable, as gaseous emissions are
byproducts of utilizing high-temperature geothermal resources, where fluids are hotter than
150°C at 1 km depth below the surface. These include greenhouse gas (GHG) emissions that
can be as high as emissions from fossil-fuelled power plants in rare instances.

The recent climate and energy targets of the EU “clean energy for all” package for the year
2030 are set to reduce GHG emissions, increase the share of renewables within the EU energy
mix, increase energy efficiency, and lower demand across the energy sector. This study
investigates how the current EU climate and energy policy supports high-temperature
geothermal utilization in future energy systems by comparing life cycle assessment results to
the 2030 targets. The methodology of life cycle assessment (LCA) was applied to a case study
of a state-of-the-art, high-temperature geothermal combined heat and power plant located in
Iceland. LCA provides a holistic approach to analyzing various environmental impacts,
including GHG emissions and primary energy demand, which serve as a basis for the EU
targets. Detailed life cycle inventory (LCI) data was collected for the study since such data is
not readily available in LCA literature or databases for geothermal applications. Furthermore,
different allocation methods used to divide the environmental impacts between heat and
electricity were tested to observe their impacts on the overall results.

The overall results showed that life cycle GHG emissions are similar to other renewable
energy technologies and thus can contribute significantly to lowering these emissions
associated with energy use by replacing fossil fuels. However, due to the low thermal
efficiency of electricity generation from geothermal, its increased use does not result in the
desired increased energy efficiency, as measured by the EU targets in terms of primary energy
demand, when added or replacing older technologies in the current energy system. However,
the study results suggest that emphasis could instead be put on the non-renewable primary
energy demand to ensure that renewable technologies such as geothermal utilization do not
contradict the EU energy efficiency target. The study also identifies H,S emissions as a
hotspot for geothermal utilization as the gas contributes to acidification and human toxicity
potential. The results suggest that a barrier exists in current EU policy that may hinder
geothermal energy from becoming one of the desired solutions to reach the 2030 climate and
energy targets.






Utdrattur

Framleiosla raforku med jardhita telur minna en 0.5% af rafmagnsporf heimsins. S6kum pessa
er jarohitanyting oftan undanskilin i stefnumo6tun og rannsdéknum a orkukerfum. ber
rannsoknir sem til eru um nytingarméguleika og umhverfisahrif jardhita & heimsvisu benda til
pess nyting hans, par sem jardfraeedilegar og efnahagslegar forsendur eru til stadar, geti studlad
ad pvi ad minnka losun fra orkuframleidslu og aukid hlut endurnyjanlegra orkugjafa & kostnad
jardefnaeldsneytis. b0 eru til demi pess ad nyting jardhita valdi samskonar losun og nyting
jardefnaeldsneytis til orkuframleidslu, sem bendir til mikilvaegi pess ad rétt skilyrdi séu fyrir
hendi vid nytingu slikra audlinda. Losun grédurhusalofttegunda fylgir einkum nytingu hahita,
par sem jarohitavokvi er um 150°C eda heitari a 1 km dypi.

I ny-uppfardri orkustefnu Evrépusambandsins (ES) eru sett fram markmid um orku- og
loftslagsmal. bau eru birt sem hluti af hreinorkupakkanum (e. ,,clean energy for all” package)
og na til arsins 2030. bau eiga einkum ad leida til minkunar & losun grodurhdsalofttegunda,
auka hlut endurnyjanlegra orkugjafa og minka orkunotkun med battri orkunytingu innan ES.
Pessari rannsokn er &tlad ad svara hvernig, og hvort, nagildandi markmid orkustefnu ES yti
undir frekari jarohitanytingu i Evrépu. Rannsoknin notar adferdir vistferilsgreiningar (e. Life
cycle assessment (LCA)) til pess ad reikna at frumorkunytni og kolefnisspor héhitanytingar til
samanburdar vid markmidin. Rannsoknin er byggd & raundaemi um slika nytingu, nanar
tiltekid Hellisheidarvirkjun, sem er hataekni jardvarmavirkjun sem framleidir baedi rafmagn og
varma til hushitunar. Beiting vistferilsgreiningar gefur heildreenar nidurstédur fyrir ymis
umhverfisahrif virkjunarinnar, par med talid kolefnisspor framleidslunnar og frumorkukraefni
hennar, sem eru lykilsteerdir i markmidum orkustefnu ES. Hluti af rannsékninni folst i pvi ad
safna saman itarlegu gagnasetti fyrir mismunandi hluta lifsferils virkjunarinnar (e. Life cycle
inventory (LCI)), par sem slik gogn voru ekki til reidu fyrir héhitavirkjanir i Gtgefnum
rannsoknum eda gagnasettum. Jafnframt voru skodadar mismunandi adferdir til ad skipta
umhverfisadhrifum milli raforku- og varmaframleioslunnar (e. Allocation methods) til pess ad
meta ahrif peirra & kolefnisspor og frumorkukrafni beggja framleidsluvara.

Nidurstédurnar syna ad kolefnisspor héahitanytingar er svipad og kolefnisspor annarra
endurnyjanlegra orkugjafa, pegar adferdum lifsferilsgreiningar er beitt vid Utreikningana. bar
med getur jarohiti gegnt mikilvaegu hlutverki samhlida 66rum endurnyjanlegum orkugjéfum i
framtidar orkukerfum & heimsvisu til ad verjast loftslagsvanni. Hins vegar er varmanytni
slikra virkjana lag pegar kemur ad rafmagnsframleidslu, sem gerir pad ad verkum ad
hahitanyting neer ekki ad uppfylla markmid ES um aukna orkunytni og minni
frumorkunotkun. Ef horft yrdi til frumorkunotkunnar af éendurnyjanlegum uppruna (e. non-
renewable primary energy demand) eingdngu myndi jarohitanyting koma afar vel at i
samanburdi vid adra orkugjafa. Nidurstédur rannsdknarinnar syna einnig fram & ad losun
brennisteinsvetnis (H,S) er alagspunktur i vistferilsgreiningunni pegar paer eru bornar saman
vid umhverfisahrif annarrar orkutekni. Losun H,S telst pvi ein alvarlegasta aukaverkun
jardhitanytingar og veldur han ahrifum & surnun (e. Acidification potential) og
eitrunardhrifum & mannfélk (e. Human toxicity potential). Komast ma hja slikri losun med
notkun hreinsunarblinadar vid slikar virkjanir. Ljost er af nidurstddunum ad ndverandi
framsetning orkustefnu ES og markmida henni tengdri stydja ekki nzgjanlega vel vid
uppbyggingu jardhitanytingar i Evropu.
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Preface

This dissertation is compiled throughout roughly a decade. It has evolved around the central
theme of the primary energy factor and life cycle GHG emissions for geothermal electricity
and heat production, as these are essential energy performance indicators in both past and
current EU energy policy. The early days of the research progressed from energy system
modeling to life cycle assessment (LCA), as the analysis of the energy performance indicators
required life-cycle thinking in their approaches. Furthermore, it became clear early in the
study that a large gap existed in the literature on LCA of geothermal applications. Little or no
data were available in literature or databases on life cycle inventories (LCIs) for geothermal
power plants. It became evident that extensive data collection would be necessary to conduct
the study.

As with most LCA studies, the process is iterative. Two “screening LCAs” were published
and presented as conference papers in 2010. The first publication, conference paper CI,
focused on the primary energy factor and life cycle CO, emissions (Global warming potential,
GWP) for geothermal power production alone (Karlsdottir et al., 2010a). The second
conference paper, ClI, investigated the same factors for geothermal combined heat and power
(CHP) production (Karlsdottir et al., 2010b). These two papers identified the most critical
data gaps of the early LCI and initiated the collection of a detailed LCI for the drilling of
geothermal wells. The complete LCI for a case study of the Hellisheidi geothermal combined
heat and power plant was published in a journal paper PI (Karlsdottir et al., 2015) and has to
date supported many publications on LCA for geothermal applications. An additional
conference publication, Cl11, focusing on an Icelandic geothermal district heating system,
was also produced as a reference study to investigate the primary energy factor and CO,
emissions from a stand-alone geothermal heat plant (Karlsdottir et al., 2014). Conference
papers CI-Cl11 are considered additional publications that support this work, but they do not
contribute directly to the dissertation's results and discussion.

The concluding publications that directly depend on Pl and the supporting publications CI-
CI11 provide results for the LCA of the Hellisheidi geothermal CHP plant in PIl (Karlsdottir
et al., 2020b) and the implications of EU energy policy on geothermal utilization based on the
LCA results in PIIl (Karlsdottir et al., 2020a). The overall contribution of PI-PIII is
discussed thoroughly in Section 5.1 within this dissertation. Parallel to the work of PII1-PlII,
the doctoral candidate held a position within the energy sector, working directly with
geothermal applications and the specific case study used within this research. The work
experience has added value and depth to the overall research in terms of more accurate
modelling of the case study and a broader perspective on EU energy policy than otherwise
would have been achieved.
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Terminology and abbreviations

Study refers to the research as a whole, while dissertation refers to the written part of the
study accumulated within these pages.

Paper refers to published studies, such as journal or conference papers. Within this
dissertation, journal papers by the author that contribute directly to main findings are denoted
with a “P”. Conference papers by the author that serve as supporting publications to the main
findings are denoted with a “C”.

Primary energy factor, primary energy demand, and cumulative energy demand are all
closely related concepts and frequently used within this dissertation to describe the amount of
primary energy used to supply a function. Primary energy efficiency is the inverse of the
primary energy factor and is often used to describe a similar concept related to energy
products.

Renewables refers to renewable energy resources or renewable energy technologies.

Global warming potential and carbon footprint are used similarly within this dissertation to
refer to life-cycle greenhouse gas emissions.
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1 Introduction

The world faces an unprecedented challenge in reducing anthropogenic impacts on the
environment caused by our excessive and non-sustainable natural resource consumption and
pollution from human-made activities. Climate change, or “climate crisis,” as many scientists
and environmentalists deem a more appropriate phrasing, is at the center of that challenge.
Energy production is responsible for a large part of the global greenhouse gas (GHG)
emissions that drive the climate crisis due to its heavy dependence on fossil fuels. Modern
societies rely on access to energy in all aspects of people's lives; for our basic needs, health,
habitats, and technology. Ensuring access to energy for all leads to increased equity and
quality of life. It is one of the United Nations (UN) leading global targets for sustainable
development (the 17 Sustainable Development Goals (SDGs) (United Nations, 2015). The
target, called “SDG7: Affordable and clean energy”, sets a goal of “ensuring access to
affordable, reliable, sustainable, and modern energy for all”. Our present way of producing
energy is non-sustainable and drastic changes have to be made to the worlds’ energy supply to
meet this target. In summary, the replacement of fossil fuels with cleaner, more sustainable
energy resources and enhanced energy efficiency to reduce energy consumption is essential to
reach the goal of energy equity and stop the climate crisis at the same time.

In the current climate and energy policy of the European Union (EU), climate change and
energy production are interconnected in the main targets to reduce GHG emissions under its
commitments to the Paris Agreement (European Commission, 2016a, UNFCCC, 2016). In
addition to cutting GHG emissions, the target is to increase the share of renewables and
increase energy efficiency across the entire energy value chain. They are presented in the
“2030 climate & energy framework™ and supported by the “Clean energy for all” legal
framework package (European Commission, 2017). At the heart of the 2030 climate & energy
framework, low-emitting and efficient renewable energy technologies are strongly supported,
while strict boundaries are set on technologies that do not support the framework's main
targets.

The focus of this dissertation is to analyze how energy products from geothermal energy
resources measure up to the EU climate and energy targets for 2030. In specific locations of
the world, this energy resource plays a vital role in supplying energy to local communities,
businesses, and industries. Under favorable geographical, geochemical, and economic
conditions, geothermal energy is a reliable, renewable, and low-emitting source of heat and
power, providing continuous base-load energy production in contrast to the varying
production profiles of wind and solar energy. The dissertation furthermore focuses on high-
temperature geothermal utilization for heat and power production by analyzing a selected
state-of-the-art geothermal combined heat and power (CHP) plant located in Iceland.

When replacing technologies or introducing new ones, it is vital to know the possible negative
and positive effects of such changes. Life cycle assessment (LCA) is a widely used
methodology to analyze multiple environmental impacts of processes, products, and services
holistically throughout their life cycle. LCA methodology can be used to provide valuable
information on the possible environmental impacts that are not necessarily evident during the
operation phase of the subject and are often hidden in the subject's production or demolition



phases. The methodology is well suited to investigate how energy technologies contribute to
the climate and energy targets of the EU. Analysis of GHG emissions throughout the life
cycle of energy production is either preferred or required when reporting such emissions in
current GHG accounting schemes, such as the Greenhouse Gas Protocol (Hertwich and
Wood, 2018). Furthermore, the LCA methodology provides the means to account for all the
upstream primary energy inputs needed to extract, supply, and convert them into useful
energy products such as electricity or heat. This is a preferred approach when calculating
energy technologies' primary energy efficiency in the current EU energy and climate
framework (European Council Directive, 2018a, 1SO, 2017, European committee for
standardization, 2017b).

The dissertation consists of three journal articles published in international scientific journals.
Each paper investigates different aspects of geothermal energy from LCA and energy policy
perspectives. The following sections in this dissertation provide the theoretical and
methodological foundation of the overall study. Furthermore, this dissertation's compilation
systematically reviews the three published papers to provide a complete discussion on their
contribution to the overall research question that was formulated within the study. The
following subsection presents the research question and how each paper contributes to an
answer to the problem statement.

1.1 Research question and dissertation structure

This dissertation investigates how high-temperature geothermal energy can contribute to the
EU climate and energy targets for 2030. For that purpose, LCA is applied to a case study of a
state-of-the-art, high-temperature geothermal combined heat and power plant located in
Iceland. The dissertation's contribution is to provide both practical and theoretical
contributions to the research field of high-temperature geothermal utilization in the context of
energy policy and LCA methodology. There is an evident gap in the scientific literature on
these subjects, particularly for high-temperature geothermal utilization, while low-
temperature geothermal utilization is more extensively studied (Tomasini-Montenegro et al.,
2017, Bayer et al., 2013). All in all, the study aims to holistically assess the primary energy
demand and the definition of primary energy factors, GHG emissions, and other
environmental impacts of high-temperature geothermal utilization and connect the results to
the main targets of current EU energy policy. The overall research question (RQ) of the
dissertation is defined as:

“Should geothermal energy be a part of our future energy systems to battle climate change
and our non-sustainable use of resources?«

Since the RQ is extensive, four sub-questions (SQ1-SQ4) were derived by narrowing down
the dissertation's focus on the particular aspects of geothermal energy and current energy
policy. These are:

SQ1: How does high-temperature geothermal utilization contribute to lowering GHG
emissions from the energy sector?

SQ?2: Are there any adverse environmental impacts other than GHG emissions that affect
high-temperature geothermal utilization potential to be a part of future energy systems?



SQ3: How does the primary energy efficiency concept relate to geothermal energy
technologies, and how substantial is the share of nhon-renewable energy demand during the
life-cycle of such technologies?

SQ4: How does high-temperature geothermal energy technology compare to the current EU
climate and energy policy?

Since the characteristics of geothermal energy resources are very different from site to site,
the study’s intention is not to answer the research question for all types of geothermal energy
technologies but to focus explicitly on utilizing high-temperature geothermal resources for
electricity and heat production in a power plant near Reykjavik in Iceland. Geothermal energy
is abundant in Iceland, and its utilization is one of the main sources of primary energy to
sustain the country’s energy demand. Another reason is that studies on life cycle
environmental impacts of low-temperature utilization have had a broader representation in
both research and policymaking, while the gap in the literature is evident for high-temperature
geothermal energy.

Each of the published papers contributes significantly to the overall research question while
addressing different aspects. Figure 1 shows how individual papers address the different sub-
questions of the dissertation.

RQ: Should geothermal energy be a part of our future energy systems to battle climate change and our
non-sustainable use of resources?

sQ1:
GHG emissions NG

sqz: _—
Other life cycle impacts

5Q3: 7 S
Primary energy efficiency

sqa: - PIII
Energy policy implication Policy

Figure 1 Overview of the research question and sub-questions and how they are addressed in the
published papers of the study.

The dissertation is organized as follows: Section 2 presents the thesis's theoretical context,
describing the link between LCA studies and the EU climate and energy policy. Section 3
covers the methodology. Section 4 reviews the main results and describes how the different
published papers contribute to the overall results of the dissertation. Section 5 discusses the
results further and relates the contribution to the different topics investigated. It furthermore
evaluates the validity and reliability of the study and recommends future research. Short
concluding remarks are given in Section 6, followed by the references and a copy of the
published papers I-111 (PI-111).






2 Theoretical background

This section covers the relevant literature that served as a foundation for the study. The main
theory evolves around LCA studies of geothermal energy systems producing electricity or
heat. Reviewing LCA studies of other energy technologies also serves as an essential part of
the study for comparison purposes. Furthermore, a particular focus is set on CHP plants to
review the different methods used to allocate environmental impacts between heat and
electricity in such joint production processes. Lastly, publications on EU energy policy, such
as official documents from government bodies and scientific literature or reports, set the
background for the study's energy policy aspect.

2.1 Life cycle assessment of electricity and heat
production

Energy is a necessity in almost every aspect of our lives, from producing goods, offering
services, and running day-to-day operations of homes, businesses, and industries. Therefore,
energy inputs are needed in the vast majority of LCA studies of products, services, and
processes (Curran et al., 2005). To correctly represent the intrinsic environmental impacts
associated with the energy use in LCAs, quality life-cycle inventory data (LCI) for different
energy production systems have to be accessible in databases or literature.

Energy systems are a popular field within LCA research and application, especially electricity
generation technologies. A vast number of publications and review studies are available for
different electricity technologies. Turconi et al. (2013) published a highly cited review study
for a wide range of renewable and non-renewable technologies. They conclude that the most
significant environmental impacts for fossil-fueled power plants result from direct emissions
within these plants' operational phases. At the same time, energy resource acquisition was the
most critical source of impact for nuclear and biomass technologies. Lastly, the construction
of infrastructure was responsible for the majority of environmental impacts from renewables.

LCA studies often focus on assessing GHG emissions over the life-cycle of electricity
technologies. A special report by the IPCC on renewable energy sources and climate change
mitigation (SRREN) publishes a range of LCA GHG emissions from a review of LCA studies
on different electricity technologies. The results from the SREEN report are presented in
Figure 2 (Moomaw et al., 2011). They show how the fossil-fueled technologies are grouped at
the high-end of GHG emissions per kWh produced, while renewable technologies are grouped
at the lower end of emissions per kWh. Since LCA assesses the entire life-cycle, emissions
from renewable sources are made visible through the environmental impacts associated with
the resource acquisition and infrastructure (or manufacturing) life cycle stages.
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Figure 2 Comparison of life cycle GHG emissions from different electricity generation technologies,
adopted from data presented in Annex Il of the IPPC SRREN report by (Moomaw et al., 2011).
Technologies are arranged according to the reported mean values in descending order. Note: The
lower end of values for biopower are based on estimates of avoided emissions found in the LCA
literature reviewed.

LCA studies comparing energy technologies providing heat for buildings are not as readily
available and comprehensive as electricity generation studies. Many different technologies are
available to supply heat to buildings, such as district heating (DH) services with a centralized
heating production that serves multiple buildings (e.g., from combined heat and power (CHP)
production), or individual heating systems installed for the individual buildings (e.g., gas or
biomass furnaces, heat pumps e.t.c.). These technologies depend on different energy resources
and infrastructure needed to construct the energy system. A detailed LCA on different life
cycle stages of a DH system was carried out by Fréling et al. (Fréling et al., 2004, Fréling and
Svanstrom, 2005, Persson et al., 2006) showing that the use phase of such systems, stemming
from the production of the heat delivered, is responsible for over half of total environmental
impact. Thus, the energy resource used to produce heat is of essential importance. Most CHP
plants and other heat providers for district heating systems use energy resources of fossil
origin or require biomass burning (Werner, 2017).

The complexity and wide variety of heating services available make it difficult to
systematically review and compare all the different heat production methods in terms of their
life cycle performance. The studies published usually focus on a limited selection of
technologies to compare. For example, a study by Neirotti, Noussan, and Simonetti (2020)
investigated the difference in life cycle environmental impacts between heat delivered by an
existing DH network in Turin, Italy, and a traditional gas boiler. The results depended heavily
on the allocation method used to divide environmental impacts between heat and electricity.
When the allocation of GHG emissions put low burdens on heat from a CHP plant, district



heat performed better than the individual gas boiler while being worse for some other means
of allocation. Another study concludes that an individual air source heat pump performs better
than a DH network in Hangzhou, China (Zheng et al., 2016). Heinonen et al. (2015) also
compare heat pumps to district heat from CHP plants by showing how different analysis
assumptions affect the outcome, switching the results on which system would be preferable to
cover heat demand based on life cycle GHG emissions. The assumptions investigated were
the allocation method used for the CHP plant, the choice of the source of electricity, and the
emission intensities of the different energy technologies. The environmental performance of
different heating solutions will thus be dependent on local or national conditions or
assumptions made in the studies, such as the primary source of electricity, the availability of
heat from CHP production, the primary source of fuel for individual heating, and the
allocation method selected.

2.1.1 LCA of geothermal energy

It is typical to classify geothermal energy resources into high-temperature and low-
temperature resources. High-temperature resources are of volcanic origin and generally
produce geothermal fluid at temperatures above 150°C at 1 km depth below the surface. Low-
temperature resources draw heat from the natural heat flow of the earth’s crust and are
available at lower temperatures than 150°C at 1 km depth (Saemundsson et al., 2009).
Typically, high-temperature resources are used to produce electricity. In contrast, low-
temperature resources are more suitable for direct utilization, e.g., for heating purposes,
swimming and bathing, and heating greenhouses. However, low-temperature resources can be
used for electricity generation using binary cycle technology if the produced geothermal fluid
temperature is high enough (DiPippo, 2008). Subsequently, high-temperature utilization often
produces valuable effluent heat that can be used for the same purposes as low-temperature
resources.

The dissertation focuses on the use of high-temperature geothermal energy for the production
of electricity and heat. High-temperature geothermal resources are available at various
locations worldwide, and these are used most extensively for electricity production in the
United States, Indonesia, Philippines, Turkey, and Kenya (Huttrer, 2020), to name a few.
European countries that use high-temperature geothermal resources for energy production are
Italy and Iceland. The availability of LCA studies on geothermal energy technologies is
scarce (Bayer et al., 2013; Tomasini-Montenegro et al., 2017). One of the main conclusions of
such studies is the low generalizability of case studies' results due to the wide variety of
characteristics, such as emissions, from the different geothermal applications.

Previous studies that published LCA results for geothermal power generation have mainly
focused on low- to medium-temperature utilization using binary cycle technologies for power
production. In a recent review by Tomasini-Montenegro et al. (2017), LCA studies on energy
production from geothermal sources were presented. They specifically mention the scarcity of
LCA studies focusing on flashing (high-temperature) technologies in the geothermal sector,
although these technologies are responsible for 63% of the world’s installed geothermal
power capacity (Bertani, 2015). A former review by Bayer et al. (2013) also pointed out the
scarcity of LCA studies for geothermal energy production in general. Between the publication
of those two review studies, numerous scientific publications regarding LCA and geothermal
utilization have been made, making it evident that the LCA methodology is gaining interest
within the geothermal sector.



Among the newest published studies, Hanbury and Vasquez (2018) apply a stochastic
approach in their LCA study to allow variations in the life cycle inputs to a modern
geothermal binary power plant located in northern Nevada, USA. They find that most
environmental impacts are associated with using fossil fuels for drilling and transportation in
the plant's construction phase since practically no direct emissions stem from the binary
power plant in question during operation. This is, however, not true for high-temperature
geothermal power plants using flash or dry steam technology. Buonocore et al. (2015)
performed LCA on a 20 MW dry steam power plant in Tuscany, Italy. The study used the
CML 2001 and Cumulative Energy Demand (CED) methods to perform the life cycle impact
assessment (LCIA). It reports GWP of 248 g CO, eq/kWh and total CED of 25.6 MJ/kWh
(7.1 kWh/kWh) and non-renewable CED of 0.8 MJ/kWh (0.2 kWh/kWh) with more than 99%
of the CED referring to the input of geothermal energy in the operational phase of the power
plant. They also report the contribution of decommissioning and disposal of power plants and
find them to be neglectable. Parisi et al. (2019) publish a comprehensive LCA-based study on
multiple geothermal power plants in Tuscany, ltaly, focusing on atmospheric emissions of
various gases. They show large variations in environmental impacts from the different plants
and how mitigation methods can have considerable effects in reducing geothermal
utilization's environmental impacts.

Similar findings on the difference between the contribution of different life cycle phases to
the overall GHG emissions from geothermal binary plants and high-temperature flash plants
are reported in a systematic review on published life cycle GHG emissions from geothermal
electricity generation, made by the US Department of Energy National Renewable Energy
Laboratory (NREL), (Eberle et al., 2017). The report further highlights that studies on flash
technologies (Hondo, 2005, Sullivan and Wang, 2013, Martinez-Corona et al., 2017,
Karlsdottir et al., 2010a, Skone et al., 2012, Sullivan et al., 2014, Marchand et al., 2015)
generally produce higher GHG emissions per kWh than binary technologies due to the release
of non-condensable gases during operation of flash plants while binary plants operate in a
closed-loop system.

Geothermal energy is particularly suited for combined heat and power (CHP) production in
locations with access to geothermal resources in close vicinity to heat demand. Geothermal
CHP plants can be found in various locations around the world, including Austria, Germany,
Iceland, the USA, and Thailand (Lund and Chiasson, 2007, DeLovato et al., 2019). Very few
published geothermal LCAs focus on geothermal CHP plants. One example is a study by
Frick et al. (2010), who analyzed a geothermal binary CHP plant. They conclude that such
plants can lower GHG emissions and other environmental impacts compared to the current
energy mix of electricity and heat. Furthermore, they report on the importance of favorable
geological conditions when utilizing geothermal energy, as in some cases, the environmental
impacts were similar to fossil-fuelled energy production.

2.1.2 Main environmental impacts of geothermal utilization

The main environmental impacts are commonly listed as; gaseous emissions of geothermal
origin, thermal pollution to the atmosphere from cooling towers and to the surface due to hot
geothermal effluent from energy facilities, chemical pollution due to dissolved minerals, and
trace chemicals in geothermal effluent, as well as land deformation and increased seismicity
due to the extraction (and reinjection) of fluid from reservoirs (Kristmannsdoéttir and
Armannsson, 2003, Rybach, 2003). The method of LCA, as used in this study, only captures a
portion of those potential impacts. Examples of environmental impacts of geothermal energy



that are typically not covered by LCA methodology are; the effects of the reinjection of
geothermal fluid on induced seismicity (Juncu et al., 2018), and loss of biological diversity
due to habitat destruction or effects of the release of geothermal fluid or gasses on specific
species (Mutia et al., 2016). These impacts are well known in geothermal utilization and are
commonly addressed in environmental impact assessments (EIA) prior to constructing
geothermal projects. Mitigation methods are also available for minimizing those impacts.

As shown by the review in Figure 2, geothermal utilization can result in low CO, equivalent
emissions over its life cycle and be compatible with other renewable energy resources.
However, rare cases exist where CO, emissions from geothermal plants exceed even those of
coal power plants, such as examples in Turkey have shown due to reservoir characteristics of
carbonate-rich rock formations (Niyazi et al., 2015). In Italy, relatively high CO, emissions
per kWh produced are also reported (Manzella et al., 2018, Bravi and Basosi, 2014, Parisi et
al., 2019). A debate is ongoing whether or not to account for CO, emissions from geothermal
plants due to the occurrence of a natural flux of CO, from geothermal fields. As an example,
Bertani and Thain (2002) conclude that there is evidence of a decrease in natural flux from
geothermal areas in Italy once geothermal plants started their operations, even to the degree
that balances out the plant's direct emissions. Other studies have shown the opposite: that the
natural flux of CO, has increased after commissioning a geothermal plant, e.g., in Reykjanes,
Iceland (Oladottir and Fridriksson, 2015). As a result of these conflicting results, Italy does
not include GHG emissions from geothermal power plants in its national inventory report on
anthropogenic emissions (Armannsson et al., 2005), while Iceland includes these emissions in
its reports (Iceland Environmental Agency, 2020). To date, the balance between the natural
flux of CO, and direct emissions from geothermal plants has not been fully understood, and
further research is needed to determine this relationship and the site-specific nature of the
phenomenon (Fridriksson et al., 2017). In the LCA studies reviewed in Section 2.1.1, direct
emissions from geothermal plants are fully accounted for in all of the assessments.

H,S emissions are of particular importance when analyzing the environmental impacts of
geothermal utilization and are among the main recognized environmental issues. In Iceland,
where utilization of geothermal energy is extensive, local communities publicly debated the
concentration of H,S in the vicinity of the case studied within this dissertation due to odor
nuisance after the plant started operation in 2006 (Gunnarsson et al., 2013) and due to
unknown health effects of H,S in continuous and low concentration (Finnbjornsdottir et al.,
2016, Finnbjornsdottir et al., 2015). In current LCA impact assessment (LCIA) methods, the
environmental effects of H,S are inadequately represented due to the immaturity of research
in general on the effects of H,S emissions. In fact, research on the impacts of such inorganic
chemicals in the field of life cycle impact assessment is a very relevant topic in LCA (e.g.,
(Kirchhiibel and Fantke, 2019)).

Nonetheless, LCA is considered the most potent, consistent, and holistic tool available to
assess a selection of environmental impacts by including different life cycle stages and the
most relevant parts of the value chain of products and services (Curran, 2014). The use of
LCA methodology achieves two things: First, providing an academically accepted
methodology that follows international standards allows for a comprehensive comparison of
different technologies. Second, it highlights multiple categories of environmental impacts
instead of focusing on a single impact at a time, making it possible to see rather robustly if a
specific technology that performs well in a specific impact category has adverse effects in
other impact categories.



2.1.3 Allocation of environmental impacts from CHP plants

The allocation of impacts between multiple products from a single production system is a
widely discussed topic in LCA research. A conclusion on appropriate allocation methods for
different systems is yet to be achieved. Different studies use a wide variety of available
methods, even within the same field of study (Cherubini and Stremman, 2011). The allocation
method chosen is of extreme importance, as it decides which product from a multifunctional
production process bears the heaviest burden (e.g. (Soimakallio et al., 2011)).

Discussion of correct, fair, or preferred allocation methods for CHP plants is both ongoing
and somewhat non-conclusive within the CHP industry, energy policy, and statistics. The
method chosen for allocation will significantly affect the outcome of the two key indicators
for GHG emissions and primary energy for the electricity and heat outputs of those plants, as
discussed shortly in the subsection above. A short review of different allocation methods used
in the studies cited within the dissertation is given in Table 1.

Table 1 A short review of the different allocation methods used to divide the environmental impacts of
electricity and heat from CHP plants in the studies cited within this dissertation.

Publication Allocation method

Energy Exergy Economic AGM"

Frick et al. (2010) X

Heinonen et al. (2015) X X
Holmberg et al. (2012) X X X

Moretti et al. (2020) X X

Neirotti et al. (2020) X X

Zheng et al. (2016) X

* AGM = Alternative Generation Method, also called the “Finnish” or “Benefit” method.

2.2 Energy policy

EU energy policy is one of the main foundations of this research. The need to measure high-
temperature geothermal energy utilization against the relevant climate and efficiency targets
for future energy systems was evident due to the lack of research and general discussion on
the topic. Geothermal energy resources, especially those of high-temperature origin, are not
utilized extensively within the EU, as evidenced by the lack of representation of geothermal
issues in EU energy and climate policy documents. Thus, hardly any publications were
available on the subject.

Most of the current text on EU energy policy is found in government or legislative documents
published by the EU. The drawbacks of connecting research results to current policy are that
policies are subject to frequent changes, such as is the case with the EU energy policy. Below,
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the recent development of EU climate and energy policy's main targets is described along
with the relevant literature and connection to global targets on GHG emission reduction. The
section thus describes the state of the policy used in the dissertation to evaluate geothermal
energy's role against policy targets.

In 2015, the 21% UN Conference of the Parties (COP21) was held in Paris to create the “Paris
Agreement”, a joint and global commitment to lower GHG emissions according to
scientifically calculated pathways to keep the global average temperature rise well below 2°C
compared to pre-industrial levels, and preferably below 1.5°C (UNFCCC, 2016). The
participating nations in the Paris Agreement are obliged to put forward “nationally determined
contributions (NDCs)” where they regularly report on progress made and the set goals (United
Nations, n.d.). The member states of the European Union (EU), in cooperation with the non-
EU states Iceland and Norway, are Parties to the Paris Agreement and have put forward a
combined commitment on GHG emission reduction of at least 40% compared to 1990 levels.
The emission reduction target is revised regularly and is currently expected to be revised
upwards in 2021.

The EU has linked the NDCs of the Paris Agreement to the current ‘2030 climate and energy
framework” climate and energy-related targets (European Commission, 2016b). For the last
decade or so, the EU has shown a noticeable ambition to put forward a clear and forward-
thinking climate and energy goals and supporting legislative acts. The EU first adopted a
package of energy and climate measures in 2008, setting the 20/20/20 targets. These targets
are aimed at decreasing GHG emissions by 20% (from 1990 levels), increase energy
efficiency by 20% (compared to “business as usual” scenario projections for 2020 energy use
made in 2007), and achieving a 20% share of renewables within the EU. Already in 2012,
reports showed the EU was well on its way to meeting the 20/20/20 targets. The European
Commission, therefore, requested the construction of the next climate and energy framework
to set ambitious key targets for the period 2021-2030 (European Commission, 2014). In 2015,
the new 2030 climate and energy framework, “Clean energy for all Europeans”, was adopted
with updated targets from the 2020 package. Furthermore, the targets for energy efficiency
and share of renewables were revised upwards in 2018 and have been in a second revision
process in the year 2020. The following key targets are now officially adopted (European
Commission, 2016a, European Commission, 2017, Directorate-General for Energy, 2019):

e No less than a 40% reduction of greenhouse gas emissions compared to 1990
levels (to be revised upwards to 55% in 2021). The target is twofold, where
sectors under the EU emissions trading system (ETS) must cut emissions by
43%, and non-ETS sectors (emissions under each Member State) need to
reduce emissions by 30%, both compared to 2005 levels (European
Commission, 2016a).

o No less than a 32% share of renewable energy in final energy use (revised
upwards in 2018 from a target of 27%) (European Commission, 2016a,
European Commission, 2017).

e No less than a 32.5% improvement in energy efficiency compared to
projections from 2007 (revised upwards in 2018 from a target of 27%, with
possible revision in 2023) (European Commission, 2016a, European
Commission, 2017).

The first target addresses the overall GHG emissions across all sectors and regions within the
EU. The largest share of total GHG emissions within the EU originates from the burning of
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fossil fuels (European Commission, 2020a). Therefore, shifting towards more sustainable and
low emitting energy resources plays a significant part in the EU reaching its climate target.

The second target addresses renewables' role in reaching a more sustainable use of energy and
lowering GHG emissions related to energy use, therefore supporting the first target. Current
available renewable energy technologies include hydropower, wind, solar (photovoltaic and
thermal), geothermal, marine energy (wave and tidal), and bioenergy (biofuels, biogas,
biomass, and waste) (IRENA, 2020, Ritchie, 2017). Hydropower is the largest renewable
energy source by far as of 2019 world statistics, while wind and solar have been increasing
their share in the energy mix rapidly in recent years (Ritchie, 2017). Furthermore, the share of
bioenergy has been rapidly increasing in the EU (Eurostat, 2020a). While marine energy
technology is still not matured, and the costs are high, it has vast potential when
technological, economic, and ecological barriers have been overcome (Islam and
Hasanuzzaman, 2020). Geothermal energy utilization is a mature technology but accounts for
less than 0.5% of the world’s electricity demand. However, geothermal is considered to have
vast potential to produce electricity and thermal energy worldwide (Huttrer, 2020, Lund and
Toth, 2020). All of these renewable energy technologies have the potential to increase the
share of renewables in Europe by different means and magnitudes.

The third target in the EU’s climate and energy policy focuses on energy efficiency. It is
intended to reduce GHG emissions from energy use as a means to support the first target and
to push forward the sustainable and responsible use of energy resources. The targets are set in
terms of both primary energy consumption and final energy consumption. Primary energy
defines the original resource's energy content (fossil, hydro, solar, wind, geothermal, etc.)
from which energy products (e.g., heat and electricity) are made. Final energy consumption is
the energy consumed by the end-users. Conversion of final energy consumption to primary
energy consumption can be made by applying the primary energy efficiency of the different
energy technologies, by using a factor called the “primary energy equivalent” (IEA, 2017) or
“primary energy factor” (PEF) as defined in EU energy policy (European council directive,
2018b). The progress made and the gap towards EU energy efficiency targets for 2020 and
2030 are shown in Figure 3 and Figure 4 (Eurostat, 2020a).

12



Distance to 2020 and 2030 targets for final energy consumption, EU-27

(Mtoe)
1100

1000
900
800
T e e e B e e L s e e o e L s s B e L S e e e e LA s s |
1990 1995 2000 2005 2010 2015 2020 2025 2030
——Final energy consumption = =-2020target = =-2030target
Source: Eurostat (online data code: nrg_ind_eff) eurostati@

Figure 3 The historical development of primary energy consumption in the EU-27 countries and the
distance from current energy efficiency targets for 2020 and 2030 (Eurostat, 2020b).
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Figure 4 The historical development of final energy consumption in the EU-27 countries and the
distance from current energy efficiency targets for 2020 and 2030 (Eurostat, 2020b).

13



The 2030 climate and energy framework is reinforced with the “Clean Energy for all
Europeans Package” that includes eight revised legislative acts to support those key targets.
An overview of those legal acts is given in Table 2 (European Commission, 2017).
Additionally, as a long-term strategy, the EU aims to be “climate-neutral” by 2050, as put
forward in “The European Green deal” growth strategy for the EU, presented in December
2019 (European Commission, 2019).

Table 2 Overview of the eight legislative acts combined in the Clean Energy for all Europeans
package (adopted from (European Commission, 2017)).

Official Journal Publication

Legislative act (date and official document)

Energy Performance in Buildings Directive (EPBD) 19/06/2018 - Directive 2018/844
Renewable Energy Directive (RED) 21/12/2018 - Directive 2018/2001
Energy Efficiency Directive (EED) 21/12/2018 - Directive 2018/2002
Governance of the Energy Union 21/12/2018 - Regulation 2018/1999
Electricity Regulation 14/06/2019 - Regulation 2019/943
Electricity Directive (ED) 14/06/2019 - Directive 2019/944
Risk Preparedness 14/06/2019 - Regulation 2019/941
,&zjceréc%/)for the Cooperation of Energy Regulators 14/06/2019 - Regulation 2019/942

There are two important energy performance indicators for energy technologies within the EU
climate and energy policy. Those are the Greenhouse Gas (GHG) Emission Factor and the
Primary Energy Factor (PEF). Those two factors provide essential information needed to
evaluate different technologies' energy performance in context with the EU targets. The GHG
emission factor corresponds to GWP results from LCA studies and is often readily available
in the literature for all the different energy technologies. The relevant literature covering the
GHG emission factor includes the same publications as discussed for LCA studies on energy
systems in Section 2.1.1. The PEF, however, is a less studied factor and with less consistency
in calculation than the GHG factor. The following subsection will review the relevant
theoretical foundation of PEFs in the current literature.

2.2.1 The primary energy factor

The concept of primary energy is generally used to define the energy content of the primary
energy resource (fossil, hydro, solar, wind, geothermal, etc.) from which usable energy is
produced (electricity, heat, fuels for transportation, etc.). It is widely used to describe the
physical flow of energy in energy systems, comparison of national energy uses in statistical
reports, and recently also as a key indicator in energy policy (Hitchin, 2018). Primary energy
factors (PEFs) describe how efficiently a flow of primary energy from an energy resource is
converted into usable energy products.

A simplified general equation for calculating the PEF for energy products according to the
Eurostat definition (Eurostat, 2019) is given in Equation (1);
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where 7 is the 1st law (thermal) efficiency of the energy conversion process. As can be seen
from Equation (1), the PEF for most renewable sources becomes 1 (corresponding to 100%
efficiency) due to the definition by the IEA of the primary energy content of most renewable
energy resources (IEA, 2017). For other energy resources, the PEF is a function of the
particular energy technology*s thermal efficiency 7.

The PEF is a fundamental indicator for calculating the primary energy use, either of a single
building or in a broader perspective (e.g., on a regional level) in EU energy policy. The
Energy Efficiency Directive (EED) relies on PEFs to account for the savings and annual
reduction of primary energy use of Member States towards the target of increased energy
efficiency (also closely related to the decrease of greenhouse gas emissions target) within the
Union (European council directive, 2018b). It is also fundamental for the EPBD to calculate
the energy performance of buildings, where it serves as a basis for the mandatory energy
performance indicator stating the primary energy use of a building in kWh/m2/year, as seen in
the example of an energy performance certificate (EPC) (European Council Directive, 2018a)
in Figure 5.

The previous CEN standard that supported the EPBD directive from 2010 (European council
directive, 2010/31/EU) defined a calculation methodology of PEFs (EN 15603:2008, 2008)
and published a set of factors for various energy technologies and fuels. No such set of factors
has yet been published for the newly amended EPBD directive (European Council Directive,
2018a) and the supporting standards (ISO, 2017, European committee for standardization,
2017h).

A review of published factors from the most comprehensive publications on PEFs, and a
comparison to the values calculated for geothermal within this dissertation, is shown in Table
3. The first four sets of factors (M1-M4) are retrieved from a report made for the European
Commission on the different approaches of calculating the primary energy factor for energy
technologies (Fraunhofer-Institut fir System- und Innovationsforschung (ISI), 2016). The
report is one of the most comprehensive publications available on PEF calculation
methodology. It highlights the high level of complexity of such calculations and publishes
results for individual energy technologies and the EU PEF based on four different methods.
Another comprehensive publication on PEFs for different energy technologies is by IINAS
(IINAS, 2015), based on LCA methodology and the GEMIS (global emission model for
integrated systems) database (IINAS, 2014). The third set of published factors reviewed here
is the previously mentioned set from EN 15603:2008 (2008).
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standard occupancy. It is expressed as primary

BER Number: XXXXXXXXXX energy use per unit floor area per year (kWh/m2/yr).

Date of Issue: Day Month Year

Valid Until: Day Month Year ‘A’ rated properties are the most energy efficient

BER Assessor No.: XXX and will tend to have the lowest energy bills.

Assessor Company No.: XXXX

Carbon Dioxide (CO,)
Emissions Indicator
kgCO,/m?/yr

BEST
0

The less CO, produced,
the less the dwelling
contributes to global
warming.

LEAST EFFICIENT

IMPORTANT: This BER is calculated on the basis of data provided to and by the BER Assessor, and using
the version of the assessment soffware quoted above. A future BER assigned to this dwelling may be different,
as a result of changes 1o the dwelling or 10 the assessment software

Figure 5 Example of an energy performance certificate stating the mandatory building energy rating
in terms of primary energy and the optional greenhouse gas emission indicator of a residential
building in Ireland (Bio Intelligence Service et al., 2013).



Table 3 Results for PEFs for different fuels according to a selection of published studies.

Geo- Biomass EU  Calculation
Source  Nuclear Solar Wind Hydro thermal Fossil and mix  method

waste

Non-LCA,
physical energy
content, IEA
allocation CHP,
2020 EU PEF

m1® 303 100 1.00 1.00 10.00 2.28 353 1.87

LCA, non-ren

PEF, Finish
m2® 3.03 0.08 0.03 0.06 1.00 251 0.53 1.59 allocation CHP,

2020 EU PEF

Non-LCA, direct
equivalent,
Finish allocation
CHP, 2020 EU
PEF

m3® 303 100 1.00 1.00 10.00 2.28 353 201

LCA for non-ren,
Finish allocation

M40 303 1.00 1.00 1.00 1000 251 353 209 CHP, 2020 EU
PEF
2013 EU PEF
LCA and direct
”NA(% 315 1.25 1.03 1.01 1.02 2.47 2.47 2.67 equivalent for all
2015 4.05 REN

No reference data

1ISO given for
15603© 280 na. n.a. 1.10 n.a. 4.05 n.a. 3.14 calculation
methods

@ Fraunhofer-Institut fiir System- und Innovationsforschung (ISI) (2016)
@ [INAS (2015)
© EN 15603:2008 (2008)
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Table 3 shows how the PEF for geothermal is an outlier in most cases compared to the other
energy technologies due to its comparatively high value. The methods that follow the
definition of the primary energy content of geothermal fluid as suggested by the IEA and
Eurostat (IEA, 2017, Eurostat, 2019) show PEF values between 5.2-10.0, while method M2
from the ISI report and the IINAS method show considerably lower values of 1.00-1.02
respectively. These two results stand out due to different reasons. The former mentioned, M2
(Fraunhofer-Institut fir System- und Innovationsforschung (IS1), 2016), only includes the
flow of non-renewable energy inputs to the conversion process. Since geothermal energy is a
renewable energy resource, the flow of geothermal energy through the process is not
accounted for, leading to a relatively low PEF. The latter mentioned, the IINAS method
(IINAS, 2015), accounts for all primary energy flows, both non-renewable and renewable, but
uses the same definition of primary energy content for geothermal energy as is generally used
for the other renewable resources, namely the “direct equivalent” method. The direct
equivalent method sets the primary energy input to an energy conversion cycle equal to the
energy output in the form of electricity, translating into 100% conversion efficiency between
the primary energy source and the final energy product. According to international energy
bodies, this method is the default method to describe all renewable sources' primary energy
content, except for geothermal resources and solar-thermal technologies that shall use the
physical energy content that takes the actual generation efficiency into account.

Another interesting finding from Table 3 is how the lack of consistency in calculation
methods for PEFs can lead to different results for some energy sources. As an example, the
PEFs for geothermal range from 1.00 to 10.00. Other PEFs show more consistent values
between the different publications and methods. An exception is the PEF values calculated
with method M2 that only includes the non-renewable energy inputs and excludes all
renewable energy inputs from the PEF, leading to much smaller PEF values for energy
technologies of renewable origin. This shows that the use of a standardized calculation
methodology proposed by the older EPBD standard on how to calculate PEFs (EN
15603:2008, 2008) did not reach the intended audience, and it is important to communicate
the importance for future PEF calculations to follow the new set of standards (1SO, 2017,
European committee for standardization, 2017b) to ensure consistency between PEFs.

This study sets out to highlight these inconsistencies in the calculation of PEFs for different
energy resources and technologies.

2.2.2 Allocation issues in EU energy policy

Allocation of environmental impacts between different energy products is also a complicated
issue within energy policy, just as within LCA studies as discussed in Subsection 2.1.3. The
three main EU directives supporting the key energy and climate targets, the RED, EED, and
EPBD, include, or refer to, a discussion on allocation factors for CHP production related to
the calculation of GHG emissions or the PEF.

The RED discusses the allocation of GHG emissions from CHP production and recommends
using the energy allocation method. However, the RED only discusses the allocation of
emissions in connection with the use of biomass fuels and bioliquids for CHP production
(European council directive, 2018c). The RED thus seems to omit the possibility of utilizing
geothermal energy for CHP production. Nevertheless, it can be assumed that the RED would
recommend the use of energy allocation across all renewable energy sources used to produce
CHP.
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The EED focuses on primary- and end energy use and supports the energy efficiency target.
The PEF is, therefore, a key indicator in context to the EED to account for the primary energy
use. The EED shortly addresses the need for allocation of primary energy share to electricity
from CHP plants and refers directly to Annex Il within the directive for the methodology to
be applied (European council directive, 2018b). The method given in the Annex is based on
comparing the CHP actual production efficiencies to efficiency reference values for separate
production processes of electricity and heat. Although the method is not given a title in the
Annex, it is fully compatible with the so-called ,,Finnish method*, also called the Alternative
Generation Method (AGM) (EPD International, 2020).

The EPBD relies strongly on PEFs as they are essential to calculate the required primary
energy use of a building, so allocation of primary energy in CHP production is an issue in the
EPBD. The directive itself does not address the allocation issues connected to the energy
supplied to a building from CHP production but refers to the calculation methodology of the
ISO 52000 standard series (European Council Directive, 2018a). The ISO standards that
address allocation issues for CHP production are 1SO 5200-1:2017 and 5100-02:2017 (ISO,
2017, European committee for standardization, 2017b), with the addition of the European
standard EN 15316-4-5:2017 (European committee for standardization, 2017a). The EN
15316 has the most elaborate discussion on allocation methods to be used for co-produced
electricity and heat and lists the following methods: The Carnot method (comparable with the
commonly used exergy method in LCA allocation procedures), Alternative production
method (compatible with the AGM mentioned above), Residual heat method, and the Power
loss ref method. These methods are all showcased for the allocation of the primary energy and
it is not specified in the standards if they should also be used for the allocation of GHG
emissions.

It is evident from the above discussion that there is a lack of consistency in the energy and
climate policy framework between recommendations or requirements of allocation
methodology for calculating the GHG emission factor and the PEF of electricity and heat
from CHP technologies. Additionally, a reasonably large selection of methods is given for the
PEF calculations that differ significantly in their methodology, as seen in the overview given
in Table 4.

Table 4 Overview of the different allocation methods suggested by the different policy documents
within the “Clean energy for all” package.

Policy related document Allocation method
Energy Exergy AGM® ﬁs;idual Power loss
RED X
EED X
EPBD x®@ X X X

(referring to EN 15316)

) AGM = Alternative generation method, also called the “Finnish” or “Benefit” method.
@ Referred to as the Carnot method within the EN 15316 standard.

19



2.2.3 Geothermal energy within EU climate and energy policy

Geothermal power plants can be found in 11 European countries, where Turkey, Italy, and
Iceland are in the lead in terms of generated electricity due to their access to vast high-
temperature resources (Huttrer, 2020). Direct utilization is reported in 34 European countries.
Sweden, Germany, and Finland have extensive use of geothermal ground source heat pumps,
while Iceland, Turkey, France, Germany use geothermal resources directly for space heating.
Turkey, Netherlands, Russia, and Hungary use geothermal energy to heat greenhouses and
ground heating to grow vegetables and flowers (Lund and Toth, 2020). Geothermal energy is
furthermore particularly suited for combined heat and power (CHP) production in locations
where there is access to geothermal resources in close vicinity to heat demand. Geothermal
CHP plants can be found in various locations worldwide, examples including Austria,
Germany, Iceland, USA, and Thailand (Lund and Chiasson, 2007, DeLovato et al., 2019).

Although geothermal utilization is widespread across the EU, the share of the resource in
primary energy use is low, and it is not well represented in the EU policy documents of the
“Clean energy for all” package. The RED categorizes geothermal energy as a renewable
energy source (European council directive, 2018c). It encourages new infrastructure to allow
for district heat from geothermal energy sources (among other renewable heat sources).
Furthermore, the RED defines calculation procedures for renewable energy demand and
certification requirements for the use and installation of geothermal heat pumps for heating
and cooling purposes. The EED mentions geothermal energy as one of the renewable energy
sources that should be considered for economical analysis of heating and cooling purposes
(Part 111 of the EED (European council directive, 2018b). Lastly, the EPBD does not mention
geothermal energy in particular. All in all, geothermal energy is most often mentioned in
connection with heating and cooling demand within the “Clean energy for all” package, while
its use for electricity generation or CHP generation is not discussed. When reflecting on the
high PEF for geothermal as discussed in Subsection 2.1.1, it is surprising that the issue is not
addressed in the EED on how increased use of geothermal resources within the EU could
countereffect the target of increased energy efficiency.
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3 Research methodology

This study investigates how electricity and heat from high-temperature geothermal resources
correspond to the current EU energy and climate targets. The EU targets focus on greenhouse
gas emission and energy efficiency of energy technologies. Furthermore, they require an
analysis of the whole value chain of the energy product, from resource extraction to the end-
user. Life cycle assessment is the most prominent method to assess environmental impacts
and resource use over a product's or service's entire life cycle. Life cycle assessment is,
therefore, the chosen methodology of the overall study. Furthermore, the study bases its
research on a case study approach. These two methodological choices are discussed in the
below sections.

3.1 Life cycle assessment

Life cycle assessment (LCA) is a standardized methodology to assess different environmental
impacts of products, processes, systems, and services (hereafter called products) holistically
(Hellweg and i Canals, 2014, Klopffer, 1997, Guinée et al., 2011). It systematically addresses
the product's up-and-down-stream processes across its entire value chain (from cradle-to-
grave). A life cycle model of a product, defined as the product system, typically includes the
acquisition of raw materials, the production of components, the use or operation of the
product and its maintenance, and finally, its end-of-life handling such as waste treatment or
recycling. It models all the inputs and outputs of materials, energy, and emissions throughout
all those processes.

Energy inputs are needed in the vast majority of LCA studies of products, services, and
processes since almost all require the use of energy of some form (Curran et al., 2005, Treyer
and Bauer, 2013). To correctly represent the intrinsic environmental impacts associated with
the energy use in LCAs, quality life-cycle inventory data (LCI) and LCA results for different
energy production systems have to be accessible in databases or literature. In this study, the
focus is set on supplying life cycle inventory data (LCI) and analyzing the life cycle
environmental impacts (LCIA) of electricity and heat generation from high-temperature
geothermal resources as a mean to provide quality data for the field of LCA studies and to
show how LCA studies can be used to evaluate climate and energy policy implications.

Figure 6 shows a relevant example of the life cycle of a geothermal CHP plant producing hot
water and electricity. LCA allows for an analysis of the environmental impacts associated
with all these life cycle stages of the geothermal CHP plant, while other methods often only
address the operational stage. Thus, LCA gives a holistic view of a product, process, or
service's environmental impacts. Often, LCA analysis reveals otherwise hidden impacts, e.g.,
during resource acquisition and manufacturing of components, that otherwise would not have
been associated with the product, service, or process itself. LCA's main limitation is that it
does not cover all potential environmental impacts associated with a product and is thus
limited to the available environmental impacts in LCA methodology. Furthermore, the
accuracy of LCA assessment is subject to several different factors, such as the data quality
used to model the product, the robustness and maturity of the methodology used to assess the
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impacts, and the design of the LCA study regarding which processes are included or excluded

in the analysis (ISO, 2006b).
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Figure 6 A geothermal CHP plant's life cycle includes different stages, from the extraction of
resources to the end of life or dismantling.

The International Organization for Standardization (ISO) has published guidelines on how
LCA studies should be performed in the ISO 14040:2006 and ISO 14044:2006 ISO (ISO,
20064, 1SO, 2006b). Four phases of performing an LCA are defined in the standards as; goal
and scope definition, the collection and analysis of the life cycle inventory (LCI), the life
cycle impact assessment (LCIA), and interpretation of results. Figure 7 shows how the
published papers in the study cover these four different phases of the LCA.

22



S T —

Goal and scope
definition -~
PL, P11, PIII
Inventory analysis Interpretation
PIL, PILPIII

PI
Impact analysis
PII, PIII

- J e J

Figure 7 The LCA according to the 1ISO 14000 series, with references to each published paper
(adapted from (1SO, 2006b)).

The following sections will briefly discuss these different LCA methodology steps based on
the ISO standards (ISO, 2006b, 1SO, 2006a).

3.1.1 Goal and scope

The goal and scope of an LCA study describe the study's purpose and how it is executed. The
scope includes a description of the product system, the functional unit of the system, what is
included and excluded in the product system (the system boundary), how to separate
environmental impacts between multiple products from multifunctional systems (allocation
method), which environmental impacts are going to be studied (impact categories) and by
which method (impact assessment method), what data are to be used for the assessment, as
well as overall discussion on limitations and validation of the LCA.

The study's goal and scope are discussed in detail on different levels of the study in PI-111I.
Figure 8 shows how the product system of a geothermal CHP plant was defined in the study.
Since a CHP plant is a multifunctional system, there are two defined functional units; 1 kWh
of electricity and 1 kWh of heat. The most appropriate allocation method for a geothermal
CHP plant is discussed in detail in PIII. The study's product system further shows how the
end-of-life process of the CHP plant is omitted from the LCA. The study's intention was not
to include electrical grid and district heating systems used to transport the products to the
consumers within the system boundary since the focus is on the specific process of utilizing
geothermal energy for energy production.
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Figure 8 The product system used for the LCA model of a geothermal CHP plant. The system
boundary shows which unit processes are included and excluded in the study.

3.1.2 Inventory analysis - LCI

The inventory analysis covers the data collection for all the relevant inputs and outputs for the
unit processes modeled and the interpretation of the data. The data collected for an LCA study
can be of either primary or secondary origin. Primary data refers to data collected for the
specific product under investigation, e.g., direct measurements of materials used or emissions
from the process. In contrast, secondary data refers to the use of assumptions, literature, or
databases to collect data for a part of or all the unit processes within the product system. Pl
discusses in depth the inventory analysis of the study and publishes the resulting dataset for a
geothermal CHP plant with the intention of making it available as secondary data in other
LCA studies of geothermal energy systems.

3.1.3 Impact analysis - LCIA

Impact analysis in LCA (referred to as LCIA) refers to further analyzing the inventory data
and translating the inventory data into potential environmental impacts. Characterization
factors are used to evaluate each input’s and output's significance in the LCA model and
convert them into the relevant unit of impact according to their relative contribution (ISO,
2006b, 1SO, 2006a). For example, methane (CH,) is a greenhouse gas that is converted into a
standard unit of CO, equivalent emissions, different toxic chemicals into 1,4-dichlorobenzene
equivalents, and energy use into a standard unit of energy in terms of kilojoules (kJ), or
megawatt-hours (MWh), of non-renewable or renewable energy. Furthermore, these
environmental impacts are categorized into impact categories, such as global warming
potential (GWP), human toxicity potential (HTP), and cumulative energy demand (CED) for
the characterization factor examples given above.

24



The examples given above for different LCIA categories are all so-called midpoint categories
that describe potentials. Methods have also been developed that convert midpoint categories,
such as GWP and HTP, to endpoint categories that communicate further on the consequences
or the damage of the impacts (Jolliet et al., 2003). Both these approaches to delivering LCIA
results have been concluded beneficial for the application of LCA in decision making,
policymaking, and for scientific purposes, but the endpoint approach is considered with
higher uncertainties due to the many assumptions made in converting midpoint impacts to
endpoint impacts (Bare et al., 2000).

There are multiple available impact assessment methods for LCA applications developed by
different scientific institutions or cooperations. Examples are; CML-IA baseline method
covering a set of 10 commonly used impact categories for a midpoint approach on a European
scale (Guinée, 2002), ReCiPe 2016 that include four endpoint and 18 midpoint impact
categories on a global scale (Huijbregts et al., 2017), and TRACI 2.1 that is specifically
developed for the U.S (north-America) as a midpoint method with ten impact categories
(Ryberg et al., 2014). The Product Environmental Footprint (PEF) method, based on the
ILCD method (EC-JRC, 2011), is a promising LCIA method being developed for the
European context intended as a standard for future environmental impact assessments
(European Commission, 2013) Furthermore, some LCIA methods are developed for a
narrower analysis of a specific topic, such as for energy analysis in the CED (cumulative
energy demand) method that gives results for five different energy-related impact categories
(Hischier R. et al., 2010).

This study applies the CML-IA baseline and the CED methods for the LCA of the geothermal
utilization for heat and power production, as these two methods combined covered the needs
of the study in terms of the research questions developed. The methods are discussed in PlI-
111, where the LCIA results are presented. It became evident within the study that impact
assessment methods are not fully developed for all substances that can occur as inputs and
outputs in LCA studies. One of the most developed methods is the contribution of different
greenhouse gases to global warming, which is a global impact. However, many local impacts
are challenging to assess in detail (Bare, 2014). Further research is needed for many
substances, including one of the main emissions from high-temperature geothermal
utilization, namely hydrogen sulfide (H,S), as discussed in Section 5 of the dissertation. The
LCIA method was manually altered in the study's modeling phase to include the relevant
characterization factor for translating H,S emissions into acidification potential to better
account for its relevant impacts.

3.1.4 Interpretation - LCA and policy implications

In the last phase of an LCA study, the results from the previous phases are evaluated against
the goal and scope of the study. Furthermore, it is intended to identify the limitations, as well
as giving concluding remarks and further suggestions based on the results (ISO, 2006b).

In the study, the LCA application's main purpose was to evaluate the results against the main
EU climate and energy policy targets for 2030. PIII delivers the interpretation phase
regarding these policy implications based on the LCA results published in PII-11I.
Furthermore, PI delivers interpretation on the LCI results in particular.
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3.2 Case study approach

The LCA applied in the study is a single case study of a state-of-the-art, high-temperature
geothermal combined heat and power plant located in Iceland. A single case study approach
allows for a detailed investigation of a single, often selected rather than random, case to
understand a phenomenon (Ridder, 2017). In LCA, case studies are of high practical value.
They often present reliable data, shed light on a specific topic, effectively test current claims,
or expand life cycle thinking into new areas (Klépffer and Curran, 2014). However, case
studies have been criticized as a research strategy, i.e., due to their inherent lack of
generalizability (Yin, 1981). Case studies are considered a valid research strategy, and many
researchers have defended their application. They claim they are essential to theory building
(Eisenhardt and Graebner, 2007), to systematically produce exemplars in scientific disciplines
(Flyvbjerg, 2006), and to examine phenomena in their real-life contexts (Yin, 1981). In fact,
Flyvbjerg (2006) argues that:

“A scientific discipline without a large number of thoroughly executed case
studies is a discipline without systematic production of exemplars, and that
a discipline without exemplars is an ineffective one.”

The single case study approach was selected here due to the scarcity of such studies within the
field of LCA and high-temperature utilization. Due to this scarcity, it was impossible to
construct generalizable or comprehensive results for measuring the different aspects of high-
temperature utilization in terms of climate and energy policy perspectives. Instead, the case
study approach allowed for an addition to be made in LCA research on geothermal
applications to develop further a comprehensive selection of detailed LCAs that eventually
serve as a strong basis for theory building.

The selected case is the Hellisheidi geothermal combined heat and power plant, located in
South-West Iceland, close to Reykjavik's capital city. It was explicitly chosen to investigate
geothermal utilization's potential compliance with current EU energy policy in ranking
different energy technologies as viable for future energy systems. The Hellisheidi plant is an
excellent representative of a state-of-the-art geothermal CHP plant and one of the largest of its
kind worldwide. Therefore, it may be considered a “polar type case study” (Eisenhardt and
Graebner, 2007) as it represents a very high-performing case to serve as a benchmark in
future studies.

Additionally, the Hellisheidi plant has a modular design, meaning that its components can be
broken down into sub-modules representing a specific technology commonly used in power
plant design for geothermal plants. The modules, a single flash stage, a double flash stage, and
a thermal plant, can all be assessed individually to represent these three different utilization
designs. The organization of Pl made use of the modular design by presenting LCI for the
different sub-modules so that LCA practitioners could use the publication as a reference or a
benchmark for more than one type of geothermal application.

Furthermore, the value of choosing Hellisheidi as a case study is (i) the plant produces over
40% of the total electricity from geothermal plants in Iceland and thus represents a large part
of the overall environmental impacts from geothermal power plants in the country, and, (ii)
the plant is recently built, and it’s owners provided access to reliable data to construct the
LCI. More details regarding the Hellisheidi case study are found in PI-111.
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4 Study results

The dissertation study was set to investigate the research question:

“Should geothermal energy be a part of our future energy systems to battle climate change
and our non-sustainable use of resources?*

Within the scope of the study, geothermal energy has low environmental impacts compared
to fossil fuel energy resources. This supports the claim that, under favorable conditions,
geothermal energy should be considered an attractive energy technology to replace the use of
fossil fuels in today's and future energy systems. PI-111 provide a consistent approach to the
overall research question, from the necessary data investigated and published in Pl to a full
LCA on high-temperature utilization published in P1I. Finally, it compares the LCA results to
the main targets of the current EU climate and energy policy in PIII.

The following subsections will highlight the main results for the set of sub-questions related
to the research question, each discussing the following topics: Greenhouse gas emissions,
other life cycle environmental impacts, primary energy efficiency, and EU policy implications
for geothermal utilization.

4.1 Greenhouse gas emissions

The first sub-question of this dissertation, SQ1, as presented in Section 1.2, is “How does
geothermal utilization contribute to lowering GHG emissions from the energy sector?”

Emissions of greenhouse gases (GHG) are among the most studied environmental impacts of
energy technologies and a determining factor for their inclusion in future energy systems in
current energy policies. To answer this question, the life cycle assessment of GHG emissions
from high-temperature geothermal utilization is a central topic in PIl and Ill. They aim to
locate the technology on the emission factor spectrum of energy technologies. The main
results show that GHG emissions per produced energy unit from the case study of high-
temperature utilization and most other published LCA studies on geothermal utilization are an
order of magnitude lower than from fossil energy technologies and in line with other
renewable and low-carbon technologies. However, published LCA studies on geothermal
utilization are scarce and there exist known instances of extremely high GHG emissions from
a few geothermal fields. The results also show that the emission factor is highly sensitive to
the allocation method used to divide the GHG emissions between electricity and heat
produced from a CHP plant, especially for heat production. The individual paper
contributions to the research question are discussed further below.

P11 is derived from the published LCI in PI and focuses on an in-depth analysis of the case
study's life cycle environmental impacts, including the global warming potential (GWP) of
electricity and heat from a specific high-temperature geothermal CHP plant. The operational
phase is the main contributor to the GWP due to the direct emission of CO, originating from
geothermal steam. This contrasts with most LCA studies on low-temperature geothermal
utilization, where GHG emissions' primary origin is associated with the power plant's
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construction phase. The difference between low- and high-temperature geothermal resource
utilization lies in the energy conversion technology and its geochemical characteristics.
Additionally, direct GHG emissions can vary significantly between different high-temperature
geothermal sites since geothermal fluid's chemical characteristics are very site-specific
(Fridriksson et al., 2017).

The case study's results show a relatively low value of the GWP compared to other
publications for geothermal plants and conventional electricity generation technologies.
Figure 2 in Section 2.1.1 shows results for LCA GHG emissions from different electricity
generation technologies, collected by the IPCC special report on renewable energy sources
and climate change mitigation (SRREN), where results for geothermal ranged from 6 to 79 g
CO, eq/kWh (Moomaw et al., 2011). The results for electricity from the Hellisheidi CHP
plant's case study, calculated as GWP100, are 15.9 g CO, eq/kWh. They fall below the 25
percentile of the range given for reviewed LCA studies on geothermal by Moomaw et al.
(2011). Similar results are found for the production of heat. The study applies the “energy
allocation” method that results in an even distribution of GHG emissions per useful energy
unit produced from the CHP plant. In the case of heat, the emission factor is very low in PII
compared to other commonly used heat technologies.

P11 also investigates two operational scenarios for the case study; a base-case and mitigation
measures implemented to lower the GWP. The mitigation measures scenario is based on fully
implemented and tested solutions by the actual CHP plant in the case study. They involve
using the Carbfix carbon capture and storage (CCS) technology (Aradéttir et al., 2015) and
replacing fossil fuels with electricity in drilling activities. The LCA results indicate that
mitigation measures already implemented have the potential to reduce the GWP by roughly
30% for each unit of heat and electricity produced over the 30-year operational time under
investigation. There is an even greater potential for further reduction of GWP by up-scaling
the Carbfix technology on site.

P11 further investigates the effects of different allocation methods commonly applied to CHP
production. Figure 9 shows the sensitivity of the selected allocation method on the results for
GWP for electricity and heat from a CHP plant, especially for the case of heat production.
The results showcase how the allocation method can be selected to benefit either energy
product, electricity, or heat, to lower their emission factor. The lowest emission factor for heat
is obtained with the “Electricity allocation” and the highest with the “Energy allocation”
method, with results varying from 0.7 to 15.7 g CO, eq/kWh. Still, the range of emission
factors for geothermal electricity and heat falls well below other energy technologies used for
comparison in PII.
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Figure 9 The results for GHG emissions for electricity and heat produced from the case study
according to the allocation method used.

The general conclusion of the study for SQ1, based on the case study results, can be applied
to other geothermal projects that use similar conversion technology and have geochemical
characteristics within the same order of magnitude. It cannot be stated that the conclusion
covers all high-temperature geothermal projects due to extremities that have been found,
resulting in very high CO;, emissions per kWh and within the same range as fossil fuel
technologies. Those instances are, however, rare. The application of the mitigation methods
showcased in the study can potentially be applicable in most geothermal sites to reduce the
GHG emissions of geothermal utilization. The issue of case study implications will be
covered in the discussion section.

4.2 Other environmental impacts

SQ2 of the thesis is the following: “Are there any negative life cycle environmental impacts
other than carbon emissions that affect the potential of geothermal utilization to be a part of
future energy systems? ”

From the environmental impact categories analyzed within the scope of the study, two stood
out as “hotspots” for geothermal utilization compared to other energy technologies. Those are
the acidification potential(AP) and the abiotic resource depletion potential (ADP). The direct
emission of H,S is the main contributor to the AP and has to be adequately managed in
geothermal projects for them to be accepted as having high environmental performance. The
ADP is in line with hydropower and has little potential to be reduced with current technology
due to geothermal systems' extensive infrastructure. Therefore, the relevance of these
downsides of geothermal utilization has to be weighed against the benefits, e.g., the low
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GWP, before implementing a geothermal project. The contribution of the papers to this
question is explained below.

PIl presents LCA results for multiple environmental impacts other than the GWP. It
compares the overall LCIA results to other studies for investigating if geothermal utilization
has any adverse effects, although having a low GWP. The paper highlights the importance of
applying life cycle thinking, such as LCA methodology, when analyzing the environmental
impacts of products or processes, as downstream processes, such as construction,
manufacturing, and material acquisition, are otherwise often not addressed.

The work published in PI is of particular importance to analyze the various environmental
impacts other than the GWP for geothermal utilization. There was no access to reliable and
detailed LCI for high-temperature geothermal energy production processes before its
publication, even though some LCA databases included processes for geothermal electricity.
However, when further analyzed, the data originated from studies on low- to medium-
temperature geothermal technologies or EGS (enhanced geothermal system) technologies that
are substantially different from the flash technology used in high-temperature geothermal
utilization.

The case study's impact assessment results are relatively low in most of the analyzed
categories, often by order of magnitude compared to other technologies. The exemptions are
the acidification potential (AP) for both heat and electricity and the abiotic depletion potential
(ADP) for electricity production. In fact, the AP is the main hotspot for geothermal utilization
in the LCA analysis compared to other technologies. The AP is a very specific environmental
impact for high-temperature geothermal utilization. The emission of H,S, which is the main
contributor to the AP in the LCA analysis performed, is common from such applications
while uncommon from other energy technologies. Studies on the impact of H,S emissions on
human health and the environment are scarce and, in some cases, non-conclusive. It is,
however, well known that the gas is poisonous in high concentrations. The analysis of the
environmental impact of atmospheric H,S emissions is also scarce in LCA methodology, and
it is often not included as a contributor to the AP, and possibly other impact categories, for
that reason. The AP calculation method had to be modified in PIlI to include the
characterization factor for H,S. Therefore, it is likely that other LCA studies on geothermal
utilization have not pinpointed the gas as a major source of environmental impacts due to the
missing characterization factor in default calculation methods for impact assessment available
in LCA software.

The ADP derives from the material-intensive construction process of geothermal plants,
mainly due to the drilling and structural composition of the geothermal wells and the
construction of a large steam gathering system to collect the geothermal fluid and transport it
to the plant site. As mentioned before, the ADP is similar for geothermal and hydropower as
these technologies are quite material-intensive in the construction phase, while it is much
lower for, e.g., gas power plants.

The mitigation methods investigated in PIl for GHG mitigation also result in lowering the
impact of H,S. The CCS technology (Carbfix method) at the CHP plant is evenly applicable
to H,S (also called the Sulfix method) (Gunnarsson et al., 2018, Marieni et al., 2018). PII
shows how the AP is reduced by 62-63% for each unit of electricity and heat after
implementing the Sulfix method for capturing and permanently mineralizing H,S below
ground. These results should apply to other geothermal sites where H,S is one of the
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dominant gases dissolved in the geothermal fluid and released during utilization. To be able to
identify this hot spot for geothermal, the modification of the AP calculation methodology to
include a characterization factor for H,S is essential.

In conclusion, the results from PII indicate a very high environmental performance of the
case study in most of the impact categories investigated compared to other energy conversion
technologies. However, hotspot analysis puts focus on reducing H,S emissions to improve the
environmental performance of geothermal plants further. The overall results emphasize the
potential of geothermal energy to be a clean source for producing electricity and heat, with
appropriate mitigation methods applied to minimize adverse environmental impacts.

4.3 Primary energy efficiency

SQ3 poses the question: “What is the primary energy efficiency of the geothermal CHP plant?
What is the share of non-renewable sources in its primary energy consumption based on the
cumulative energy demand calculation methodology in LCA?”

PI, 11, and 111 all contribute to the answer on how the flow of energy to and from the
geothermal plant constitutes the plant's primary energy efficiency. They show that the primary
energy factor (PEF), which is the inverse of the primary energy efficiency, is almost solely of
renewable origin stemming from the inflow of geothermal energy from the natural resource.
Furthermore, the PEF for geothermal is very high compared to other energy technologies,
both renewable and non-renewable, which results in low primary energy efficiency. The
reason is the low thermodynamic efficiency of geothermal applications due to relatively low
temperatures available from natural geothermal resources compared to the operating
conditions of other thermal energy sources.

PII and 111 explore the primary energy efficiency of the case study in comparison with other
geothermal plants and other energy technologies. Pl covers the thermodynamic energy flows,
describing the inputs of primary energy from the geothermal resource and outputs of energy
in the form of useful energy products and waste heat to and from the energy conversion
system. PII then presents how different life cycle stages in geothermal utilization affect the
primary energy efficiency in terms of the impact category Cumulative energy demand (CED).
For the case study, the CED is dominated by the primary and renewable energy input of
geothermal throughout the operational phase of the CHP plant. An insignificant fraction of the
CED stems from other life cycle phases and has a non-renewable origin, mostly from diesel
use in drilling activities and construction machinery on-site, as well as from the energy used
in various manufacturing processes of materials used to construct and maintain the CHP plant.
In the case study, these manufacturing processes occur in countries where the electricity mix
has a substantial non-renewable origin. The overall result is that the CED for geothermal is
almost entirely based on renewable energy resources. In the EU’s energy policy, the CED is
equivalent to the Primary Energy Factor (PEF) used to express different energy technologies'
primary energy efficiency.

Pl further discusses the PEF of the case study and geothermal utilization in general and
compares it to other energy technologies. The PEF for geothermal is found to be much higher
than all other PEFs for the different energy technologies, making geothermal the least
attractive energy resource to meet targets of increased energy efficiency. However, it is
almost entirely based on a renewable energy source, contrary to fossil energy technologies.
PII also discusses the effects of different allocation methods for CHP plants on the PEF. The
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significant variations in the PEF for heat and electricity based on different allocation methods
can be seen in Figure 10 for both the total PEF and the non-renewable part of the PEF
(PEF_non-ren).
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Figure 10 The variation of results for (a) the total PEF and (b) the non-renewable PEF according to
the allocation method used. The non-renewable PEF presents the sum of all non-renewable energy
inputs (non-renewable biomass, nuclear, and fossil fuels) needed to produce 1 kWh of electricity or 1
kWh of heat.

4.4 Policy implications

The last sub-question, SQ4, addresses the following: “How does high-temperature
geothermal energy technology compare to current EU climate and energy policy? ”

The main contribution to SQ4 is found in PIII, which focuses on GHG emissions and the
PEF of producing electricity and heat with high-temperature geothermal resources and relates
the results to the EU climate and energy policy. It derives from the LCA results of PII to
showcase how geothermal utilization compares to the three main policy targets. The results
from PII1 indicate that geothermal utilization for electricity production does not fit well into
the current policy framework as it counteracts the target of increased primary energy
efficiency. In fact, replacing any energy technology with geothermal technology results in
increased primary energy use due to the high PEF value of geothermal, and therefore lower
energy efficiency. However, the use of geothermal energy supports both the climate target of
lower GHG emissions and the renewable energy target of increasing the share of renewables
within the EU’s energy system. These non-conclusive implications of the EU policy on the
future of geothermal utilization need to be addressed further to set a clear pathway for the
development of geothermal energy for electricity production in Europe. The current
calculation method of the primary energy content of geothermal resources could be revised to
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resolve this issue, or the use of primary energy as a target measure could be reconsidered.
The policy would be a stronger promoter of geothermal utilization if it focused on the final
energy use when setting energy demand reduction targets or setting targets on reducing non-
renewable primary energy use instead of total primary energy use.

PI11 also addresses the allocation dilemma of combined heat and power production. It points
out that supporting policy documents for the EU climate and energy policy targets provide
non-consistent approaches to allocating GHG emissions and primary energy demand to
electricity and heat.
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4.5 Overview of research structure and results

A short overview of the research question and the contribution of each publication is given in
Figure 11. The key findings of each publication and a general conclusion of the study are also
presented in the figure.

Research question:

“Should geothermal energy be a part of future energy systems to battle climate change and non-sustainable
use of resources?*

Sub-questions 1-4:

SQ1: How does high-temperature geothermal utilization contribute to lowering GHG emissions from the
energy sector?

SQ2: Are there any adverse environmental impacts other than GHG emissions that affect high-temperature
geothermal utilization potential to be a part of future energy systems?

SQ3: How does the primary energy efficiency concept relate to geothermal energy technologies, and how
substantial is the share of non-renewable energy demand during the life-cycle of such technologies?

SQ4: How does high-temperature geothermal energy technology compare to the current EU climate and

energy policy?

Pl Pl Pl

Title Life cycle inventory of a Life cycle assessment of a High-Temperature Geothermal
flash geothermal combined | geothermal combined heat Utilization in the
heat and power plant based Context of European Energy
and power plant located in | on high-temperature Policy—Implications
Iceland utilization and Limitations

Purpose (i) To construct a detailed (i) To investigate the life (i) To investigate how high-

LCI dataset for a specific
case study as a foundation
for further LCA analysis.

(if) To provide reference
LCI data for high-
temperature geothermal
heat- and power generation
technology for use in other
LCA studies since
available data are scarce.

cycle environmental impacts
of high-temperature
geothermal heat and power
production.

(ii) To examine the
contribution of different life
cycle stages of high-
temperature geothermal heat-
and power production to the
overall environmental
impacts to see if hidden
impacts occur in upstream or
downstream life cycle stages
compared to the operational
stage.

(iii) To investigate the effects
of operational improvements
implemented during the first
decade of operation of the
Hellisheidi CHP plant on the
overall life cycle

temperature geothermal
utilization for electricity and
heat production measures up
to current EU energy and
climate policy under the
,,Clean Energy for All
Europeans* package.

(ii) To showcase the effects of
different allocation methods
on the results of the two
leading environmental
indicators used in EU climate
and energy policy, highlight
the need for a clear definition
of what method to apply to
combined heat and power
production.

(i) To discuss the definition
of Primary Energy Content of
geothermal resources and how
it possibly affects geothermal
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environmental impacts
compared to a base case
scenario.

development due to adverse
effects on the EU energy
efficiency target.

RQ

contribution

Contributes to SQ1, SQ2,
and SQ3

Contributes to SQ1, SQ2, and
SQ3

Contributes to SQ1, SQ3, and
SQ4

Key
findings

LCI dataset for main
processes involved with
high-temperature
geothermal utilization is
presented in multiple
tables. The gathered LCI
can be applied as reference
data for high-temperature
geothermal utilization, as
roughly 60% of all
electricity from geothermal
resources is produced with
the presented technology.
However, site-specific data
on geothermal resource
characteristics and must be
collected for each case as
these vary greatly between
geothermal resources and
can severely alter the LCA
results between different
cases.

LCA results for the case
study indicate a very high
environmental performance
of high-temperature
utilization compared to other
conventional heat and power
production technologies. All
impact category results for
geothermal electricity were
an order of magnitude lower
than for a generic gas-fired
power plant, except for AP
and APD. Most impact
categories were affected by
construction stage processes,
but significant environmental
impacts also originated from
direct emissions from the
geothermal CHP plant.
Furthermore, two means of
minimizing environmental
impacts from geothermal
utilization were discussed
based on the operational
experience of the case study.

Geothermal has the potential
to take part in the EU
achieving its climate and
energy targets. The definition
of the primary energy factor,
or more explicitly the primary
energy content of a geothermal
resource, does limit
geothermal energy for being
successful in terms of
improved energy efficiency
measures unless the measures
are against lowering the non-
renewable primary energy use
instead of the total primary
energy use. The need for
assigning an appropriate
allocation method for CHP to
calculate primary energy
factors, energy savings, and
GHG emissions from co-
generated electricity and heat
in context with EU energy and
climate policy is furthermore
of crucial importance.

Conclusions:

CO, emissions from the energy sector can be lowered substantially if geothermal energy would be utilized
more extensively to replace the use of fossil fuels for energy production. Furthermore, utilizing geothermal
energy more extensively contributes to increasing the share of renewable resources in future energy systems.
However, an identified trade-off regarding other environmental impacts is increased acidification potential
compared to other conventional technologies. Additionally, the thermal efficiency of converting geothermal
energy to electricity is low and can countereffect the EU energy policy targets of reaching increased energy
efficiency in terms of primary energy use across the EU’s energy system.

Figure 11 Overview of the research design and how the individual papers contribute to answering the
research question.
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5 Discussion

The study shows that geothermal utilization can, in the right context, provide electricity and
heat in a cleaner and more sustainable manner than some other more conventional energy
technologies, such as those that utilize fossil fuels. In the studied case, the potential life cycle
environmental impacts of geothermal technology, including global warming potential, were
substantially lower than for conventional fossil-fuel-based energy technologies, with a few
exemptions on impact categories where scores were higher. However, the acidification
potential is substantially higher for geothermal due to its characteristic hydrogen sulfide (H»S)
emission. The use of LCA to holistically analyze energy technologies thus allows identifying
such trade-offs.

Regarding the policy implications, the results indicate that geothermal utilization for
electricity production does not fit well in the current EU policy framework. It counteracts the
target of increased energy efficiency based on primary energy use, as geothermal utilization's
primary energy efficiency is amongst the lowest of all energy technologies. At the same time,
geothermal contributes positively to the targets of an increased share of renewables and
reduced GHG emissions. These contradicting results show how important it is for
interdisciplinary stakeholders of different technologies to participate actively in policymaking
and international platforms where industry rules and definitions are agreed upon. In the case
of high-temperature geothermal utilization, the definition of its primary energy content needs
further discussion and acknowledgment of its implication on energy efficiency-based targets.
Efficiency-based targets to reduce global emissions and resource depletion are found in EU
energy policy and, e.g., the United Nations Sustainable Development Goals (SDGs) (IAEG-
SDGs, 2017). If current definitions of primary energy content and targets based on primary
energy savings will prevail, further development of geothermal energy will contradict those
targets each time a new geothermal project is considered in an energy system. This is
undoubtedly not the intention of the current energy policy.

The following subsections give an overview of the thesis's theoretical and practical
contributions, along with the limitations that need to be taken into account when evaluating
the study's robustness.

5.1 Dissertation contribution

The dissertation provides both practical and theoretical contributions to the different topics
and methodologies applied within the study. In the sections below, these are reviewed and
discussed.

5.1.1 Life cycle assessment

LCA is gaining much momentum as a research methodology, particularly in research projects
funded by EU’s Horizon 2020. There, multiple projects on geothermal technologies include
LCA as a measure to report on environmental performance. Recent publications on
geothermal utilization include reviews on LCA publications (Tomasini-Montenegro et al.,
2017, Gudjoénsdottir et al., 2020), guidelines for geothermal LCA’s to ensure their
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comparability and harmonization (Parisi et al., 2020), and case studies for a variety of
geothermal technologies in different countries (e.g., (Hanbury and Vasquez, 2018, Buonocore
et al., 2015, Martinez-Corona et al., 2017)). These all add valuable knowledge to the field of
LCA and geothermal applications. This dissertation is set out to do the same.

Two substantial practical contributions of the dissertation are highlighted under the field of
LCA. The first is the publication of the detailed LCI in PI, which purpose was to publish data
for other LCA practitioners to use in geothermal studies. The LCI described the flash
technology that currently has had little attention in LCA studies on geothermal plants.
Recently published studies have utilized either a part of the complete LCI from Pl as a basis
for their LCA results for geothermal applications (Paulillo et al., 2019, Wang et al., 2020,
Tosti et al., 2020, Paulillo et al., 2020a). The second main practical contribution within the
field of LCA is the publication of LCA results for the case study itself in PII,

The study also contributes to the theory of LCA within geothermal studies. It identifies the
importance of further development of LCIA categories affected by atmospheric H,S
emissions as these are characteristic emissions from geothermal applications. Furthermore,
H,S emissions are identified as a hot spot for geothermal utilization when translated into
acidification potential, compared to other energy technologies. P11 discusses the issue of H,S
not being included by default in the baseline impact assessment methods used in LCA
software and proposes a manual addition of a characterization factor for the gas into LCIA
methods to calculate acidification potential. The conclusion is supported by another study by
Parisi et al. (2020) that identifies the same gap and makes the same suggestion. Additionally,
this dissertation highlights the need to develop the impact assessment method for H,S
emissions further as the current development status within the field of LCA is far from
complete.

5.1.2 Primary energy efficiency

Primary energy efficiency, which translates into primary energy factors for different energy
processes, is a central topic of this dissertation. The contribution of the dissertation is mostly
of practical value. It tests the cumulative energy demand (CED) calculation methodology to
produce a PEF for electricity and heat from geothermal energy resources using LCA
modeling. The CED method proves to be successful in calculating the PEF for energy
technologies if care is taken to collect and model accurate data on energy flows and energy-
intensive input processes.

It also discusses the effects of subjective choices in current international energy statistics on
primary energy definitions for different energy resources on the geothermal PEF. The
dissertation shows, mainly through PII1I1, that the PEF value for geothermal energy is an
outlier compared to other energy technologies, with much higher primary energy demand per
produced unit of electricity than any other energy technology. An overview of published PEFs
is given in Table 3 and shows this difference clearly. The main reason is the lack of
consistency in defining the different renewable energy technologies' primary energy content.
The primary energy content of geothermal energy is defined with the same method as non-
renewable energy technologies, that is, by the IEA’s “physical energy content” method based
on thermal conversion efficiency. This results in a geothermal PEF for electricity close to the
value of 10. Most other renewables' primary energy content is based on the “direct
equivalent” method, assuming a 100% conversion efficiency between the renewable energy
input flow and electricity output, resulting in a PEF value of 1 for most renewables. PIII
presents an example of if physical energy content is used to define, e.g., solar photovoltaics'
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primary energy content instead of the direct equivalent method, the PEF for solar-PVs would
be closer to 4.5 rather than 1.0. This thesis's practical contribution is to highlight this
difference between how PEFs are calculated for different energy technologies and the
possible adverse implication on the role of geothermal utilization that does not affect other
renewables. Actual examples are given by using the case study from PI-11. This is discussed
further in the following subsection on energy policy.

5.1.3 Energy policy

One of this study's main findings is how geothermal utilization can affect the EU climate and
energy targets for 2030. Or even vice versa, how the EU 2030 climate and energy targets can
potentially affect geothermal utilization development in Europe.

The previous subsection has already discussed how the PEF of geothermal electricity
production results in a very high PEF value compared to other renewable technologies. One of
the main targets of the EU’s climate and energy policy relies on the PEF values for energy
technologies to be as low as possible, namely the target of reduced primary energy use in
2030. The target states that by 2030, the primary energy use should not exceed 1 273 Mtoe,
thus reaching a target of 32.5% increased energy efficiency across the energy value chain
(European council directive, 2018b). Figure 3 shows how the energy efficiency target for
primary energy use is visualized towards 2030 and its development up until 2018. The
implication of how the PEF for geothermal is defined differently from other renewables is that
increasing geothermal utilization within the EU would counteract this target. This is because
every kWh of electricity originating from geothermal resources translates to roughly 10 kWh
of primary energy use, while every kWh of, e.g., electricity from solar or wind, would
translate to only 1 kWh of primary energy use. This thesis's contribution is to highlight this
large difference and raise the question of whether this is acceptable if the intention is to
promote the use of geothermal resources across the EU to increase the share of renewable
resources and reduce the use of fossil fuels.

5.2 Evaluation of the research

Assessing the quality and acceptability of research is commonly performed by evaluating the
reliability and validity of the research methodology and the research results (Golafshani,
2003, Morse et al., 2002, Creswell and Miller, 2000). Evaluation of reliability in academic
research deals with the consistency of the results and their accuracy. Consistency is reached,
e.g., when the results can be reproduced when researched under a similar methodology and
conditions (Golafshani, 2003). Evaluation of the research's validity discusses the extent to
which the research is credible in measuring what it sets out to measure and its generalizability
(Golafshani, 2003, Creswell and Miller, 2000).

This section of the dissertation discusses the research findings' reliability and validity by self-
evaluation of the overall dissertation study and results.

5.2.1 Reliability

The reliability of the two main approaches of the study used to answer the overall research
question is evaluated below. These are; (i) the application of LCA methodology and (ii)
evaluation of current EU climate and energy policy and its main strategic targets in context
with the LCA findings.
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Reliability of LCA application and results

As for other LCA studies, the results in this study derive from the inventory data collected.
Bjorklund (2002) discusses how LCA studies' reliability is strongly dependent on the quality
of the collected life cycle inventory data. Uncertainties can be in the form of the inaccuracy of
data, data gaps, and mistakes in data gathering, using static instead of dynamic modeling of
data, e.t.c. Few published LCA studies address the significance of the uncertainties with
qualitative or quantitative measures, and there is a lack of consensus on the methodology of
assessing uncertainties in LCA (Bjorklund, 2002, Heijungs and Huijbregts, 2004).

PI thoroughly explains the data collection process and discusses, in particular, the reliability
of the data collected and used throughout the study. The paper presents a qualitative
assessment of the data quality and representativeness in terms of the data's temporal and
geographical scope, the technology representatives, the data robustness, and a quantitative
assessment of the data accuracy. The data collection process's design and execution resulted
in the compilation of high-quality primary data for the LCA model's foreground processes,
such as material flow for constructing the CHP plant and the energy flows during the
operational phase of the plant. In addition, secondary data from reliable LCI databases were
selected to represent background processes such as acquisition and production processes of
materials. Pl also systematically presents the case study's inventory data to ensure
reproducibility of the study results and to publish secondary data for other studies in case of
data gaps in future LCA studies on high-temperature geothermal technologies.

In P11, a Monte Carlo analysis investigates the LCA results' reliability based on the inventory
data's reliability. It shows how the input data with the highest uncertainty values produce the
highest variation in LCIA results. The GWP100 and CED-renewable impact categories, which
were a strong focus within the study, showed a reasonably low variation in the results due to
the underlying data's robustness. However, the CED results of non-renewable origin show
more considerable variations due to the dependency on secondary data and the assumptions
made with low accuracy in the LCA modeling. Since the CED of non-renewable origin only
contributes marginally to the overall CED results, these uncertainties do not affect the study's
overall conclusions on the research question.

As a result of the assessments on data quality and accuracy of the dissertation's LCIl and LCA
phases, the study's reliability is considered high. However, the study relies upon a single case
study, and the generalizability is thus low, as discussed further when evaluating the validity of
the dissertation results.

Reliability of policy implication results

PII presents an analysis of the LCA research findings' context to the current EU climate and
energy policy. The nature of public policy and supporting legal acts such as regulations and
directives is subject to interpretation. Furthermore, the complexity of these legal acts, their
interconnectivity, as well as their reference to multiple supporting documents such as
standards and reports make holistic policy analysis a complicated task. The complexity
enables the possibility of different interpretations by different researchers or assessors
studying a similar subject, reducing the reliability of the study's policy implication results.

Within this dissertation, a thorough review of the different policy documents was made as

described in Section 2.2 and, in more detail, in PI11. Furthermore, publications on this study's
focus areas, namely the GHG emissions and primary energy demand (or CED) of geothermal
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and other energy systems, were reviewed and evaluated to compare with this study’s
methodology and findings. As an example, publications exist that show the different
interpretations of researchers on how to calculate the PEF for electricity from geothermal
resources, as seen in the compilation of PEF results in Table 3.

To conclude, the reliability of the study’s policy implication results are evaluated as high, and
that the policy implications are correctly stated within the dissertation. The conclusion is
based on the thoroughness of the review and interpretation of the “Clean energy for all”
package and all related documents that defined approaches to calculation procedures,
especially for the primary energy demand and PEF.

5.2.2 Validity

In terms of the validity of the research and its capability to answer the main research question,
two main methodological implications on the overall study are discussed here; (i) the validity
of a case study approach and (ii) the validity of LCA methodology to answer the overall
research question in the study.

The validity of a case study approach

The dissertation's analytical part is designed around a single case study, resulting in
limitations of the study to reach a conclusive answer to the overall research question that can
be generalized for the utilization of geothermal resources. Case studies have been criticized as
a research strategy, i.e., due to their inherent lack of generalizability (Yin, 1981). However,
case studies are considered a valid research strategy, and many researchers have strongly
defended their application. They claim they are essential to theory building (Eisenhardt and
Graebner, 2007), to systematically produce exemplars in scientific disciplines (Flyvbjerg,
2006), and to examine phenomena in their real-life contexts (Yin, 1981).

For high-temperature geothermal utilization, in particular, most attempts to reach general
conclusions on certain topics are challenging. The design and impacts of geothermal power
plants are very site-specific, related to the geothermal resource's natural characteristics.
Geothermal resources have varying characteristics regarding energy production potential,
chemical properties, and geological conditions (Tomasini-Montenegro et al., 2017, Bayer et
al., 2013). This study shows how these characteristics contribute significantly to the potential
environmental impacts studied within LCA. Attempts to generalize geothermal resources have
led to the classification of resources into multiple sub-categories based on the different
geophysical and geochemical characteristics (e.g., (Moeck, 2014). This can lead to small
selections of cases having the most similar characteristics due to the relatively few geothermal
applications worldwide. However, the increase in the number of case studies will, case by
case, deliver a range of results for the different environmental impacts in the field of LCA,
making it possible to better locate geothermal energy utilization on the spectrum of LCA
results compared to other energy technologies.

Furthermore, the scarcity of LCI data and LCA studies for high-temperature utilization made
it ill-achievable within this study to make an overall comparison of the case study results to
reach a general conclusion. In return, the dissertation achieves a more in-depth analysis and
focused discussion on the potential life cycle environmental impacts and efficiency
considerations for one of the largest, state-of-the-art, high-temperature geothermal power
plants in the world. The study, therefore, gives a few pieces to the puzzle rather than
providing a concluding answer to the main research question.
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The validity of an LCA approach

The methodology of life cycle assessment is not without criticism when it comes to scientific
foundation and the reliability and validity of LCA results (Suh et al., 2004, Heijungs et al.,
2019, Huijbregts, 1998, Curran, 2014, Heijungs et al., 2009). This section will discuss the
extent to which the methodology of LCA achieves to answer the overall research question
within this study.

The validity of using LCA to calculate the overall GHG emissions (in terms of GWP) and the
primary energy demand (in terms of CED) is sound. These topics are the focus of two of the
sub-research questions, SQ1 and SQ3. LCA proves to be successful in analyzing the CED by
collecting all the energy uses modeled within the product system's value chain. This holistic
evaluation of energy use is, in fact, a requirement of the standards and definitions dealing with
primary energy within EU legal acts (European Council Directive, 2018a, 1SO, 2017,
European committee for standardization, 2017b). Particularly when it comes to evaluating the
non-renewable and renewable part of the primary energy factor, the CED method robustly
assesses this breakdown of these energy flows. Therefore, using CED to analyze the primary
energy demand and converting the results to the PEF for geothermal utilization is a valid
methodology. Furthermore, assessing GHG emissions by calculating the GWP in LCA is a
mature and well-recognized method to account for life cycle GHG emissions from energy
technologies.

The results in this study, however, are based on a single case study as discussed above. Thus,
the study does not give a generalizable answer to the research question. Nonetheless, a review
of results is given in P11 from other LCA studies on geothermal energy, showing that it can be
claimed that emissions from geothermal utilization are an order of magnitude lower than from
fossil energy technologies and in line with other renewable and low-carbon technologies. The
results published in PII for the case study are shown to be in the lower margin of reported
GHG emissions from such technologies, presenting an example of low-emitting high-
temperature geothermal utilization.

Regarding other environmental impacts than the GWP and CED, PII highlights the H,S
emissions from the case study as a hotspot compared to other energy technologies. Thus, the
LCA approach highlights the potential adverse effects of choosing geothermal energy instead
of other energy technologies, which was the focus of SQ2. However, the impact assessment
method for acidification potential (AP) had to be manually modified for the effects of H,S to
appear in the AP results. The H,S emissions also affected the human toxicity potential (HP)
to some degree. Literature, however, states that known health effects of H,S in continuous
low-concentrations, as is relevant in the vicinity of some geothermal power plants, are
insufficient and non-conclusive (e.g. (Finnbjornsdottir et al., 2016, Finnbjornsdottir et al.,
2015, Bates et al., 2015). Thus, a conclusion can be drawn that the LCA methodology does
not represent such emissions well within LCIA methods. The validity of the application of
LCA methodology to assess the environmental effects of H,S emissions is thus found to be
inadequate and in grave need of further development of a valid methodology of impact
assessment.

P11 also points out that some known impacts of the case study are not addressed in the LCA.
The findings highlight that LCA cannot be used as a stand-alone method to evaluate all
significant environmental impacts of technologies, projects, or products. It instead gives
valuable insight into potential environmental impacts associated with other life cycle stages
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than the classical evaluation of operational phase only, as well as serving as a basis for
comparison of different technologies in a standardized way as stated above.

However, the use of LCA methodology achieves two things: First, providing an academically
accepted methodology that follows international standards to allow for a comprehensive
comparison of different technologies. Second, it highlights multiple categories of
environmental impacts instead of focusing on a single impact at a time, making it possible to
see rather robustly if a specific technology performing well in a specific impact category has
adverse effects in other impact categories.

To conclude, the evaluation of the validity of the approaches and the answer to the overall
research question can be stated as of sound scientific merit. The limitations are well explained
and acknowledged throughout the study and claimed to be justifiable for the problem
statement at hand.

5.3 Future research recommendations

This dissertation is intended to answer specific questions regarding geothermal energy
utilization and its compliance with current energy policy. Indeed, some issues are raised and
left unanswered in this study and should be further explored to enhance understanding and
contribute to further research on LCA for geothermal application and to strengthen the role of
geothermal utilization in current climate and energy policy. This section raises these issues
and suggests further research to investigate them further.

The scarcity of LCA studies is often mentioned and applies to many industries, including
geothermal. Future research providing more LCA studies on geothermal projects would
greatly benefit the field, especially on existing projects with construction and operational data
available rather than modeling fictional cases. The primary purpose of publishing the detailed
LCI compiled in PI within this study was to encourage and make available data for others to
use to perform geothermal LCAs. The paper has already aided several studies using LCA as a
tool, and the emerging popularity of the LCA as a trusted tool to evaluate environmental
impacts is evident. The most recent example being a publication in Nature Energy utilizing
the data from PI as input in LCA analysis of carbon capture technology that uses electricity
from the Hellisheidi geothermal plant (Deutz and Bardow, 2021).

At least three current H2020 projects involve LCA of geothermal energy technology and
partially build upon the outcome of this dissertation's publications. The GECO project
(Geothermal Emission Control) focuses on the potential of the Carbfix CCS method to make
geothermal projects cleaner by applying it to three new geothermal sites to reduce both H,S
and CO, emissions. The project applies LCA to analyze the different project sites and the
abatement technology and uses the LCI and LCA results for Hellisheidi as input (Colucci et
al., 2021). The Geoenvi project is focused on the LCA analysis of deep geothermal utilization.
One of the aims is to develop a simplified LCA methodology for geothermal projects for
robust analysis. The study builds, amongst others, upon the LCI gathered in this dissertation
and, along with other newly collected LCls for geothermal projects, compiles an average
dataset to be used in future studies of geothermal environmental impact assessment (Tosti et
al., 2020, Parisi et al., 2020). The S4CE (Science for Clean Energy) project aims to identify
risk mitigation methods for sub-surface operations in geothermal and other applications. One
of the tasks is to analyze the environmental impacts of such sub-surface applications, and the

43



project has produced publications that rely on the outcomes of this dissertation (Paulillo et al.,
2019, Paulillo et al., 2020b). Lastly, a report has recently been published by request of the EU
on environmental impacts of deep geothermal projects in Europe, which bases on LCA
studies with a special focus on air pollutant emissions (European Commission, 2020b). All
these initiatives will add significantly to the field of LCA for geothermal utilization and make
results available to put forward more generic conclusions on the life cycle impacts of different
geothermal energy technologies.

Further development of how H,S emissions are translated into impacts on human health and
the environment is essential in LCA methodology for geothermal applications. Here, in-situ
analysis is crucial as the different concentration levels of H,S have different known impacts
on both human health and the environment. However, the impact of inorganic chemicals in
life cycle impact assessment is a very relevant topic in LCA (e.g., (Kirchhiibel and Fantke,
2019)). Since H,S emissions are characteristic of geothermal applications and other specific
industrial processes such as oil refining, wastewater treatments, and paper pulp
manufacturing, it may require these industries to push forward or support research on the
topic of LCIA of H,S.

Closely connected to the topic of this dissertation is LCA research on geothermal direct use
applications. Although it was not a focus in this study, such research would continue to
highlight the benefits and limitations of geothermal utilization in a broader perspective.

This dissertation furthermore contributes to defining the overall PEF of electricity within the
Icelandic electricity grid. The PEF calculated within this study covers roughly 12% of the
generated electricity in Iceland based on 2018 energy statistics (Orkustofnun, 2020a,
Orkustofnun, 2020b). Further research on the actual PEF for other geothermal plants in
Iceland, as well as applying a PEF of 1 to the hydropower produced in Iceland, would suffice
to produce the actual overall PEF of the Icelandic electricity grid. Furthermore, projections
could be made on the development of the PEF to 2030 and 2050 according to the projected
changes in the electricity mix. Although Iceland has not implemented the EED nor the EPBD
to this date, this would be valuable information to position Iceland amongst the EU countries
and even prepare for potential implementation of these directives into Icelandic legislation.
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Conclusions

The dissertation presents and discusses the main findings of the study in the sections above.
Here, the main learnings from the results of this dissertation are summarized:

e Life cycle GHG emissions from high-temperature geothermal utilization can be
similar to other renewable energy technologies. Thus, geothermal utilization can
contribute significantly, and equally as other renewables, to lowering GHG emissions
associated with energy use by replacing fossil fuels in current and future energy
systems.

e H,S emissions are a hotspot in the LCA for high-temperature geothermal utilization as
the gas contributes to acidification and human toxicity potential. The impact
assessment methods (LCIA) of atmospheric emissions of H,S need further research.

e Abatement methods exist to lower GHG and H,S emissions from geothermal
applications, with the potential of reaching almost zero footprints for those two
emissions. The study highlights the Carbfix and Sulfix method, developed at the
Hellisheidi plant and has contributed to lowering the GHG emissions from the plant
by 25-30% and H,S emissions by 75-80%. These methods have the potential to
contribute to zero-footprint regarding these emissions.

e Due to the low thermal efficiency of electricity generation from geothermal, its
increased use does not result in the desired increased energy efficiency when added or
replacing older technologies in the current energy system. Thus, a barrier exists in
current EU policy that may hinder geothermal energy from becoming one of the
desired solutions to reach the 2030 climate and energy targets.

The dissertation’s contribution as a whole is of practical and theoretical value in the fields of
LCA, energy policy, and primary energy efficiency for geothermal applications, as discussed
in Section 5.1. As performed in this dissertation, the detailed analysis of a case study provides
means for further theory building on the application of geothermal resources to provide heat
and power to future energy systems. An evident need is present for more case studies on
geothermal applications using LCA methodology and policy perspectives in their analysis.
Recent publications and current research initiatives within the field of geothermal and LCA,
particularly in Europe, set out to further improve the application of LCA for geothermal
technologies. Important efforts to merge published and ongoing case studies into
generalizable models are being made, key geothermal characteristics in terms of
environmental performance are being identified, new datasets are being made available, and
industry guidelines being published on how to conduct such studies in the future for better
consistency within the field. This study has proved to be one of the valuable contributions to
this ongoing research.
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Abstract

Purpose This paper presents a life cycle inventory (LCI) de-
scribing the material and energy demands for constructing and
operating a geothermal combined heat and power (GCHP)
plant as well as direct emissions of gases, waste water, and
waste heat. The data are based on a newly constructed GCHP
plant in Iceland, representing the design of both single flash
(SF) and double flash (DF) power plants that currently pro-
duce the majority of electricity from geothermal plants
worldwide.

Methods Primary data were collected for the construction,
operation, and maintenance of a GCHP plant. As the design
and operation of geothermal flash power plants is site-specific
due to the different nature of geothermal resources, a method
of scaling data to a site specific parameter is proposed to make
the LCI available as representative secondary data for such
plants. These parameters along with other data identified as
site-specific serve as the minimum data to be collected for
adjusting the presented data to represent other flash power
plants with or without combined heat production.

Results The construction stage dominates the material bur-
dens for the electricity and heat production. For the life cycle
of electricity, it includes 80 % of diesel fuel use (whereof 96 %
originates from well drilling), while 99 % of groundwater is
used during the operational stage. The use and composition of
geothermal fluid is site-specific but accounts for all direct
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emissions from the electricity production. The main materials
in terms of mass used for the construction of the GCHP plant
are water, diesel, steel, cement, asphalt, bentonite, and silica
flour. Mineral wool and aluminum were also among the main
material contributors. Material and energy burdens per func-
tional unit are generally higher for a SF plant compared with
DF plants. For heat production, 1.7 MJ of waste heat from
power generation is used to produce 1 MJ of usable heat.
Conclusions By presenting LCI data scaled with site-specific
parameters, the flexibility of its use is increased as secondary
data. However, the collection of primary data for the compo-
sition of geothermal fluid and values for site specific parame-
ters is always required to represent local conditions. Thus, the
LCI for Hellisheidi GCHP can be regarded as representative
data for electricity and heat from geothermal flash power
plants.

Keywords Combined heat and power (CHP) - Double flash -
Electricity production - Geothermal energy - Heat production -
Life cycle inventory (LCI) - Single flash

Nomenclature

CcT Cooling tower
cw Cold water well
CWP  Cold water pump
CWT  Cold water tank

DA Deairator

DHHX Heat exchanger for district heating water
DHT  District heating water tank

FV Throttle valve

GW Geothermal well

HPC  High-pressure condenser

HPM  High-pressure moisture remover
HPS High-pressure steam separator
HPTG  High-pressure turbine-generator set
HWP  Hot water pump
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LPC Low-pressure condenser

LPM Low-pressure moisture remover
LPS Low-pressure steam separator
LPTG  Low-pressure turbine-generator set

RW Reinjection well
WE Wellhead equipment
ws Well silencer

1 Introduction

The popularity of using Life Cycle Assessment (LCA) as a
tool to evaluate the environmental impacts of products, pro-
cesses, and services throughout their entire life cycle is steadi-
ly increasing. One of the key issues in many LCA studies is
the use of energy. In order to correctly represent all the intrin-
sic environmental impacts associated with the use of energy in
a product system, life cycle data on different energy produc-
tion systems have to be accessible. Thus, Life Cycle Invento-
ries (LCI) on these systems are an important input when
performing LCAs, as emphasized during an international
workshop on electricity data for life cycle inventories in
2001 (Curran et al. 2005).

Recent energy development projects in Iceland have made
it one of the fastest growing countries with respect to geother-
mal power capacity (Bertani 2012) and the leading country in
annual geothermal energy use for district heating (Lund et al.
2011). Due to the extensive use of geothermal energy in Ice-
land, access to published LCI data for geothermal electricity
and heat is vital for future LCAs for Icelandic conditions, both
at household and industry level.

Geothermal power plants can be classified into two types,
based on whether they use geothermal fluid directly or indi-
rectly to produce electricity. Plants that use geothermal fluid
directly are either dry or flash steam power plants, depending
on whether the geothermal wells deliver dry steam to the sur-
face or a mixture of steam and water. Furthermore, flash steam
power plants can be divided into single flash (SF) and double
flash (DF) (or even triple flash) cycles. Multiple flash plants
have the advantage over SF plants that they can utilize the
liquid from the geothermal wells to produce more electricity
by “flashing,” or boiling the liquid at a lower pressure, to
produce more steam. Binary power plants use the geothermal
fluid indirectly to boil a secondary fluid, producing steam for
power production. Generally, binary power plants are more
suitable to utilize geothermal fluid from low-temperature geo-
thermal areas where dry and flash steam power plants utilize
geothermal fluid from high-temperature geothermal areas
(DiPippo 2008).

In a review by Bayer et al. (2013), an overview of pub-
lished LCA studies on geothermal power plants is given.

@ Springer

Several of the studies mentioned there present LCI datasets
for the life cycles of the energy conversion systems. A LCA
study by Frick et al. (2010) focuses on theoretical case studies
of binary cycle power plants that produce electricity and heat
from low-temperature enhanced geothermal systems (EGS).
A US report by Sullivan et al. (2010) presents LCI and LCA
results for two types of EGS power plants as well as for binary
and flash power plants. The study is largely based on model
generated data and theoretical designs of the energy conver-
sion cycles to develop the LCIs. A report from New Zealand,
not included in Bayer et al. (2013), presents a carbon footprint
and a detailed LCI for a proposed double flash geothermal
power plant located in the Taupo region (Drysdale 2010).
Finally, the ecoinvent v3 database provides datasets for elec-
tricity production from geothermal energy resources
(ecoinvent Centre 2013), largely based on an EGS binary
cycle power plant located in Basel, Switzerland (Treyer and
Bauer 2013), which is currently not in operation (Giardini
2009).

Despite the abovementioned examples, the availability of
published good-quality life cycle inventory data for geother-
mal energy production systems is scarce. Large focus is placed
on developing LCIs for EGS and binary power plants, but
EGS is an emerging technology not widely used in today’s
geothermal energy utilization scenario and electricity from
binary power plants only accounts for 9 % of the total pro-
duced electricity from geothermal resources worldwide
(Bertani 2012). However, flash power plants, either single or
double flash, account for 63 % of the worldwide produced
electricity from geothermal resources (Bertani 2012) and
98.5 % of the installed geothermal electric capacity in Iceland.

The purpose of this study is to provide a detailed set of LCI
primary data, representative for geothermal energy generation
in Iceland, which can also be used as reference for other LCA
studies of geothermal energy generation from both single and
double flash power plants. The selected case, Hellisheidi geo-
thermal combined heat and power plant (GCHP), is a flash
power plant located in the high-temperature geothermal area
of Hengill, in southwest Iceland. Due to the recent construc-
tion of the power plant', large amount of data was readily
available from the power company and engineering consul-
tancies for the compilation of inventory data. The 303.3 MW
installed capacity of Hellisheidi GCHP accounts for 46 % of
the total electric capacity of geothermal power plants in Ice-
land. By providing a comprehensive LCI dataset for
Hellisheidi GCHP, the results can also be used by LCA prac-
titioners as reference values for the production of electricity
and heat from high-temperature geothermal resources using
similar technology. However, the data will have to be adjusted
to individual power plants in question by collecting site-
specific data identified in this study.

! The plant started its operation in 2006.
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2 LCI methodology

In the following subsections, the documentation of the
collection of LCI for Hellisheidi GCHP is based on the
requirements and recommendations of ISO 14040 and
14044 (ISO 2006a, b).

2.1 Goal of the study

This study was carried out to produce a life cycle inventory data-
set on the life cycle of a GCHP plant using flash technology
(both single and double flash), based on primary data
representing Icelandic conditions. A secondary goal of the study
was to identify site specific parameters, of which values can be
collected by LCA practitioners and used for scaling of the in-
ventory data presented here. Thus, the LCI data presented in this
study is available as secondary data for future LCA studies on
flash power plants, with or without combined heat production.

The LCI presented is collected for attributional LCA stud-
ies, which has been forecasted to represent the material and
energy flows for 30 years of plant operation. The 30 years’
time is chosen for comparability with other datasets as it is a
typical life time used. However, the service life of infrastruc-
ture and buildings as well as the geothermal reservoir itself
can exceed that time, as has been experienced in Iceland?.
Construction and operational data for the Hellisheidi GCHP
plant were collected from primary data, and the operation of
30 years in the future is assumed to resemble operating con-
ditions in the period of 2012 for power production and 2013
for heat production®. The inventory is presented in the form of
product flows, with the exception of some elementary flows
during the operational stage.

2.2 Scope of the study

2.2.1 Product system—the Hellisheidi geothermal combined
heat and power (GCHP) plant

The Hellisheidi GCHP plant is a double flash combined heat
and power (CHP) plant with 303.3 MW of installed electric
production capacity (6x45 MW high-pressure turbines and
1x33.3 MW low pressure turbine), and presently 133 MW
of installed thermal production capacity for district heating
purposes (see schematic representation in Fig. 1). Due to its
modular design, the power plant can be analyzed as both a
single flash and a double flash power plant by excluding or
including the low-pressure part of the power plant as well as
including or excluding the combined heat production.

2 Bjarnarflag power plant (1969—present), Krafla power plant (1977—
present), and Svartsengi power plant (1978-present).

3 The first whole year of operation of the fully developed power plant was
2012, whereas the heat production was better optimized in 2013 than
2012.

2.2.2 Functional unit and site-specific parameters

Hellisheidi GCHP has two main functions: generation of elec-
tricity and production of hot water for district heating. Further-
more, the generation of electricity is performed in two separate
pressure stages: electricity produced with high-pressure turbines
corresponding to a single flash power plant (blue color in Fig. 1)
and the additional electricity produced with a low-pressure tur-
bine (green color in Fig. 1), making the overall plant a double
flash power plant. Thus, for the purpose of increasing the flex-
ibility on applying the data, there are three functional units (FU)
defined for the product system, two for the electricity produced
from either SF or DF power plant setup and one for the heat
produced. This allows the data on electricity production to be
used as two reference datasets for either SF or DF power plants.

It is common practice to use 1 kWh of electricity as the
functional unit for electricity generation and either 1 MJ or
1 kWh of heat for the production for district heating. The FUs
for Hellisheidi GCHP are defined as 1 kWh of electricity pro-
duced at SF or DF plant for the single or double flash plant
setups and / MJ of produced heat. The time horizon is 30 years
of operation, and no transmission losses are taken into account
since the electrical grid is outside the system boundary. For the
same reasons, thermal losses in the distribution of heat to
households are not included in this study.

In order to present the LCI so that it can be used and adjusted
as secondary data for other flash power plants, the dataset for
the construction stage is given in terms of parameterized unit
processes with respect to site-specific parameters identified for
scaling of data, i.e., a functional unit for each unit process.

2.2.3 System boundary

The life cycle stages included in this LCI study are the con-
struction, operation, and maintenance of the geothermal plant.
The end-of-life stage is out of scope as it is site -specific.
Furthermore, the transmission losses and the subsequent de-
livery of energy are not considered either as explained previ-
ously. For a full LCA study, these should however be includ-
ed. Figure 2 shows the system boundary for the study.

While collecting inventory data, all available information
on material and energy inputs and outputs were assessed for
their inclusion in the LCI. Minor material exclusions that were
considered not to be significant from a mass and environmen-
tal point of view included materials for components like com-
puters, windows and doors, bolts and screws, and other mate-
rial uses such as wood and paint. These components would
have required rough estimations and assumptions, introducing
a high level of uncertainty on materials which were expected
to be irrelevant compared with the overall mass of wells, plant
facilities, machinery, and pipelines. Transportation of mate-
rials and machinery to site was excluded from the LCI pre-
sented in this study as both means of transport and transport
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Fig. 1 A schematic
representation of the Hellisheidi
GCHP plant showing the flow of
geothermal fluid through the main
components of the energy
conversion cycle. The blue color
denotes the machinery used for
electricity production from the
high pressure units, green for
electricity production from low-
pressure units, and orange for hot
water production (adapted from
(Orkuveita Reykjavikur 2013))

distances for materials and equipment vary greatly between
sites. Transport should, however, always be taken into account
when performing life cycle assessment studies. Many LCA
databases provide detailed inventories for transport processes,

Background processes

|
|
Materials and fuels for construction and machinery |
|
|
|

» Electricity

requiring the LCA practitioner to collect information on means
of transport, distances, utilization rate, and the weight of
transported goods. The processes included and excluded for
the different parts of the power plant are presented in Table 1.

_—— ———— —— e — ) —_—— e — o — —_ — — 4]
| Foreground processes :
|
! l
|
| Construction |
| —————
| |
. | Transport to
| Geothermal Collection Power plant Power plant Heating station Heating station <|—“ siltje ‘
: wells pipelines buildings machinery bulding machinery L
! l
! |
: | geore
- ectrical
| Maintenance Electricity T grid
| |_. [
| Operation |
| I | District
| Geothermal fluid 7 heating
system
: | L System
|
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—_———— -
| " |
| End of life

Fig. 2 Flowchart showing the life cycle stages included and excluded from the system boundary chosen for the study of Hellisheidi GCHP
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All data on the amount of materials used in construction,
equipment, operation, and maintenance are primary data collect-
ed from the owner of the power plant. Energy use such as diesel
fuel used in well drilling, geothermal fluid during operation, and
the power plant’s own use of electricity are primary data. Infor-
mation on gaseous emissions from the power plant are mea-
sured and documented by the power plant owner. Secondary
data were used to convert several primary data entries to mate-
rial and energy flows as discussed in Section 3.10.1 for the final
aggregation of data to the functional unit in Tables 13 and 14.

2.2.4 Principles for allocation

Hellisheidi GCHP plant produces electricity and hot water si-
multaneously, and thus there is a need for either assigning or
allocating the inputs and outputs to the relevant output flow. At

Table 1

the plant, the equipment and facilities used for the production of
the electricity and heat are, to a large extent, separate, eliminat-
ing the need for allocation of inputs and outputs during the
construction stage. This can be visualized in Fig. 1, where the
blue and green colors denote equipment used for the production
of electricity (blue for high pressure (HP) and green for low
pressure (LP)), and the orange color denotes the equipment for
the production of hot water. One noticeable exception is the
high-pressure condenser (//PC), which is used for both electric-
ity and heat production. The HPC is necessary in the electricity
production, but, as it is partially used for preheating of hot
water, it needs to be larger by 20-35 %. This additional weight
of materials in the HPC is allocated to the hot water production
to account for its share of the associated inputs and outputs.
For the operational and maintenance stage, it is possible to
account for inputs and outputs separately for electricity and heat

Overview of the life cycle stages considered in this study and the information included and excluded from the inventory compilation

Life cycle stage Included in inventory

Excluded from inventory

Construction

Geothermal wells

Earthworks and material requirements for wellhead equipment.

Collection pipelines
to power station.

Power plant buildings

Power plant machinery

Heating station buildings

Fuel and material use during well drilling and casing.

Material use and earthworks for collection pipelines from wells

Materials for all main pieces of equipment as well as electrical
transformers for low, medium and high voltage.

Earthworks and material requirements for heating station and
cold water work facilities. Material use for heating station

Drill rig infrastructure.

Transport to site.

Energy for manufacturing equipment and structures.
Transport to site.

Energy for manufacturing and laying of pipelines.

Material and earthworks requirements for construction of turbine  Transport to site.
halls for high- and low-pressure stages, cold water works, and
staff facilities. Materials for power hall piping system and
electrical system (low-, medium-, and high-voltage cables).

Energy for manufacturing of pipelines.

Interior design of buildings (doors, cabinets, etc.).
Electrical control room and computers.

Transport to site.

Energy for machinery manufacture.

Transport to site.

Energy for manufacturing of pipelines.

piping and electrical system (low- and medium-voltage cables).

Heating station machinery
(low and medium voltage).

Operation

Operation of power station

Materials for all main equipment and electrical transformers

Use of geothermal fluid, groundwater, and electricity.

Transport to site.

Energy for machinery manufacture.

Transport of staff.

Emissions to air and soil from geothermal fluid.

Heat rejection to air via cooling towers and to ground via

reinjection and shallow wells.

Operation of heating station Use of groundwater and electricity for pumping.

Maintenance

Maintenance of power
station

Drilling of additional (make-up) wells.

water circuit.

Maintenance of heating
station

Addition of bleach (sodium hypochlorite, 15 %) to cooling

Cleaning of heat exchangers resulting in silica deposit waste.

Regular service maintenance on machinery where
parts are overhauled and reused during a 30-year
lifetime of the power plant.

Regular service maintenance on machinery where

parts are overhauled and reused during a 30-year
lifetime of the power plant.
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except for the input of geothermal fluid into the energy
conversion cycle and its associated outputs. The geothermal
fluid provides the energy from which both electricity and hot
water are produced, and it releases airborne emissions,
emissions to soil, and waste heat to air and soil during its use
in the energy conversion cycle. For the purpose of this study, the
inputs and outputs associated with the geothermal fluid are
solely allocated to the electricity production. Consequently, the
aggregated data set in Table 13 can easily be used for modelling
geothermal power plants without heat production. By this,
allocation procedures due to the use of geothermal fluid are
avoided. However, allocation becomes unavoidable in the case
of combined heat and power production, where allocation
procedures chosen for the geothermal fluid can be applied
differently by different LCA practitioners. Allocation based on
exergy analysis, such as proposed by Tsatsaronis and Cziesla
(2003) and Lazzaretto and Tsatsaronis (2006), would provide a
thermodynamic consistent way of allocating the impacts asso-
ciated with drilling geothermal wells and the use of geothermal
fluid to the two different products, electricity, and heat.

2.2.5 Data gathering and quality of data

The main aspects concerning data quality and representative-
ness are assessed in Table 2, showing the technology assessed,
the age of the data, its geographical scope, and robustness.
This assessment is presented for the readers and users of this
LCI study so they get an overview of the origin of the data.

3 Results: life cycle inventory for Hellisheioi GCHP plant
In this section, the life cycle inventory of Hellisheidi GCHP

plant is presented. First, the site-specific parameters identified
for the construction of flash power plants are presented in

section 3.1. A discussion on the accuracy of data is given in
section 3.2, while sections 3.3-3.9 present the underlying data
for the construction and operation of the power plant and
heating station. Section 3.10 gives the total aggregated inputs
and outputs per FU for the production of electricity from both
SF and DF setups and the combined heat production.

3.1 Site-specific parameters and use of data

The parameters that are considered to be a deciding factor in
the amount of materials and energy consumption for the con-
struction stage of a flash geothermal power plant are presented
in Table 3, along with the corresponding values for
Hellisheidi. These are amongst the minimum data to be col-
lected in the case that no primary data are available. In this
way, data for Hellisheidi GCHP can be used as secondary data
(Table 4 to Table 9), by scaling to the site-specific parameters
collected as in Table 3. Furthermore, data for the operational
stage are site-specific and should always be gathered for indi-
vidual plants. These include the use of geothermal fluid in
Table 10 and operational and maintenance data for the power
plant in Table 11 and heating station in Table 12.

3.2 Data accuracy

To indicate the level of accuracy of the collected data in
Tables 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14, indica-
tors are assigned to the data entries according to the
following categorization:

* High accuracy (/): The presented data have a high level of
accuracy due to detailed documentation from trusted primary
sources in case of construction data or low temporal varia-
tions in case of operation and maintenance data. The data are
likely to have been over- or underestimated by 5 %.

Table 2  Data quality and representativeness
Indicator Description
Technological Best available technology (BAT)
representativeness
Temporal The data were gathered in 20102013 from expert surveys as well as tender documents and reports published in 2005-2013. The
representativeness data represent directly the conditions during construction and operation of the GCHP plant in the time period of 2005-2012.
Geographical The data apply directly to the Hengill high-temperature geothermal area in Iceland. The data can represent geothermal energy

representativeness
site-specific data.

Reliability

conversion in other high-temperature areas in Iceland or for high-temperature areas outside of Iceland with caution taken on

The inventory for the foreground system is developed from technology-specific primary data provided mainly by Orkuveita

Reykjavikur, the power company in ownership of the Hellisheidi plant, and expert surveys from engineering consultants and
manufacturers connected to the construction of the Hellisheidi plant. The majority of data on the construction stage are retrieved
from tender documents for the construction of the power plant, where quantitative information is collected on all major material
flows required for the constructions and machinery. The inventory information for the fluid collection and drilling is retrieved
from reports done by the power company, including the power and performance of the wells drilled for the power and heat

production. Data gaps in documents were treated by collecting information with expert surveys. The background system in this
study consists of production of materials and fuels used for the construction, operation, and maintenance of the GCHP plant.
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Table 3  The site-specific parameters used for normalization of inven- Table 5 Material and construction work requirements for collection
tory data for the construction and operation of Hellisheidi GCHP plant pipelines at Hellisheidi GCHP plant, scaled per meter of pipeline
Site-specific parameter Unit Value for Hellisheidi Collection pipelines Unit Amount Accuracy®
Reservoir Excavation® m3/mpipes 18 !
Number of wells drilled - 64 Fill* m3/mpipcs 8.3 !
Total meters drilled m 137,776 Concrete® m3/mp,Pes 0.3 l
Collection pipelines m 36,000 Steel® Kg/Mpipes 197 i
Power plant Aluminum® kg/Mpipes 6.2 i
Installed capacity—double flash MW 303.3 Mineral wool? kg/Mpipes 43 i
Installed capacity—single flash MW 270
Heatine station Amounts for a total of 36 km of pipe length, where 43 % of total meters of
cating statio pipe are DN1000, 44 % DN700, and 13 % DN500
Installed capacity—heat production ~ MWy, 133

* Moderate accuracy (m): The presented data have a mod-
erate level of accuracy due to minor data gaps and/or need

Table 4 Material, energy, and water requirements for the drilling of a
geothermal well and wellhead equipment, scaled to either the total meters
drilled or the number of wells

Geothermal well Unit Amount A(:curacyCI
Depth dependent material use
Steel” kg/myens 100.2 h
Diesel” kg/myens 53.1 h
Average material use per well
Portland cement” kg/well 81,332 h
Bentonite® kg/well 59,643 h
Silica flour” kg/well 28,860 h
Lignosulfonite kg/well 2,791 !
Perlite® kg/well 1,443 /
Water (in cement mix)® kg/well 58,701 !
Water (in drilling) kg/well 19,440,000 !
Material requirements for wellhead equipment
Excavation m3/well 3000 h
Fill m3/well 1000 h
Concrete m3/well 18 h
Steel kg/well 14574 h
Stainless steel kg/well 16 h
Aluminum kg/well 1218 h

All amounts are calculated for average well design for Hellisheidi based
on 77 % wide wells and 13 % narrow wells

BWOC by weight of cement

#Scaled per meter drilled. For drilling of 2,220 m average well at
Hellisheidi, 222,000 kg of steel, and 117,847 kg of diesel are needed
for drilling and casing

® Calculated from a concrete mix of 100 kg Portland cement, 40 kg silica
flour (40 % BWOC), 2 kg Wyoming bentonite (2 % BWOC), and 2 kg
perlite (2 % BWOC)

¢ Assuming 80 L of water per 144 kg cement mix
9See section 3.2 for definition of accuracy indicators %, m, and /

#For pipe supports

86 % of steel used in pipes, 14 % used in supports. Black steel with
density of 7850 kg/m®

¢ For cladding collection pipes with 1 mm aluminum shell with density of
2,700 kg/m®

4 For insulating collection pipes with 100-mm-thick mineral wool with a
density of 150 kg/m®

¢ See section 3.2 for definition of accuracy indicators 4, m, and [

for extrapolation of data for full coverage of processes in
construction data or moderate temporal variations in case
of operation and maintenance data. The data are likely to
have been over- or underestimated by 10 %.

»  Lowaccuracy (/): The presented data have the lowest level of
accuracy due to major data gaps that required considerable
estimations and/or calculations of data values in construction
data. Calculation procedures were based on expert advice
and extrapolation of data based on few data points. Opera-
tional and maintenance data in this category are expected to
have high temporal variations. It is estimated that the data are
likely to be over- or underestimated by 20-30 %.

3.3 Geothermal wells
3.3.1 Well drilling and casing

For the installed capacity of 303.3 MW, 64 wells have been
drilled at Hellisheidi. Of the 64 wells, 47 are production wells
(GW in Fig. 1) and 17 reinjection wells (RW in the same
figure). They are drilled in sections and supported with cas-
ings consisting of concrete and steel for the support of the well
opening. Both production wells and reinjection wells usually
share the same structural design and wellhead equipment.
The main materials used to drill and construct a well are
listed in Table 4. Drilling rigs in Iceland are powered with
diesel fuel, and a large amount of water is used in the drilling
process. Diesel use during drilling can vary between different
geothermal sites, according to the drill rig selected as well as
geological conditions (Sullivan et al. 2010). Material use dur-
ing drilling and casing that accounted for less than 0.5 % of'the
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Table 6 Material and construction work requirements for the power
plant buildings for the single flash (SF) and double flash (DF) setup at
Heillisheidi CHP, scaled per MW of installed capacity for SF and DF

Power plant Unit Amount SF - Amount DF Accuracyi
buildings

Excavation® m3/MWsepr 2,165 2,136 m
Fill® m3/MWsgpr 2,432 2,443 m
Concrete m3/MWsgpr 86 91 m
Steel® kg/MWgppr 11,943 13,057 m
Stainless steel? kg/MWsk pp 517 738 m
Aluminum® kg/MWgkpr 578 577 m
Copper’ kg/MWsrpr 152 150 /
Mineral wool ~ kg/MWgg pp 567 594 m
Plastic® kg/MWgkpr 702 729 !
Asphalt kg/MWsepr 31,624 36,108 1

#7 % for construction of roads and preparation of land, 90 % for power
house, 2 % for cold water works, and 1 % for staff facilities

©23 % for construction of roads and preparation of land, 76 % for power
house, 1 % for staff facilities

“Mostly, 316 L grade stainless steel
4 For reinforcement of concrete, support beams, and machinery supports
¢ Sheets for wall and roof cladding

In electrical wires, calculated from length, cross-sectional area, and den-
sity of 8,790 kg/m®

£60 % polyethylene (PE) plastic and 40 % polyvinylchloride (PVC)
plastic for piping

h Asphalt for roads is estimated by the assumption of 50-mm-thick asphalt
with a density of 2,360 kg/m*

'See section 3.2 for definition of accuracy indicators /2, m, and /

total mass of material (excluding water and diesel use) is
omitted in the inventory table®.

For calculating water consumption during drilling, the fol-
lowing assumptions were made based on expert survey:

* 30 1/s pumping rate

»  Water is used during one third of drilling time

*  Dirilling duration is 12 h per day

* Average drilling time of 45 days per well (Sveinbjornsson
and Thorhallsson 2014)

3.3.2 Wellhead equipment and structures

Table 4 also presents separate data for the use of materials and
construction work required for the installation of wellhead
structures and equipment. The wellhead equipment for each
well includes a well silencer (WS in Fig. 1) and an aluminum
well housing (WE) containing a main wellhead valve as well
as piping and smaller valves.

4 Materials omitted were drilling foam, fluid loss additives, and cement
retarder.
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Table 7 Material amounts for the main machinery used in the SF and
DF stages, scaled per MW of installed capacity for SF and DF

Machinery unit Amount, SF Amount, DF  Accuracy®
Steel” kg/MW 8,616 9,015 h
Stainless steel®  kg/MW 2,343 2,114 h
Aluminum kg/MW 242 255 l

Copper” kg/MW 363 377 m
Titanium kg/MW 523 465 h

Mineral wool kg/MW 246 264 m

Plastic® kg/MW 8 9 m

GRP? kg/MW 2,116 2,142 h
Transformer oil*  kg/MW 662 683 m

? Amounts of steel, copper, and transformer oil estimated from total
weight and the material composition presented by Lo Rizzo (2003)

°316 L grade stainless steel

€100 % PE plastic

4 Fiberglass reinforced plastic

¢ See section 3.2 for definition of accuracy indicators 4, m, and [

3.4 Collection pipelines

The total length of collection pipelines at Hellisheidi is rough-
ly 36 km with three different nominal pipe sizes: DN500,
DN700, and DN1000. The collection pipelines are made of
steel, insulated with mineral wool, and cladded with alumi-
num sheets. The pipes transport two phase geothermal fluid

Table 8 Material and construction work for the facilities connected to
the production of hot water, scaled per MW of installed thermal
production capacity

Heating station building Unit Amount Accuracy®
Excavation® m3/MWy, 767 h
Fill® m3/MWy, 563 h
Concrete m3/ MWy, 30 h
Steel® kg/ MWy, 22,058 h
Stainless steel® kg/MWy, 252 1
Aluminum® kg/MWy, 294 !
Copper kg/ MWy, 66 !
Mineral wool kg/MWy, 249 1
Asphalt kg/MWy, 1,770 !

These include the cold water works, heating station, pumping station, and
control house

#59 % for heating station buildings, 41 % for cold water works pipe

© 47 9% for heating station buildings, 53 % for cold water works pipe
€63 % in cold water pipe (ductile iron), 27 % as structural steel in build-
ings, 10 % in pipes

4316 L grade stainless steel used in pipes

€79 % in cladding of constructions, 21 % in cladding of pipes

89 % in pipe insulation, 11 % in building insulation

€ See section 3.2 for definition of accuracy indicators 4, m, and /
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Table 9 Main materials for the heating station machinery for the hot
water production, scaled per MW of installed thermal production capacity

Heating station machinery Unit Amount Accuracy”
Steel” kg/MWy, 192 !

Stainless steel® kg/MW, 835 h
Aluminum® kg/MWy, 7 m

Copper kg/MWy, 6 !

Mineral wool insulation® kg/MWy, 35 m

Plastic® kg/MWy, 1.1 !

#37 % in hot water pumps (HWP in Fig. 1), 37 % in electrical trans-
formers, 20 % in deairators (DA in Fig. 1), and 6 % in cold water pumps
(CWP in Fig. 1)

©72 % in heat exchangers (DHHX in Fig. 1), 19 % in deairators (DA),
and 9 % in cold water pumps (CP). 316 L grade stainless steel

€74 % in DHHX, 26 % in DA

478 % in DHHX, 22 % in DA

€100 % PE plastic

fSee section 3.2 for definition of accuracy indicators &, m, and /

(steam and brine) from the wells to the separators (HPS in
Fig. 1). They rest on supports made of concrete and steel,
requiring some construction work for installation. The collec-
tion pipelines are sized and designed based on mass flow from

wells and the layout of each geothermal field so the material
inputs can vary greatly between power plants. Table 5 presents
the material and construction work per meter of collection
pipeline at Hellisheidi power plant. The material amounts for
the pipelines are calculated from material volumes of pipe
segments and density of the materials.

3.5 Power plant buildings

The inventory in Table 6 is presented for both the SF and DF
setups at Hellisheidi GCHP. For the SF setup, the data in-
cludes: construction of power house, staff facilities, power
house piping, and cold water works. For the additional low-
pressure (LP) stage included in the DF setup, only the LP
power house built is added.

3.6 Power plant machinery

The main machinery at Hellisheidi power plant can be seen in
Fig. 1, represented by blue and green colors for the different
pressure stages of the electricity production. For the SF setup,
21 steam separators (HPS), 12 moisture removers (HPM), 6
turbine-generator sets (HP7G), 6 condensers (HPC), and 6

Table 10  Unit process for the use of geothermal fluid in Hellisheidi GCHP, scaled to 1 kg of use

Input/output ~ Unit ~ Amount Accuracy®

Output to technosphere

Geothermal fluid, 1 kg at plant kg 1 -
Resources (inputs from ecosphere)

Brine, from ground Input kg 0.52 m

Steam, from ground Input kg 0.48 m
Emissions to air

CO, Output g 1.40 m

H,S Output g 0.36 m

H, Output g 1.5E-02 m

CH,4 Output g 2.1E-03 m
Final waste flows

Brine, reinjected Output kg 0.45 m

Steam, evaporated condensate Output kg 0.09 m

Condensate, to shallow wells Output kg 0.24 m

Condensate, reinjected Output kg 0.22 m
Energy flows SF no heat SF with heat DF no heat DF with heat
Thermal energy, geothermal fluid Input kJ 1,691 1,691 1,691 1,691 m
Power, produced at plant Output kJ 257.1 257.1 288.9 2889 m
Waste heat, from cooling tower Output kJ 1,059 967.5 1,171 1,110 m
Waste heat, condensate to shallow wells ~ Output kJ 14.3 14.3 15.6 156 m
Waste heat, to thermal production Output kJ - 148 - 1480 m
Thermal energy, reinjected Output kJ 360.6 304.0 2152 1281 m

Energy flows are given for the case of both DF and SF production with or without combined heat and power production

#See section 3.2 for definition of accuracy indicators 4, m, and [
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Table 11  Site specific operational and maintenance data for the works, and the heating station. Also, piping to connect ma-
electricity production at Hellisheioi GCHP chinery within these facilities is taken into account here. Fur-
Operational and maintenance  Input/  Unit Amount Accuracy’  thermore, pipes are required for the cold water work to trans-
data for power plant output port water intended for hot water production from wells to-
wards the power house where the first stage of hot water
Power plant parameters . . . .
Capacity £ o 087 | production takes place. The main pipe is a 6 km long
fafpa?lty actor B ’ ) DN900 ductile pipe, transporting water from six cold water
Life t%me B years 30 B (CW) wells. Table 8 presents the material and construction
Operation work needed for the heating station facilities.
Geothermal fluid® Input  kg/s 1,050 !
Groundwater Input  kg/s 300 ! 3.8 Heating station machinery
Auxiliary power demand Input % 4 !
factor® . . . . .
Maintenance The total material requirement for tl.le h.eatlng'statlon equlp-
Make up wells® put  wells 16 / ment, presented by. an orange color in Fig. 1, is presented in
Collection pipelines® Input m 9,000 / Table 9. For pumping of 'cold water towards the heat pr(.)duc—
Sodium hypochlorite® Input kg 100,000 m tion, four pumps (CWP) in the cold water works are assigned

(amount per cooling tower)

? Detailed inventory given in Table 10
®Based on total produced electricity at Hellisheidi GCHP

¢ Including wellhead equipment. Each make up well assumed to be
2,220 m deep. Detailed inventory is given in Table 4

9 Length of collection pipelines for connecting make up wells to power
plant is calculated from the average length per well in construction phase

¢ Added to cooling circuit for regular cleaning. SF setup has six cooling
towers while DF setup has seven cooling towers

fSee section 3.2 for definition of accuracy indicators /2, m, and /

cooling towers (C7) are used for the installed HP capacity of
270 MW. The machinery for the low-pressure stage included
in the DF setup is represented with a green color in Fig. 1 and
includes a throttle valve (FV), 2 low pressure steam separators
(LPS), 2 moisture removers (LPM), one 33.3-MW turbine
generator set (LP7TG), one condenser (LPC), and a cooling
tower (CT). Also, for each of the HPTGs and the LPTG, a
set of 50 MVA and 12.5 MVA power transformers along with
two 2.5 MVA station service transformers are installed at the
power plant (not shown in Fig. 1). For the supply of cold water
for cooling of machinery, two cold water pumps (not shown in
Fig. 1 for electricity production) located at the cold water
works are assigned to the power plant machinery, with 14 %
of the pump materials assigned to the LP unit and 86 % to the
HP units’. The material amounts for the machinery used for
electricity production for the SF and DF setup is presented in
Table 7.

3.7 Heating station building

The buildings associated with the production of hot water for
district heating are: pumping station, control house, cold water

3 Allocation of cold water pump materials is based on the amount of HP
(6 units) and LP (1 unit) units assuming the cold water requirements are
equally divided between each of the seven turbine-generator sets.

@ Springer

to the heating station machinery. Inside the power house, the
HPCs are used partially for preheating of the water. The addi-
tional material requirements of stainless steel, titanium, min-
eral wool, and aluminum for the HPCs due to the preheating
part are accounted for in the inventory in Table 9. Within the
heating station, four heat exchangers (DHHX) are used to heat
up preheated water to its final temperature of about 83-90 °C.
Two deairators (DA) are also located in the heating station
along with five hot water pumps (HWP) pumping water to
the storage tank (DHT).

3.9 Operational and maintenance data
3.9.1 Electricity generation

The operation and maintenance of geothermal power plants is
extremely site-specific. Each geothermal resource has its
unique characteristics of available mass flows, temperatures,
and chemical composition of the geothermal fluid. The differ-
ent power plants installed can have varying operational pa-
rameters such as the ratio between the actual power output
to the installed potential (capacity factor), groundwater needs,
and auxiliary power demand. The maintenance is governed by
the need for additional wells to sustain the production during
the plant’s lifetime. Information on the geothermal fluid com-
position at Hellisheidi and the power plant’s operational and
maintenance data are presented in Tables 10 and 11. Because
of the site-specific nature of the data, LCA practitioners
should gather these corresponding to the geothermal fluid
and power plant under evaluation.

The characteristics of the geothermal fluid presented in
Table 10 are related to the use of 1 kg of the fluid at the power
plant during operation. It contains a mixture of steam and
brine, and due to dissolved non-condensable gasses (NCGs),
direct emissions to air occur during the operation of the power
plant. These gasses are mainly CO,, H,S, CHy, and H,. The
energy input from the fluid is 1,712 kJ/kg (Gunnlaugsson



Int J Life Cycle Assess (2015) 20:503-519

513

Table 12 Site-specific operational and maintenance data for the
production of hot water at the heating station of Hellisheidi GCHP
Operational and maintenance Input/  Unit ~ Amount Accuracy®
data for heating station output
Heating station parameters
Average usable heat - kl/s 91,441 !
production for service
life (30 years)®
Operation
Groundwater Input  kg/s 436.5 i
Electricity® Input  kJ/s 1,446 i
Waste heat, from Input kl/s 155377 1
geothermal®
Maintenance
Silica Output  g/s 0.006 li
Additional heating station ~ Input ~ MW, 133 h
machineryd

Values are given as estimated average values based on 30 years of con-
tinuous future operation

# Usable heat based on enthalpy difference of water at 90 °C and 40 °C

°Derived from the known electrical rating of the cold water pumps
(530 kW) and their maximum flow rate (160 kg/s)

© Waste heat based on enthalpy difference of water at 90 °C and 5 °C

9 Detailed inventory, scaled to the installed thermal capacity (MWy,), is
given in Table 9

¢ See section 3.2 for definition of accuracy indicators 4, m, and [

2012), but all thermal energy flows presented are calculated
according to a reference state of water at 5 °C (21 kJ/kg) which
is close to the average annual temperature at Hellisheidi. The
mass and energy content of the waste fluid during operation is
also accounted for in Table 10, where the changes in energy
flows are shown according to different plant setups (SF and
DF, with or without heat production). Brine that is reinjected
contains thermal energy and dissolved chemicals (SiO,, Na,
Cl, K, and Al in small concentrations), but its associated emis-
sions are not accounted for as environmental impact methods
are unavailable. Steam condensate from condensers is used as
make-up water in the cooling circuit, and the rest is reinjected
with the brine with a small amount released to shallow wells
along with the blowdown water from cooling towers. The
chemical content of the condensate is negligible, but waste
heat is released to air due to evaporation and cooling in
cooling towers, and soil as a result of shallow well disposal.
Furthermore, in combined heat and power production, some
amount of waste heat is utilized for the heat production, re-
ducing the waste heat both in reinjected fluid and from cooling
towers.

The operational parameters in Table 11 are based on values
for Hellisheidi GCHP in 2012. For the operation of all seven
turbines for the installed capacity of 303.3 MW, 1,050 kg/s
of geothermal fluid is needed. The use of steam condensate as
make-up water in the cooling circuit eliminates the need for

large amounts of groundwater, but a small amount is used for
the regulation of pH value within the system. The demand for
groundwater during operation is mainly for cooling of various
small equipment and amounts to 300 kg/s. The auxiliary pow-
er demand is 4 % of the total electricity produced at the plant.

The response of the geothermal system to the fluid extrac-
tion during operation of the power plant can vary greatly be-
tween sites, and usually, additional (make-up) wells are drilled
and new collection pipelines laid for maintenance of the power
production during the lifetime of the power plant. The wells
share the same design as the original wells drilled during con-
struction, and similar collection pipelines are assumed so data
given in Tables 4 and 5 also apply for the maintenance stage.
Also, some amount of sodium hypochlorite is added to cooling
circuit for regular cleaning of cooling towers. Table 11 presents
the need for make-up wells and additional collection pipelines
as well as sodium hypochlorite for Hellisheidi GCHP.

3.9.2 Heat production

Thermal production at GCHP plants varies greatly according
to the heat demand from the district heating system. The heat
demand depends on the climate, which makes it very site-
specific. In Iceland, space heating is required all year round
due to climate conditions. The 133-MWy, capacity of the
heating station at Hellishei0i is based on the usable heat con-
tent for district heating purposes in the hot water produced,
calculated as the heat released from radiators while the water
cools from 90 °C to 40 °C.

Figure 3 shows the forecasted heat production at
Hellisheidi in MJ for the years 2014, 2023, and 2043. The
prediction is based on the assumption of 2 % increase in hot
water demand per year with reference to average data for heat
demand in the Reykjavik district heating system in 2011—
2013. In 2023, the thermal plant is first expected to reach its
maximum production capacity. In 2043, the 133-MWy, unit is
expected to produce at maximum capacity 8 months of the
year. To sustain a reliable district heating system, the heating
station at Hellisheidi has to be expanded with additional heat
exchangers for hot water production no later than in 2023
according to these predictions. The expected total production
of usable heat over 30 years of operation is 8.65E+10 MJ
according to assumptions made.

Table 12 presents the main inputs and outputs related to the
operation and maintenance of the hot water production at
Hellisheidi GCHP. The main input during operation is
groundwater, used for the production of hot water, and waste
heat from the power station. The water requirement for the
maximum production of 133 MWy, is 650 /s of 90 °C hot
water, which equals 627.4 kg/s°. For the production of 8.65E+
10 MJ over the 30-year lifetime of the power plant, the average

© The density of 90 °C hot water is 0.9653 kg/l
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Table 13 (continued)

Accuracy

Total

Maintenance

Operation

Construction

Unit

Input/output

Inputs and outputs

DF

SF

DF

SF

DF

SF

DF

SF

Waste flows

m

5,608

6,300

5,608

6,300

o/kWh

Output
Output
Output
Output

Brine, reinjected

m

1,122
2,991

1,260
3,360
3,080

1,122
2,991

1,260
3,360
3,080

g/kWh

Steam, evaporated condensate

m

2/kWh
o/kWh

Condensate, to shallow wells

m

2,742

2,742

Condensate, reinjected

See section 3.2 for definition of accuracy indicators 4, m, and /

need for groundwater for heating is 436.5 kg/s. The input of
waste heat is calculated from heating groundwater at 5 °C to
90 °C. Electricity use during operation is for pumping. For the
maintenance of the heating station, regular cleaning of silica
scaling in heat exchangers is needed as well as additional ma-
chinery for the expansion of the heating station. An estimated
disposal of silica deposits is 175 kg/year’. The expansion of the
heating station is expected to be 133 MWy, and the additional
material requirements are thus derived from scaling the inven-
tory data given in Table 9. Other maintenance activities include
machinery overhaul and are not taken into account in this study.

3.10 Total inventory for Hellisheidi GCHP plant

3.10.1 Data conversion procedures from secondary data
sources

For the presentation of the total aggregated inventory per FU,
secondary data sources were used to account for diesel fuel
use during excavation and fill processes and water and cement
use in ready-made concrete mix. These calculation procedures
are explained below.

Water consumption The preparation of concrete mix con-
sumes large amounts of water, and this has been accounted
for by the following assumptions:

* In geothermal cement for casing of wells, 550 L of water is
needed per ton of dry cement mix

» In concrete for buildings, an estimated amount of210 L of
water per cubic meter of concrete was used (Cement Con-
crete & Aggregates Australia 2004)

Cement in concrete Concrete is one of the main materials
used in the construction of Hellisheidi. To convert the volume
of concrete to mass of cement, a density of 320 kg cement per
cubic meter concrete is used (Cement Concrete & Aggregates
Australia 2004).

Diesel fuel used during construction For the purpose of esti-
mating diesel use in building equipment, volumes of excavation
and fill was converted to mass of diesel fuel by using ecoinvent
data (ecoinvent Centre 2007). Mass of diesel fuel was convert-
ed to kilojoules with the lower heating value of 43,400 kl/kg.

3.10.2 Life cycle inventory for electricity production
at Hellisheioi GCHP

The life cycle inputs and outputs for the production of elec-
tricity at Hellisheidi GCHP are presented in Table 13 for both

7 Estimated by expert survey.
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Table 14  Hellisheidi GCHP plant life cycle inputs and outputs per functional unit of heat production (1 MJ)

Inputs and outputs Input/output Unit Construction Operation Maintenance Total Accuracy
Natural resources

Groundwater Input g/M] 9.8E-03 4.8E+03 - 4.8+03 i
Energy and fuels

Electricity, from geothermal Input kIMJ - 15.8 - 158 1

Waste heat, from geothermal Input kI/MJ - 1.7E+03 1.7E+03 m

Diesel Input ki/MJ 1.2E-02 - - 1.2E-02 m
Earthwork requirements

Excavation Input m3/MJ 1.2E-06 - - 1.2E-06 h

Fill Input m3/MJ 8.7E-07 - - 8.7.E-07 h
Products consumption

Portland cement Input g/M] 1.5E-02 - - 1.5E-02 m

Steel Input g/MJ 3.4E-02 - 3.0E-05 3.4E-02 h

Stainless steel Input gMJ 1.7E-03 - 1.3E-04 1.8E-03 m

Aluminum Input gMJ 4.6E-04 - 1.1E-06 4.7E-04 !

Copper Input gMJ 1.1E-04 - 9.2E-07 1.1E-04 !

Mineral wool Input gMJ 4.4E-04 - 5.4E-06 4.4E-04 li

Asphalt Input g/M] 2.7E-03 - - 2.7E-03 !

Plastic Input g/MJ 1.7E-06 - 1.7E-07 1.8E-06 li
Waste flows

Silica Output g/MIJ - - 6.1E-05 6.1E-05 !

See section 3.2 for definition of accuracy indicators /4, m, and /

the SF and DF setups with combined heat production. The
cut-off criteria of 0.25 % of the total material amounts during
construction (excluding water and diesel) was selected, main-
ly resulting in exclusion of specialized materials used during
drilling of geothermal wells and not considered significant in
relation to the overall potential environmental impacts of the
plant.® Other materials excluded due to cut-off are lubricating
oil and paint.

To convert the amounts of materials and energy used for the
production of electricity into total aggregated amounts per FU
in Table 13, some data calculations have to be performed. For
Hellisheidi GCHP, the total forecasted electricity producted (in
kilowatt-hour) over the 30-year lifetime is used as a basis for the
FU, derived from the site-specific capacity factor given in Ta-
ble 11 and the installed (either SF or DF) capacity of the plant.
For the construction stage, the data in Tables 4, 5, 6, and 7 are
scaled according to the appropriate site-specific parameter col-
lected by LCA practitioners or given for Hellisheidi GCHP in
Table 3, and for the operational and maintenance stages, data in
Table 11 are used, including the detailed inventory table for
the geothermal fluid in Table 10.° The total material and
energy amounts (in relevant units such as kilograms,

8 Material excluded are perlite, cement retarder, fluid loss additives, and
drilling foam.

° Energy flows including the combined heat production are used from
Table 11 for the aggregated values in Table 13.

@ Springer

kilojoules, or grams) then have to be scaled to the total
forecasted electricity produced (in kilowatt-hour).

3.10.3 Life cycle inventory for hot water production
at Hellisheioi GCHP

In Table 14, the inputs and output associated with the func-
tional unit of 1 MJ heat produced as hot water at Hellisheidi
GCHP are presented. The only output accounted for in the
table is silica scaling removed from heat exchangers during
regular maintenance, as no direct emissions are released dur-
ing the heating process under normal operation. To convert the
data given for the construction stage (Tables 8 and 9) to total
aggregated amounts per FU, the data are scaled by using the
relevant site-specific parameter. For the operational and
maintenance stages, data in Table 12 are used and all data
finally scaled to the total forecasted heat production calculated
from the average production (given in kilojoules per second in
Table 12) assuming continuous future operation over 30 years.

4 Results and discussion

The data presented here by scaling to a relevant site-specific
parameter assume a linear relationship between the inputs and
outputs and the site-specific parameter in question. For the
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Fig. 3 Predicted hot water 350 000

produced per month at Hellisheidi

in 2014, 2023, and 2043. g 300000

Maximum capacity of the 133 §

MWy, production is equivalent to g 250000

349.5 million MJ. Prgdlctlon is 3 200000

based on the assumption of 2 % 2

increase in hot water demand per - 150 000 =204

year based on reference year for E 02023
2 22043
2

district heating system in

20112013 50 000

0

wells at Hellisheidi GCHP, an analysis of the material burdens
for 40 wells shows either a linear relationship with the depth
of the well (for steel and diesel fuel use) or a constant material
requirement per well independent of the depth. These results
are the basis for the inventory table (Table 4) for the geother-
mal wells. For other parts of the power plant, this assumption
of linear relations can be debated. Other scaling methods
could be applied for the purpose of improving representative-
ness of the data for power plants of different sizes and well
field design, such as relating the collection pipeline to the
pipeline diameters. A study by Gerber et al. (2011) partially
addresses these issues and proposes a method of scaling the
final life cycle impacts of process equipment in a similar man-
ner as for equipment costs estimation, using either derived
exponents for individual equipment or the commonly known
sixth-tenth rule if no specific exponents are available. For the
scaling of materials for construction of facilities, many differ-
ent factors can affect the material inputs such as architectural
and structural design, size of equipment, and climate condi-
tions, and thus, it may prove difficult to develop a method for
scaling material amounts for construction. The use of second-
ary data for foreground processes however will always intro-
duce some level of non-representativeness in LCA studies,

and the individual practitioners should collect primary data
to the largest extent possible for the case at hand.

4.1 Electricity production

As seen in Table 13 for the electricity production, the
construction stage dominates the overall material use, whilst
the operational stage constitutes most of the use of natural
resources such as groundwater (99 %) and geothermal fluid
(100 %). Since only direct emissions from the use of geother-
mal fluid are accounted for in the LCI presented, a comparison
between emissions from the different life cycle stages cannot
be made. The drilling of make-up wells and laying of new
collection pipelines during the maintenance stage results in
12-18 % of the overall use of cement (11 %), aluminum
(12 %), steel (16 %), and mineral wool (18 %) while 20 %
of the materials used mainly or primarily during drilling (die-
sel, bentonite, silica flour, and lignosulfonate) are used within
the maintenance stage.

For the construction stage, the processes contributing the
most to the overall use of the bulk materials and resources are
visualized in Fig. 4. The highest contributions to the material,

Fig. 4 Distribution of resource 100% -
and material use in different 90%
sections during construction of

the Hellisheidi GCHP plant 80%

70%
60%
50%
40%
30%
20%

10%

0%

Heating station machinery
[~ OHeating station building
[ Power plant machinery

o Power plant buildings

m Collection pipelines

m Geothermal wells
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resource, and energy use for the different parts of the power
plant are:

» Geothermal wells: diesel fuel (96 %), water (99 %), and
steel (47 %)

*  Collection pipelines: aluminum (38 %) and mineral wool
insulation (84 %)

*  Power plant buildings: cement (46 %), asphalt (98 %), and
plastic (99 %)

»  Power plant machinery: copper (67 %) and stainless steel
(64 %)

The difference between the overall use of materials and
resources in SF and DF setups is in most cases 12 % higher
for the SF setup compared with the DF setup, representing
directly the 12 % increased power output for the DF setup
compared with the SF. In other cases where smaller increase
is observed and even decrease in consumption for the SF setup
compared with the DF, it is explained by the large material
burdens of the LP unit in the DF setup as it requires similar
amounts of materials for construction and machinery as well
as auxiliary power demand as the HP units but produces less
electricity.

4.2 Heat production

Table 14 shows that, as for the electricity production, material
burdens of the hot water produced are associated with the
construction stage while use of natural resources and energy
inputs are governed by the operational stage. The input of
waste heat from the power station results in a factor of
1.7 MJ of waste heat needed to produce 1 MJ of usable heat
for district heating.

4.3 Potential contribution of transport of goods to site

The inventory presented for Hellisheidi GCHP excludes
information on transport of goods to the power plant
site during construction. To evaluate the possible contri-
bution of transportation of goods to Hellisheidi, the fuel
consumption was estimated. Shipping distances for ma-
terials and machinery from their country of origin (Ja-
pan, USA and central Europe) to Iceland and transpor-
tation distances by lorry to and from the harbors was
estimated. The results show that transport by lorry to
and from harbors increases the overall diesel fuel consumption
by 3 % while shipping of goods from production site to Ice-
land account for an additional fuel consumption of 6 %. This
estimation emphasizes that transportation can significantly
contribute to the total fuel consumption in LCIs, particularly
when shipping heavy goods by long distances. However, the
significance in the LCA results may not necessarily be
of importance.

@ Springer

5 Conclusions

The purpose of this study was to present a LCI for Hellisheidi
GCHP plant as an input to the practice of LCA for the pro-
duction of electricity and heat from geothermal energy con-
version systems. Previous LCA studies and LCI compilations
have focused on enhanced geothermal systems (EGS) and
binary power plants, while flash power plants located in
high-temperature geothermal fields account for the majority
of electricity produced worldwide from geothermal resources.

Because geothermal power plants have to be designed and
operated under site-specific conditions, the LCI presented in
this study is either labeled as site specific data or scaled to a
selection of site specific parameters identified for GCHP
plants to make the data available as secondary data for LCA
practitioners with the possibility of scaling data according to
the conditions at hand. The site-specific parameters include
number of wells and the total meters drilled per site, the length
of collection pipelines, and the installed electrical and thermal
capacity. For the operational and maintenance stages, the site-
specific data include the need for make-up wells, composition,
and mass flow of geothermal fluid from wells, groundwater
needs, life time of the power plant, the power plants capacity
factor, and auxiliary power demand, as well as the estimated
total heat production in case of CHP plants. These are then the
minimum data to be collected when performing LCAs of flash
power plants, in cases where access to primary data is limited.

Finally, an aggregated LCI for Hellisheidi GCHP plant is
given for presenting the material and energy burdens per func-
tional unit of 1 kWh for electricity and 1 MJ of heat. It shows
how the construction stage dominates the material burdens
while the operational stage dominates the use of resources
such as groundwater and geothermal fluid and the environ-
mental burdens associated with these.

The compilation of LCI is in most cases the most time-
consuming process of an LCA. The availability of published
data representing the technology at hand can aid the practi-
tioners of LCA to perform analysis of geothermal energy con-
version systems or products or processes that use geothermal
electricity and heat by minimizing the data collection require-
ments and thus saving both time and resources at hand. The
inventory for Hellisheidi GCHP represents 61 % of the geo-
thermal electricity produced worldwide, and the inventory for
hot water production can serve as a basis for assessing the
environmental burdens and benefits of the combined heat
and power production in geothermal plants.
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ARTICLE INFO ABSTRACT

This study applies life cycle assessment (LCA) to examine environmental impacts of generating 1 kW h of energy in a
geothermal combined heat and power (CHP) plant based on high temperature geothermal utilization. The
Hellisheidi geothermal CHP plant located in SW Iceland, producing 303 MW, and 133-267 MWy, in a double flash
cycle, is used as a case study for the LCA. The CML-IA baseline and Cumulative Energy Demand (CED) methods are
used to perform the life cycle impact assessment (LCIA), providing results for common environmental impact ca-
tegories investigated in most LCA studies. The impacts associated with joint production processes for electricity and
heat are allocated to the two products by energy allocation. The result show that the construction phase of the plant,
mainly drilling and casing of geothermal wells along with construction of collection system for geothermal fluid, is
largely responsible for most of the impact category results. However, the global warming potential (GWP100),
acidification (AP) and the r ble c lative energy d« d from wind, solar and geothermal energy (CEDg y,g) are
mainly affected by the operational phase of the plant, due to direct emissions of gases (mainly CO, and H,S) and the
extraction of geothermal fluid from ground. To explore the effects of currently installed mitigation methods and
operational improvements at the Hellisheidi plant, two operation scenarios are investigated within the study; the
first based on a previously published dataset for operating conditions at year 2012 and the second, an updated
dataset based on inclusion of implemented mitigation methods until the operating year 2017. Due to carbon capture
and storage (CCS) by reinjection of CO, using the CarbFix method developed at Hellisheidi, the GWP100 reduced
from 15.9 g CO,eq/kWh to 11.4 g CO,eq/kWh for electricity and 15.8 g CO.eq/kWh to 11.2 CO,eq/kWh for heat
over the 30-year operational time under investigation. Similarly, the SulFix method used for reinjection of H,S at
Hellisheidi resulted in decreased AP from 9.7 g SO,eq/kWh to 3.6 and 3.5 g SO,eq/kWh and human toxicity (HTP)
from 5.8 and 5.5 g 1,4-DB eq/kWh to 5.1 and 4.8 1,4-DB eq/kWh for electricity and heat respectively. The overall
CED resulted in 5.2 kW h (18.7 MJ) of energy demand to produce 1 kW h of either electricity or heat, dominated by
the use of geothermal energy as mentioned earlier. Non-renewable energy demand (CEDyg) decreased from
6.8 x 10~*and 5.9 x 10~ kWh (0.024 and 0.021 MJ) to 5.8 x 10 and 5.0 x 10~*kWh (0.021 and 0.018 MJ),
for electricity and heat respectively, by using electrical drills instead of diesel fueled drills for additional wells during
the operational time of the power plant. In conclusion, these results indicate a very high environmental performance
of the Hellisheidi plant compared to other energy conversion technologies and emphasizes the potential of geo-
thermal energy as a clean energy source for producing electricity and heat.

Keywords:

Life cycle assessment (LCA)
Geothermal energy

Combined heat and power plant (CHP)
Global warming potential (GWP100)
Carbon capture and storage (CCS)

1. Introduction

Geothermal energy is defined as a renewable resource by the
International Panel of Climate Change (IPCC) if the utilization rate is in
balance with the natural recharge rate of heat and fluid to the geo-
thermal reservoir (Goldstein et al., 2011). It is typically a low emitting
resource compared to conventional energy resources, but some gaseous
atmospheric emissions are an inevitable part of most geothermal power

* Corresponding author.
E-mail address: mrk1@hi.is (M.R. Karlsdottir).

https://doi.org/10.1016/j.geothermics.2019.101727

plant operations. In deep geothermal reservoirs, where hot fluid inter-
acts with the surrounding rock, gases and various minerals are dis-
solved within the geothermal fluid. When the fluid is brought to the
surface, these gases are either released to the atmosphere or treated
with an abatement method. The type and amount of gasses may vary
greatly between different geothermal fields. These gases are mainly
CO,, H,S and CH, along with various trace gases. A study by Bertani
and Thain (2002) reports values for direct CO, emissions from the
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operation of geothermal power plants ranging from 7 to 740 g/kWh
with a weighted average value of 122 g/kWh. In a special report of the
IPCC on Renewable Energy Sources and Climate Change Mitigation, a
review of published values for life cycle emissions of geothermal power
generation showed values in the range 6-79 g¢/kWh (Moomaw et al.,
2011). By comparison, reported values of life cycle GHG emissions for
conventional fossil fuel generation plants are in range 833-1,297 g/kWh
for coal fired plants, 386-605 g/kWh for gas fired and 641-1,462 g/
kWh for oil fired plants (Hussy et al., 2014).

Iceland is one of the leading countries in geothermal utilization. It
fulfils around 62% of its total primary energy demand with the use of
geothermal resources (National Energy Authority, 2017b). For heating
purposes alone, hot water produced from geothermal resources serves
96% of the country’s heating demand. In addition, a total of 27.3% of
the electricity demand is produced in geothermal power plants
(National Energy Authority, 2017a). In 2018, 755MW of installed
power capacity was available from geothermal resources in Iceland and
the country still has large unexploited geothermal potential. The Master
Plan for Nature Protection and Energy Utilization passed by the Par-
liament of Iceland in 2014 includes 14 geothermal projects with an
expected total electric capacity of roughly 1000 MW that have been
categorized as feasible for further power generation in terms of both
economic implications and their environmental consequences (2nd
Master Plan Steering Committee, 2011). An updated Master Plan for
Iceland is expected in 2021 (The Master Plan for Nature Protection and
Energy Utilization, 2017).

When comparing different energy technologies with respect to their
impact on the environment and use of finite energy and material re-
sources, it is important to do so holistically to avoid hidden impacts in
upstream or downstream processes. The popularity of using life cycle
assessment (LCA) as a tool to evaluate the environmental impacts of
products, processes and services in a holistic manner throughout their
entire life cycle is steadily increasing (Hellweg and Mila i Canals, 2014).
The method of LCA can give important information on substantial im-
pacts that can occur before or after the operational phase of power
plants. LCA studies have already identified environmental impacts as-
sociated with renewable energy technologies that occur prior to their
(often zero-emitting) operational phase (Varun Bhat and Prakash,
2009), that shed an important light on potential manufacturing or
construction improvements that can be made on their installations.

Previous studies that publish life cycle assessment results for geo-
thermal power generation have mainly focused on low- to medium-
temperature utilization using binary cycle technologies for power pro-
duction. In a recent review by Tomasini-Montenegro et al. (2017), LCA
studies on energy production from geothermal sources were presented.
They specifically mention the scarcity of LCA studies focusing on
flashing technologies in the geothermal sector, although these tech-
nologies are responsible for 63% of the world’s installed geothermal
power capacity. A former review by Bayer et al. (2013) also pointed out
the scarcity of LCA studies for geothermal energy production in general.
Between the publication of those two review studies, numerous scien-
tific publications regarding LCA and geothermal utilization have been
made, making it evident that LCA methodology is gaining interest
within the geothermal sector. Amongst the newest published studies,
Hanbury and Vasquez (2018) apply a stochastic approach in their LCA
study to allow for variations in the life cycle inputs to a modern geo-
thermal binary power plant located in northern Nevada, USA. They find
that most environmental impacts are associated with the use of fossil
fuels for drilling and transportation in the construction phase of the
plant, since practically no direct emissions stem from the binary power
plant in question during operation. This is, however, not true for high-
temperature geothermal power plants using flash or dry steam tech-
nology. Buonocore et al. (2015) performed LCA on a 20 MW dry steam
power plant in Tuscany, Italy. The study used the CML 2001 and Cu-
mulative Energy Demand (CED) methods to perform the life cycle im-
pact assessment (LCIA). It reports GWP of 248 g CO, eq/kWh and total
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CED of 25.6 MJ/kWh (7.1 kW h/kWh) and non-renewable CED of
0.8 MJ/kWh (0.2 kW h/kWh) with more than 99% of the CED referring
to the input of geothermal energy in the operational phase of the power
plant. They also report the contribution of decommissioning and dis-
posal of power plants and find them to be neglectable. Similar findings
on the difference between the contribution of different life cycle phases
to the overall GHG emissions from geothermal binary plants and high-
temperature flash plants are reported in a systematic review on pub-
lished life cycle GHG emissions from geothermal electricity generation,
made by the US Department of Energy National Renewable Energy
Laboratory (NREL), (Eberle et al., 2017). The report further highlights
that studies on flash technologies (Hondo, 2005; Karlsdottir et al.,
2010; Marchand et al., 2015; Martinez-Corona et al., 2017; Skone et al.,
2012; Sullivan et al., 2014; Sullivan and Wang, 2013) generally pro-
duce higher GHG emissions per kWh than binary technologies due to
the release of non-condensable gases during operation of flash plants
while binary plants operate in a closed-loop system.

The aim of this study is to assess the life cycle environmental im-
pacts of a high-temperature geothermal power plant using flashing
technology. Additionally, it aims to showcase how effectively mitiga-
tion methods can reduce the environmental impacts of geothermal
power plants. The study presents LCA results for the production of
electricity and heat from the largest geothermal power plant in Iceland,
the 303 MW, and up to 267 MWy, (current planned thermal capacity
within the time frame of this study) Hellisheidi geothermal combined
heat and power (CHP) plant. The operation of the plant has undergone
some changes during recent years to incorporate mitigation methods
such as to lower the direct emissions of non-condensable gases from the
plant. The study presents a comparison of results between the originally
designed operational setup of the plant versus the current operational
setup that includes the implemented mitigation measures. The results
show that the mitigation measures have substantially reduced the
plant’s environmental impacts in various categories. Furthermore,
the,study takes a step towards filling the gap in literature on LCA stu-
dies on geothermal power plants using flash-steam technology and adds
to the range of results for different impact categories as these can be
heavily site specific for geothermal heat and power production.

In the following sections, the methods, goal and scope of the study is
presented in detail, followed by the results and conclusions of the study.
Also, a supplementary section is available and referred to for further in-
depth discussion on different results and methods.

2. Methods, goal and scope

The present LCA study follows the framework, principles, require-
ments and guidelines given by the International Organization for
Standardization as described in the standards ISO 14040:2006 and ISO
14044:2006. The following subsections discuss the four phases of the
study, namely the definition of goal and scope, life cycle inventory (LCI)
analysis, life cycle impact assessment (LCIA), and interpretation of re-
sults.

2.1. Goal and scope

The goal of the LCA is to investigate the environmental impacts of a
geothermal power plant that uses flashing technology to produce en-
ergy from a high-temperature geothermal resource. The Hellisheidi
geothermal CHP plant, located in South-West Iceland, was chosen as a
case study to fulfill this goal as it is state of the art and the largest of its
type world-wide, producing both electricity as well as heat for district
heating purposes. Furthermore, the LCA results allow for investigating
the contribution of different life cycle stages of high-temperature geo-
thermal heat- and power production to the overall environmental im-
pacts of the energy produced, contributing to research on the life cycle
impacts of renewable energy technologies that in some cases have
higher environmental load in their construction phase than in their
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operational phase (as opposed to fossil fueled technologies due to fuel
combustion).

Lastly, the study investigates the effects of operational improve-
ments made on the Hellisheidi CHP plant since the plant was fully
operational (in terms of installed electrical capacity) in 2012 to the year
2017. To do that, the study investigates two sets of LCI’s; (1) a base case
inventory representing operational conditions of 2012 as published by
Karlsdottir et al. (2015), and (2) an updated inventory representing
operating conditions of 2017 by inclusion of implemented operational
improvements (such as mitigation of direct emissions). The comparison
of the two inventories shows how proper abatement methods can
substantially improve the life cycle environmental performance of high-
temperature geothermal plants.

2.1.1. Description of the product system: the Hellisheidi geothermal CHP
plant

The Hellisheidi geothermal plant is a double flash CHP plant with
303.3MW of installed electric production capacity (6 x 45 MW high
pressure turbines and 1 X 33.3MW low pressure turbine).
Furthermore, it presently has 133 MWy, of installed thermal production
capacity for district heating purposes with planned capacity of 267
MWy, within the modelled 30-year operational time in this study (and
thus included in the LCA) and possibilities for up to 400 MWy, capacity
in future expansions. A schematic representation of the CHP plant is
given in Fig. 1. To produce electricity and heat, the CHP plant utilizes
geothermal fluid from multiple deep wells located within a production
zone surrounding the plant. The fluid is a saturated mixture of steam
and liquid (referred to as brine) and is led towards the CHP plant in
insulated steel pipelines. Before entering the plant, the brine is sepa-
rated from the steam and the saturated steam is then led towards high-
pressure turbines to generate electricity. The generation of electricity is
performed in two separate pressure stages; high-pressure, represented
by blue components in Fig. 1 and low-pressure, represented by green
components. The saturated brine is led towards the low-pressure unit,
where the pressure is dropped resulting in boiling and generation of
additional steam for the low-pressure turbine. The rest of the brine is
then utilized to heat groundwater for the hot water (heat) production
that serves the capital area of Reykjavik with a large share of its heating
demand. This cascaded use of the geothermal fluid allows for a more
efficient use of the resource than in most other geothermal power plants
only producing electricity from high-pressure steam.

DHHX X
» CWT N DA ST, TT) p—
HWP
cwp
L >
l:fl -
cw
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2.1.2. Choice of functional units

Hellisheidi geothermal CHP plant produces two separate products
and thus has two main functions; generation of electricity and pro-
duction of hot water for district heating. Thus, there are two functional
units to be specified for the product system. It is common practice to use
1kWh of electricity as the functional unit for electricity generation,
and either 1 MJ (e.g. Burchart-Korol et al. (2016); Frick et al. (2010)) or
1kWh (e.g. Karlsson et al. (2018); Ristiméki et al. (2013)) of heat for
the production of district heat.

In this study, the unit 1 kW h is chosen to represent the function of
the two products. Despite their common unit, the two products have
very different functions that must be emphasized:

o 1kWh of electricity represents the net generated electricity from
Hellisheidi geothermal CHP plant that is supplied to the national
power grid. All parasitic loads have been subtracted from the total
generated electricity within the CHP plant and allocated to the
specific product according to physical relationships.

1kWh of heat represents the usable heat content within the hot
water produced at Hellisheidi. The usable heat is based on the
commonly used (simplified) assumption for Icelandic district
heating systems with supply temperature of 80 °C and return tem-
perature of 40°C, that is an average temperature difference in
household radiators of 40 °C. This temperature difference is used to
calculate the usable heat content of the hot water produced at the
CHP plant in terms of kWh.

It should be noted that 1kWh of electricity is not comparable to
1kWh of heat in terms of thermodynamic definition of energy
quality (exergy). 1 kW h of usable heat cannot be used to replace the
energy demand for 1 kWh of electricity unless the demand is for
heating purposes only.

2.1.3. Description of system boundary

The system boundary is described with the process flow diagram in
Fig. 2. The elementary and product flow in and out of the system, that
serve as inputs to the different unit processes, are shown on the top and
bottom. The independent unit processes needed to produce electricity
and heat are presented within the two intact boundaries. The multi-
functional (joint) unit processes, meaning that they serve the produc-
tion of both products (electricity and heat), are presented within the
slotted line boundary and are the following:

- Electricity
ws Well silencer
WE Wellhead
GW Geothermal well
HPS High pressure steam separator
HPM High pressure moisture remover
HPTG  High pressure turbine-generator set
HPC High pressure condenser with preheater
CT Cooling tower
FV Flashing valve
LPS Low pressure steam separator
LPM Low pressure moisture remover
LPTG  Low pressure turbine-generator set
LPC Low pressure condenser
cw Cold water well
CWP  Cold water pumps
CWT  Cold water tank
DHHX  Heat exchanger District Heat
>Etet DA Deaerator

HWP Hot water pump
DHT Hot water tank District Heat
RW Reinjection well

Fig. 1. Schematic of the Hellisheidi geothermal CHP plant.
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Fig. 2. The main unit processes set up to describe the production of electricity and heat from Hellisheidi geothermal CHP plant.

—

Steam collection and reinjection system that acquire, transport

and dispose of the extracted geothermal fluid for the production

processes. This includes initial drilling of wells for the commission
of the CHP plant.

2 The use of geothermal fluid, with its energy content serving as an
energy input for the conversion cycle and the included gas content
causing various environmental effects.

3 The drilling of make-up wells for maintaining energy supply during

the lifetime of the CHP plant.

To assign the environmental impacts of these multifunctional pro-
cesses to the production of electricity and heat at Hellisheidi CHP plant,
an allocation method must be applied as described in Section 2.1.4.

The time horizon chosen for the study is 30years of operation,
corresponding to a commonly used assumption of a 30-year technical
lifetime of power plants in other LCA studies (Frick et al., 2010;
Hanbury and Vasquez, 2018; Hondo, 2005; Marchand et al., 2015).
However, the three oldest geothermal power plants in Iceland have
surpassed 30years of operation, the oldest one at Bjarnarflag in
Northern Iceland dating back to 1963 (Jiliusson and Axelsson, 2018),
and those plants still have some of their original equipment operational.
Evidence thus show that technical lifetime of geothermal power plants
can be estimated to surpass a 30 year lifetime, and some studies even
suggest a life time of 100 years for geothermal production (Martinez-
Corona et al., 2017; Rule et al., 2009). Even though equipment lifetime
can be prolonged over the common assumption of 30 years with ap-
propriate maintenance, it is non the less likely that many geothermal
plants upgrade their equipment after a few decades of operation due to
advances in technology or changes in the characteristics of the geo-
thermal resource that require energy system upgrades. Thus, an

operational time of 30 years is assumed to be a relevant choice in this
study for the Hellisheidi CHP plant without considering renewal of
mechanical equipment.

No transmission losses are considered since the electrical grid is
outside the system boundary. For the same reasons, thermal losses in
the distribution of heat to households are not included in this study.
This study is therefore considered “cradle-to-gate”.

2.1.4. Choice of allocation method

Allocation of environmental impacts between products from co-
production processes, to share the burdens in a reasonable and fair way,
is a well-known problem within LCA. Combined heat and power (CHP)
plants, such as the Hellisheidi plant, are a good example of such co-
production processes that face an allocation dilemma. As is common for
other co-production processes, no consensus has been reached on how
to allocate environmental impacts between electricity and heat pro-
duced in CHP plants (Heinonen et al., 2015). The International Orga-
nisation of Standardisations (ISO) gives general recommendations on
allocation in the ISO 14040 standard that are open to many different
choices (ISO 14040, 2006). Specific methods are given for the alloca-
tion problem of CHP plants by the International EPD System in a set of
product category rules according to ISO 14025 on electricity, steam and
hot/cold water generation and distribution (The International EPD
System, 2015). That method is based on system expansion, where the
burdens of each product are assigned according to their share of
avoided impacts if these two products (electricity and heat) have been
produced separately. The method is easily applicable for CHP systems
that are replacing other common forms of separate electricity and heat
production technologies. But for Icelandic conditions, where geo-
thermal CHP plants are among the most common technology used, it is
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Fig. 3. The variation of dissolved CO, and H,S in geothermal steam at Hellisheidi CHP plant from 2007 to 2016 (Data from Reykjavik Energy).

of little concern to estimate share of avoided impacts from other tech-
nologies.

For Hellisheidi CHP plant, both the production of electricity and
heat are vital to the plant owners. The plant was built to meet the
steady increase in demand of district heat in the capital area for the
foreseeable future and to produce electricity for Icelandic industries,
businesses and homes. During cold spells, electricity production at the
plant may be temporarily reduced to meet the peak in heat demand
even though the overall aim of the plant is to maximize its electricity
production as the price of electricity is generally higher than price of
heat. Thus, one might conclude that the importance of these two pro-
ducts are equally high for the project stakeholders and decision makers.
A selection of allocation method should thus agree with that statement
and distribute the environmental impacts associated with the produc-
tion fairly between the two products. For this study, allocation based on
energy production was chosen. The inputs of the multifunctional pro-
cesses were thus divided between the two products based on their share
of usable energy produced by the plant. The share of produced elec-
tricity in the total useful energy production of the Hellisheidi plant is
estimated to be around 73% over the 30-year operational time in
question, while the share of useful heat is around 27%.

2.2. Base case life cycle inventory — 2012 LCI

The base case life cycle inventory, named “2012 LCI” since it was
designed to represent operational data from 2012, was compiled by
using primary data from the power plant operator (also the project
developer) and designers, and secondary data from the ecoinvent v3.4
database. The 2012 LCI has been published in detail in a separate study
by Karlsdottir et al. (2015) to serve as a reference or secondary data for
others to use in screening LCA studies on high-temperature flash geo-
thermal power plants. The inventory is used in this study to serve as the
base case scenario for the LCA on Hellisheidi CHP plant.

For the production of heat, the forecasted increase in heat demand
throughout the 30-year operational time modelled for the plant is
considered, which predicts that the capacity of the heating station will
be doubled within the timeframe requiring additional mechanical
equipment.

One significant modification was made on the previously published
inventory regarding the amount of make-up wells needed for sustaining
power production over the lifetime of the plant. In this study, the
average amount of make-up wells was estimated to be one drilled per
year, or 30 wells drilled in total during 30 years of operation, as op-
posed to drilling a well every second year (15 wells in total) as the
inventory study suggested. The reason is that the operational experi-
ence of the plant in the recent years has suggested the need for ex-
panding the production field (Gunnarsson and Mortensen, 2016) that
requires the drilling of more make-up wells than stated in the

environmental impact assessment of the current plant (VGK consulting,
2005).

2.3. Updated life cycle inventory — 2017 LCI

Major improvements have been made on the operation of
Hellisheidi power plant since the compilation of the 2012 LCI described
in Section 2.2. The biggest changes to the 2012 LCI are the following:

1 Natural variations in the gas content of the geothermal fluid.

2 Use of innovative mitigation methods of geothermal gas emissions,
known as the CarbFix and SulFix projects.

3 Use of electrical drill rigs instead of diesel fueled rigs for drilling
make up wells.

To account for those changes, an update on the operational (gas
content and mitigation methods) and maintenance (drilling) data of the
base case inventory was made, named 2017 LCIL. Only two processes
from Fig. 2 were modified in the updated LCI; namely the “Make-up
wells” to account for electrical drilling and the “Geothermal fluid” to
account for changes in gas content as well as the new emission miti-
gation methods. The modifications are discussed briefly below.

2.3.1. Natural variations in gas content

During utilization of geothermal energy, it is likely that the amount
of gas dissolved in geothermal fluid changes over time. Fig. 3 shows
how the amount of CO, and H,S per kg of steam changed at the Hell-
isheidi plant during the production period of 2007-2016. The gas
content decreases more rapidly in the first few years of production,
while a slow decrease is seen in the recent years. The decrease in gas
content can be due to variation in which wells are used for production
at each time or degassing of the geothermal resource due to the ex-
traction of geothermal fluid. To account for natural variations, the
available measurement for 2012-2017 were included in the updated
LCI and the gas content from 2017 to the end of the 30-year operational
time assumed to be fixed at 2017 values, resembling steady state con-
ditions.

2.3.2. Implemented mitigation methods — CarbFix and SulFix

In 2007, a research project referred to as CarbFix was initiated to
develop a method for carbon capture and storage (CCS) by injecting
CO,, into basaltic rocks that are commonly found in Icelandic bedrock.
The Hellisheidi area was used as a site for pilot reinjection tests, which
proved to be successful in mineralizing CO, into the basaltic bedrock.
The method was further developed for reinjection of hydrogen sulphate
(H,S), now referred to as the SulFix method, as the emissions from the
CHP plant had resulted in a significant increase in H,S levels in the
capital region of Reykjavik and mitigation methods were needed to
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Fig. 4. The proportional amount of CO, and H,S from Hellisheidi power plant
that was reinjected with the CarbFix and SulFix methods in the years
2013-2017 (Sigftisson et al., 2018).

comply with regulations on H,S levels in Iceland (Aradéttir et al.,
2015). The CarbFix method has proven to be much more efficient than
other traditional CCS methods, with 95% of the CO, being mineralized
within 2 years of reinjection opposed to hundreds or thousands of years
for conventional CCS methods (Matter et al., 2016). Both the CarbFix
and SulFix methods have been reported as potentially more cost ef-
fective than other known CCS methods for these gaseous emissions.
Gunnarsson et al. (2018) reported a total cost of 25-50 USD/ton of CO,-
H,S mixture captured and stored by the developed methods at Hell-
isheidi in comparison with 38-143 USD/ton CO, for other reported CCS
methods and costs exceeding 300 USD/ton for H,S abatement. How-
ever, the authors of the study point out that the application of CarbFix
and SulFix is site specific and the cost dependent on factors such as gas
composition, depth of storage reservoir and local energy costs.

Since 2014, these methods have been used on an industrial scale at
Hellisheidi to reinject both CO, and H,S from the plant, resulting in a

Table 1
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significant decrease of atmospheric emissions from the power plant
(Sigftisson et al., 2018). Fig. 4 shows the proportion of CO, and H,S that
has been reinjected since 2013. As of 2017, 34% of the CO, and 68% of
the H,S reaching the surface with the geothermal fluid was reinjected
back into the reservoir, resulting in corresponding reduction of atmo-
spheric emissions.

2.3.3. Replacing diesel fueled drilling rigs with electrically powered rigs

Geothermal plants rely on multiple geothermal wells for their op-
eration. They are drilled during resource identification and construction
phases as well as during the operation/maintenance phase since make-
up wells need to be drilled regularly to sustain steam flow for energy
production, often due to a steady pressure drop in the geothermal re-
servoir and in some cases declining productivity of wells due to scaling.
These wells are large, underground constructions that are drilled with
heavy drill rigs, often fueled by diesel fuel and corresponding en-
vironmental impacts.

A large amount of the diesel fuel used during the lifetime of
Hellisheidi CHP plant is due to drilling of wells. In the 2012 LCI, all
wells prior to that year had been drilled with diesel fueled rigs. Also, all
future geothermal make-up wells were assumed to be drilled with diesel
fuel. However, the power plant has recently announced that new wells
at the Hellisheidi site will be drilled using electrically powered drilling
rigs to increase the environmental performance of the plant (ON Power,
2017). A study by Menberg et al. (2016) on LCA of EGS plants con-
cludes that by using electricity from environmentally friendly resources
or directly from the power plant, instead of using diesel fuel for drilling
initial and make-up wells, significant improvements can be achieved in
the environmental impact results. To account for these changes in
drilling technology for the Hellisheidi CHP plant, the LCI was updated
by changing the energy input for the drilling process of make-up wells
from diesel fuel to electricity produced at plant.

2.4. Life cycle impact assessment (LCIA) method

For the LCIA, the SimaPro 8 software was used for data analysis and
ecoinvent v3.4 database for secondary data (ecoinvent Centre, 2013)
along with the inventory dataset from Karlsdottir et al. (2015) and
modifications mentioned in Section 2.2 and 2.3. The chosen methods
for the impact assessment were CML-IA baseline (Guinée et al., 2002)
and CED (Hischier et al., 2010). The CML-IA baseline method elabo-
rates on the problem-oriented (midpoint) approach and includes 10
environmental indicators used in most LCAs. The CED method calcu-
lates the total use of energy resources divided into 5 impact categories.
An overview of the different impact categories included in these two
methods is shown in Tables 1 and 2 (Adapted from PRé (2018)). An
overview of the selected input and output processes from ecoinvent
(and other databases) for the LCA modelling of Hellisheidi in SimaPro is
given in the supplementary information section of this paper.

Overview of the Impact assessment categories in the CML-IA baseline (v3.05) method.

Impact category Abbreviation Addresses

Depletion of abiotic resources ~ ADP

ADP has two impact categories in the method; Abiotic depletion (elements, ultimate reserves) relating to the extraction of

minerals, expressed in kg antimony equivalents, and abiotic depletion (fossil fuels) relating to the extraction of fossil fuels

expressed in MJ.
Acidification (modified) AP
Eutrophication EP
Climate change GWP100
Stratospheric ozone depletion =~ ODP
Human toxicity HTP

Fresh water aquatic ecotox. FAETP
Marine aquatic ecotoxicity MAETP
Terrestrial ecotoxicity TETP
Photo-oxidant formation POCP

equivalents.

Acidifying substances emitted to air expressed in kg SO, equivalents. Modified in this study to include effects of H,S emissions.
Impacts due to excessive levels of macro-nutrients in the environment, expressed in kg PO, equivalents.

Emissions of greenhouse gasses to air expressed in kg carbon dioxide equivalents.

Ozone depletion potential of different gasses expressed in kg CFC-11 equivalents.

Effects of toxic substances on the human environment, expressed as 1,4-dichlorobenzene equivalents.

Effects of toxic substances on fresh water ecosystems, expressed as 1,4-dichlorobenzene equivalents.

Effects of toxic substances on marine ecosystems, expressed as 1,4-dichlorobenzene equivalents.

Effects of toxic substances on terrestrial ecosystems, expressed as 1,4-dichlorobenzene equivalents.

Summer smog, or formation of reactive substances injurious to human health and ecosystems, expressed in kg ethylene




M.R. Karlsdottir, et al.

Geothermics 84 (2020) 101727

Table 2
Overview of the different types of renewable and non-renewable energy resources, which use is estimated with the Cumulative Energy Demand (CED, v1.10) method.
Impact category Abbreviation ~ Addresses
Non-renewable, fossil CEDNR fossil Cumulative energy use based on upper heating value of various fossil fuel resources.
Non-renewable, nuclear CEDNR nuclear Cumulative energy use based on energy value of natural uranium and a nuclear fuel chain modelled in ecoinvent v3.4.
Non-renewable, biomass CEDNR bio Cumulative energy use based on upper heating value of wood from primary forest.
Renewable, biomass CEDR pio Cumulative energy use based on upper heating value of wood from sustainable resources, food products, agricultural by-
products etc.
Renewable, wind, solar, geothermal CEDgsw,g Cumulative energy use based on converted solar energy, kinetic energy of wind and amount of geothermal energy delivered
to a heat pump. Also considers the geothermal energy input to Hellisheidi geothermal power plant.
Renewable, water CEDR, water Cumulative energy use based on the converted potential energy (rotation energy) of the water in a hydropower reservoir.
Total CEDyotal Single score result for CED, a sum of all CED categories above.

For the sake of this study, a modification of the CML-IA baseline
method was performed to include the acidification potential of H,S, as
the unmodified baseline method does not include the effects of H,S. The
reason why H,S is not included in the baseline method is because the
characterization factor developed to transform H,S into SO, equivalents
does not include a fate model, which was a prerequisite for the selection
of characterisation factors to be used in the method. Due to the sig-
nificant emission of H,S from Hellisheidi geothermal CHP plant, the
baseline method was modified in this study to take the effects of the gas
into consideration by applying the characterization factor used in the
non-baseline method of CML-IA.

3. Life cycle impact assessment (LCIA) results

The results from the LCIA are presented in Section 3.1 for each
impact category analyzed with the chosen LCIA methods discussed in
Section 2.4. Normalization of the results is presented in Section 3.2 to
communicate the relative significance of the results.

Furthermore, a more detailed discussion on each impact category
result and uncertainty analysis with Monte Carlo can be found in the
supplementary information section of this study.

3.1. Impact category results for CML-IA and CED methods

The results from the LCIA for the production of heat and electricity are
given in Table 3 for both operating scenarios (2012 and 2017). Due to the
allocation method selected and the large impact of multifunctional pro-
cesses to the overall results, similar results are retrieved based on the
functional units of both products. The small differences can be explained
by the different processes that are not multifunctional and thus assigned
solely to either product. In all cases, the impacts of 1 kW h of electricity is
slightly higher than of 1kW h of usable heat due to the more extensive
machinery needed for the production of electricity compared to produc-
tion of hot water. Additionally, the comparison of LCIA results between
the different operating scenarios shows a significant reduction within
many LCIA categories as shown in Table 3 and discussed further below.

To further highlight the main contributors to the LCIA results, the
relative contributions of the unit processes (as described in Fig. 2) are
shown in Fig. 5 for the electricity production and in Fig. 6 for heat
production. For simplicity reasons, results are only shown for the 2012
LCI but differences in process contributions in the 2017 LCI is explained
instead in Fig. 8. The figures show that the three multifunctional pro-
cesses are the biggest contributors to all impact categories, namely; the
construction of the steam collection and reinjection systems, the drilling
of make-up wells during maintenance and the use of geothermal fluid
during operations. The first two mentioned processes both represent the
same activities, namely the drilling and casing of geothermal wells and
construction of collection pipelines, but they occur during different life
cycle stages of the power plant (construction and operation respec-
tively). They are the biggest contributors to all impact categories except
for global warming potential (GWP100), acidification (AP) and the re-
newable cumulative energy demand from wind, solar and geothermal energy

(CEDR,w,s,g). Their contribution is mainly due to production or use of
diesel fuel and production of steel needed for the drilling and com-
pletion of geothermal wells. The main difference between the process
contributions to the electricity and heat production in Figs. 5 and 6 is
the larger share of mechanical equipment in the environmental impact
results for electricity production while building infrastructure holds a
larger share for the heat production. The mechanical equipment for the
heat production mainly consists of heat exchangers and pumps, while
equipment required for electricity production is far more extensive.

Direct emissions of geothermal gasses and the geothermal energy
extraction connected to the use of geothermal fluid are responsible for
the largest share of the impact categories that are not dominated by the
drilling and infrastructure of geothermal wells mentioned above. The
emissions of CO, and CH,4 hold the largest share of the GWP100, while
emission of H,S is almost solely responsible for the AP. It is also worth
mentioning that emission of H,S is responsible for a substantial share of
the human toxicity (HTP) results and CH,4 also contributes to photo-
chemical oxidation potential (POCP). The energy content of the geo-
thermal fluid dominates the renewable cumulative energy demand from
wind, solar and geothermal energy (CEDg,g), as expected since the
geothermal energy content of the fluid is used as a fuel for the elec-
tricity and heat production.

As can be seen from Table 3, the assessment of the updated 2017 LCI
shows beneficial results in all impact categories for the production at
Hellisheidi CHP plant. This is due to the overall reduction in emissions
of geothermal gasses compared to the 2012 LCI, as well as the decrease
in use of diesel fuel due to using electricity for drilling make-up wells.
Fig. 7 shows the relative changes in LCIA results for the impact cate-
gories with changes of less than 1% excluded. The results show similar
reductions for both electricity and heat. Fig. 8 furthermore shows the
relative reduction of process contribution of the two processes that
were affected by the updated 2017 LCI; namely “Make-up wells” and
“Geothermal fluid” as explained in sec. 2.3. The relative reduction of
process contribution was the same for both electricity and heat. The
most significant change in overall impact results, according to Fig. 7,
can be seen for acidification potential (AP) due to the extensive re-
injection of H,S using the SulFix method. This has resulted in over 60%
average reduction of H,S emissions over the 30-year operational time
modelled for the CHP plant. Due to same reasons, the HTP is reduced by
12-13%, a smaller overall reduction compared to AP due to other
processes (not affected by the update) contributing significantly to the
overall HTP results. Also, due to significant reduction of CO, emissions
with the CarbFix method, the GWP100 is reduced by almost 30%. The
decrease in use of diesel fuel for drilling has resulted in reduction of
ADPjoq51, ODP, POCP, EP and CEDjogqi1.

Section S.1 in the Supplementary material further discusses the
impact assessment results to complement Table 3 and Figs. 5-8.

3.2. Normalization of CML-IA impact categories

To gain insight into the significance of the LCIA results compared to
a selected reference, normalization was performed on the 2012 base
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Table 3
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The impact assessment results for the production of 1 kW h of electricity and 1 kW h of heat from Hellisheidi geothermal CHP plant for the categories included in the

CML-IA and CED methods.

Impact category Abbreviation Unit 1kW h electricity 1kW h heat

CML-IA impact categories 2012 LCI 2017 LCI 2012 LCI 2017 LCI
Abiotic depletion ADP g Sbeq 1.8 x 1073 1.8 x 1073 1.5 x 1073 1.5 x 1073
Abiotic depletion (fossil fuels) ADProgsi1 kJ 21.6 19.7 18.9 16.9
Global warming GWP100 g CO, eq 15.9 11.4 15.8 11.2

Ozone layer depletion oDP g CFC-11 eq 2.0x1077 1.8x 1077 1.6 x 1077 1.4 x 1077
Human toxicity HTP g 1,4-DB eq 5.8 5.0 5.5 4.8

Fresh water aquatic ecotox. FAETP g 1,4-DB eq 1.8 1.8 1.7 1.7

Marine aquatic ecotoxicity MAETP g 1,4-DB eq 4557.9 4547.4 3827.0 3816.3
Terrestrial ecotoxicity TETP g 1,4-DB eq 2.1 %1072 2.1 %1072 2.1x 1072 2.1 x 1072
Photochemical oxidation POCP g CoH, eq 9.5 x 1074 9.1 x107% 81x107% 7.6 x 1074
Acidification AP g S0, eq 9.7 3.6 9.7 3.5
Eutrophication EP g POs,—eq 51x%x107° 48 %1073 45%x107° 42x1073
Cumulative Energy Demand (CED) impact categories 2012 LCI 2017 LCI 2012 LCI 2017 LCI
Non-renewable, fossil CEDNR fossil kWh 6.4 x10°° 58 x 1072 5.6 x 107 5.0x 1072
Non-renewable, nuclear CEDng nuclear kWh 39%x107* 38x107* 31x107* 31x107*
Non-renewable, biomass CEDng,bio kWh 3.7 x107°° 3.7 x10°° 2.0x10°° 2.0 x10°°
Renewable, biomass CEDg pio kWh 1.1x10°4 1.1x10°¢ 8.1 x 1073 8.0 x107°
Renewable, wind, solar, geothermal CEDg s,w,g kWh 5.2 5.2 5.2 5.2
Renewable, water CEDR, water kWh 31x107% 31x107* 2.8 x107% 2.8 %1074
Total, non-renewable* CEDngr kWh 6.8 x 1072 6.2 x 1072 59 x 1072 53x 1072
Total, renewable* CEDg kWh 5.2 5.2 5.2 5.2

Total CEDyoal kWh 5.2 5.2 5.2 5.2

* The total non-renewable and renewable CED results are not given in the CED method but calculated for the sake of informative value in this study.

case results, using the EU25 + 3 reference given in the CML-IA method.
Normalization is not a part of the CED method and thus, results for CED
are excluded from this section.

EU25 + 3 refers to the annual environmental load of human activ-
ities for the reference year 2000 in the 25 member states of the
European Union (as of 2006) in addition to Iceland, Norway and
Switzerland. The normalization results for electricity and heat are seen
in Fig. 9. The results for both products show that the most significant
environmental impact compared to the EU25 + 3 is the acidification
potential, followed by marine aquatic ecotoxicity. Acidification poten-
tial of both heat and electricity is due to emissions of H,S from the
geothermal power plant while the ecotoxicity potential is mostly due to
the production processes for steel, aluminium and copper used in the
CHP plant.

3.3. Comparison of results with other studies

It is of interest to compare the results for Hellisheidi to the above-
mentioned literature. Here, more focus is put on the results for electricity
production due to the lack of compatible LCA studies on high-tempera-
ture heat production. Also, due to the variability of which impact as-
sessment method is chosen in different LCA studies, it is unfortunately
not so straight forward to compare results between studies for all impact
categories. The most widely reported impact category in LCA studies is
the Global Warming Potential (GWP) representing the overall GHG
emissions. The report by Eberle et al. (2017) systematically reviews both
published life cycle GHG emissions from LCA studies as well as reported
direct emissions from different geothermal technologies. Furthermore,
they compile results specifically for high-temperature flash geothermal

Electricity production
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Fig. 5. Contribution of the main unit processes for the production of 1 kW h of electricity at Hellisheidi geothermal CHP plant to the environmental impacts — 2012

data.
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Heat production
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Fig. 6. Contribution of the main unit processes for the production of 1 kW h of heat at Hellisheidi geothermal CHP plant to the environmental impacts — 2012 data.

plants in their review. The study by Buonocore et al. (2015), also in-
cluded in the report by Eberle et al. (2017), additionally reports various
impact category results for a high-temperature dry steam plant in Italy
that can be compared to the results from Hellisheidi due to the similar
technology and energy conversion cycle used in dry-steam and flash
plants. The comparison is shown in Table 4.

Compared to the study by Buonocore et al. (2015), Hellisheidi re-
sults are lower in all cases except for the acidification potential (AP).
The release of hydrogen sulfide (H,S) is responsible for the majority of
the AP from the Italian power plant according to Buonocore et al.
(2015), which is also the case for Hellisheidi. The difference between
the two is likely due to higher H,S concentration in the geothermal
fluid from the Hellisheidi geothermal field, even in the case where H,S
abatement (SulFix method) at Hellisheidi in the 2017 LCI results in over
60% reduction of AP results compared to having no mitigation method
present for H,S abatement in the 2012 LCI.

For the results of GWP in the report by Eberle et al. (2017), in-
cluding the results from Buonocore et al. (2015), the Hellisheidi results
fall into the lower part of the range for the life cycle GHG emission and
is much lower than the minimum of the reported direct emissions ac-
cording to the review report. On contrary to the relatively high H,S
content of the geothermal fluid at Hellisheidi, the CO, content is quite

low and that likely explains the difference in the GWP results between
the studies. Also, the mitigation method used to reinject and mineralize
a part of the CO, with the CarbFix method included in the 2017 LCI
results in even lower GWP of Hellisheidi compared to other studies.
Buonocore et al. (2015) report that high levels of arsenic and
mercury in the geothermal fluid at the Italian plant have a have a
significant contribution to the human toxicity potential (HT). Due to
full reinjection of geothermal fluid at Hellisheidi, resulting in near zero
release of geothermal fluid to soil or water from the plant, no such
contribution to HT is to be found in the Hellisheidi results. Also, the
concentration of arsenic and mercury in the geothermal fluid at Hell-
isheidi is relatively low. For Hellisheidi, the emission of H,S contribute
slightly to the HT as discussed in Section 3.1. above, but the overall
contribution is due to other unit processes within the construction and
maintenance life cycle phases of the plant. Therefore, the presence of
emissions of mercury and arsenic in the Italian study is likely to explain
the majority of the difference in HT results between the two studies.
Not many geothermal LCA studies give results for the cumulative
energy demand (CED) and therefore, the comparison of the Hellisheidi
study to the study by Buonocore et al. (2015) is of great value. The
results for the CED in both studies are similar in magnitude and the
renewable part of the CED dominates the overall result in both studies
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Fig. 7. The relative changes of LCIA results for 1kWh of electricity and heat compared to the 2012 LCI after considering changes in operations at Hellisheidi

geothermal CHP plant (2017 LCI).



M.R. Karlsdottir, et al.

0% 10% 20% 30% 40% 50% 60% 70%

Abiotic depletion (fossil fuels)

Global warming (GWP100a)

Ozone layer depletion (ODP)

Geothermics 84 (2020) 101727
80%  90%  100%  Fig. 8. The relative reduction of process contribution
between 2012 and 2017 LCIs of the two processes that
were affected by the updated 2017 LCI; namely the
drilling of make-up wells and direct emissions from the
use of geothermal fluid for the production at
Hellisheidi. The relative reduction was the same for
both electricity and heat.

Human toxicity

Photochemical oxidation

Acidification

Eutrophication

Non renewable, fossil

2012 LCI m 2017 LCI Make-up wells

due to the input of geothermal energy during the operation phase of the
plants. The Hellisheidi study however shows lower values (meaning a
lower need for primary energy input to produce each kWh of electricity
and heat) indicating a higher energy efficiency of the Hellisheidi plant
compared to the Italian plant. This is to be expected since the Hell-
isheidi plant is designed with energy efficiency in mind, utilizing a
double-flash technology to maximize electricity production and a
combined heat production to further utilize the heat from the geo-
thermal fluid for usable energy production. The difference in the non-
renewable part of the CED between the studies is difficult to analyze in
depth but they both originate mainly from the construction phase of the
plants, such as from energy used from production of materials and serve
only a small fraction of the overall CED results.

For added perspective, the LCIA results for the 2017 data set, re-
presenting todays performance of the plant, is compared to available
LCI'’s in the ecoinvent database for other common energy resources used
for the production of electricity or heat. A comparison for electricity
production is shown in Fig. 10, where electricity from Hellisheidi is
compared to an average hydropower plant in Norway and an average
Scandinavian gas power plant, both retrieved from the ecoinvent v3.4
database. The comparison shows that electricity from Hellisheidi has
the lowest environmental impacts for most categories except for
GWP100 and MAETP where hydropower scores slightly lower, as well
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as for AP where geothermal shows significantly higher results per kWh
than other processes due to the considerable amount of emissions of
H,S. Elsewhere, the gas fired power plant has much higher impacts in
almost all LCIA categories investigated by the CML-IA baseline method
as would be expected in a comparison between gas fueled power plants
and renewable technologies.

For comparison of different heat production processes, as shown in
Fig. 11, the results are much in favor of the geothermal CHP process. A
comparison is made between heat from Hellisheidi and the production
of heat from a geothermal heat pump as well as from an average mix of
district heating technologies in Europe. The only impact category where
geothermal scores higher than the other production processes is, as for
the electricity, the acidification potential (AP) due to H»S emissions.

4. Conclusions

Using LCA to evaluate the environmental impacts of the joint pro-
duction of electricity and heat at Hellisheidi geothermal CHP plant
reveals some interesting findings. Firstly, most of the impact categories
evaluated by the CML-IA baseline method are strongly affected by the
construction phase of the power plant due to the use of materials and
energy for different components. However, the environmental impacts
of utilizing the high-temperature geothermal resource available at

3.0E-10 4.0E-10 5.0E-10 6.0E-10

Heat

Fig. 9. Normalization results for electricity and heat from Hellisheidi geothermal CHP plant compared to the annual environmental load from the year 2000 of the

EU25 + 3 states.

The results show that the acidification potential of the two products is the most significant compared with EU25 + 3 environmental impacts.
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Table 4
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Comparison of selected environmental impact results for high-temperature flash geothermal power plants in literature study to the results for Hellisheidi.

Impact category  Unit Hellisheidi 2012 LCI  Hellisheidi 2017 LCI  Buonocore et al. Eberle et al. (2017) Direct Eberle et al. (2017) Life cycle
(2015) emissions, [min, median, max] emissions, [min, median, max]

GWP100 gCOzeq 159 11.4 248 [110, 151, 690] [9.7, 73.2, 240.2]

AP gS0,eq 9.7 3.6 3.4 - -

HT g1,4DB 58 5.0 11 - -

eq
CEDg kWh 5.2 5.2 6.9% - -
CEDngr kWh 0.0059 0.0053 0.2* - -

* CED values are retrieved from Buonocore et al. (2015) in [MJ CED/kWh functional unit] and adapted to the corresponding unit of [kWh CED/kWh functional

unit] for the purpose of comparison.

Hellisheidi are strongly evident in the LCIA results as the emissions of
various geothermal gasses, mainly CO, and H,S, contribute sub-
stantially to GWP100, HT and AP. These impacts can vary greatly be-
tween different geothermal sites since the natural characteristics of
geothermal fluids are very site specific. Thus, the results for Hellisheidi
cannot be generalized for other geothermal power plants without ad-
justing for the variations in chemical content, such as the amount of
various geothermal gases, of different geothermal fluids.

Some significant improvements have already been made on the
operation of Hellisheidi CHP plant since it was commissioned in 2006
by adopting mitigation methods for reducing geothermal gas emissions
and by replacing use of fossil fuels during the otherwise fuel intensive
process of drilling new wells with the power plant’s own generated
electricity. These improvements have led to significant positive changes
in the overall environmental performance of the plant. Further im-
provements could be made by increasing the reinjection of geothermal
gases even more or using other mitigation methods to avoid the direct
emissions of these gases. Otherwise, the effects of the constructional
phase of the CHP plant, that accounts for a large amount of various
impact categories, cannot be changed afterwards. Instead, the choice of
materials for future geothermal projects could be re-evaluated to fur-
ther improve the environmental performance of those future plants if
possible. However, an increased lifetime of the plant beyond the
modelled 30-year operational lifetime would reduce these impacts per
functional unit, increasing the environmental performance of the plant.

The choice of allocation method becomes an evident dilemma in the
assessment of the Hellisheidi plant. This study assumed that the two
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w
o

Abiotic depletion

Abiotic depletion (fossil fuels)

products are both equally vital outputs from the energy conversion
system and thus, the joint input processes were divided between the
two products based on their share in the overall useful energy pro-
duction of the plant. In that way, the environmental impacts of joint
processes per functional unit are equal. This assumption can certainly
be debated, and other allocation methods could be used with equally
valid arguments of for example the difference in economic value of
these two products. The authors will further present the effects of the
choice of different allocation methods on LCIA results for electricity and
heat from the Hellisheidi CHP plant in a separate study.

The main limitations of the study are twofold; (1) The generality of
the results is low due to the site-specific operational variables of geo-
thermal utilization as discussed earlier. The findings of this study sug-
gest that the impact categories most sensitive to the amount of direct
emissions of geothermal gases such as CO,, CH4 and H,S, which are
always very site specific for each geothermal power plant in question,
are global warming potential (GWP100), acidification potential (AP),
human toxicity (HTP) and photochemical oxidation potential (POCP). As
an example, the Hellisheidi CHP plant has amongst the lowest emission
of CO, per kWh from geothermal power plants worldwide as reported
in the study by Bertani and Thain (2002) due to the low concentration
of CO, in the geothermal steam on site. Therefore, other geothermal
plants might report substantially higher emissions of CO, than in this
study. However, the Hellisheidi plant has considerably higher emission
of H,S per kWh than other geothermal power plants in Iceland leading
to potentially higher environmental impacts in categories affected by
H.,S than for other plants. (2) The results are also sensitive to the choice
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Fig. 10. Comparison of LCIA results for electricity production from Hellisheidi geothermal CHP plant (2017 data set), an average hydropower plant located in
Norway and an average gas power plant in Scandinavia. Datasets retrieved from the ecoinvent v3.4 database (Treyer and Bauer, 2013).
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Fig. 11. Comparison of LCIA results for heat production from Hellisheidi geothermal CHP plant (2017 data set), an average geothermal heat pump in Europe and an
average district heating system in Europe. Data is retrieved from the ecoinvent v3.4 database (ecoinvent Centre, 2013).

of input data from databases (secondary data), such as for different
material production processes from the ecoinvent v3.4 database, since a
large share of the impacts are derived from these background processes.
For this study, wherever possible, average datasets or European data-
sets were used to compile the LCI because actual locations for different
material production facilities were not known.

The LCIA results reflect well upon many of the recognized en-
vironmental issues of geothermal utilization in Iceland. One such issue
is the effect of H,S emissions on the environment and human health.
The concentration of H,S in the vicinity of Hellisheidi geothermal CHP
plant was publicly debated by the local communities due to odor nui-
sance after the plant started operation in 2006 and due to unknown
health effects of H,S in continuous and low concentration. As a result,
new regulation on lower allowable H,S levels was implemented and
mitigation measures needed to be installed at the plant to comply with
the new regulation. Also, the high acidification potential results due to
H,S emissions reflect well upon a local discussion whether the gas is
responsible for increased corrosion of metals that are subjected to
higher levels of H,S in close vicinity of the plant. However, for all other
impact categories than AP, the comparison of geothermal utilization for
heat and power production with other conventional energy generation
technologies shows that geothermal utilization is a preferable option in
almost all aspects. Furthermore, the environmental issues connected
with geothermal utilization at Hellisheidi have been largely avoided by
mitigation methods, resulting in a very high environmental perfor-
mance of the plant compared to others.

Some impacts of the Hellisheidi geothermal CHP plant are however
not addressed in the LCIA. An example is the effect of reinjection of
geothermal fluid on induced seismicity in the area (Juncu et al., 2018).
Another example is the potential thermal effects of surface release of
hot geothermal fluid on local surroundings. Third example is potential
loss of biological diversity due to habitat destruction or effects of re-
lease of geothermal fluid or gasses (e.g. Mutia et al. (2016)). These
impacts are well known and are commonly addressed in environmental
impact assessments (EIA) prior to the construction of geothermal pro-
jects in Iceland. Mitigation methods are also available for minimizing
those impacts.

In conclusion, geothermal utilization of high-temperature resources
can potentially have low environmental impacts compared to most
other energy sources. Sustainable utilization of geothermal resources
using advanced technological solutions to minimize their main

environmental impacts should make geothermal utilization one of the
future solutions in meeting the world’s energy demand wherever geo-
logical conditions allow.
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Abstract: The European Union (EU) has made climate change mitigation a high priority though
a policy framework called “Clean Energy for all Europeans “. The concept of primary energy for
energy resources plays a critical role in how different energy technologies appear in the context of this
policy. This study shows how the calculation methodologies of primary energy content and primary
energy factors pose a possible negative implication on the future development of geothermal energy
when comparing against EU’s key energy policy targets for 2030. Following the current definitions of
primary energy, geothermal utilization becomes the most inefficient resource in terms of primary
energy use, thus contradicting key targets of increased energy efficiency in buildings and in the
overall energy use of member states. We use a case study of Hellisheidi, an existing geothermal power
plant in Iceland, to demonstrate how the standard primary energy factor for geothermal in EU energy
policy is highly overestimated for efficient geothermal power plants. Moreover, we combine life cycle
assessment and the commonly utilized combined heat and power production allocation methods to
extract the non-renewable primary energy factor for geothermal and show how it is only a minimal
fraction of the total primary energy factor for geothermal. The findings of the study apply to other
geothermal plants within the coverage of the European Union’s energy policy, whether from high- or
low-temperature geothermal resources. Geothermal has substantial potential to aid in achieving the
key energy and climate targets. Still, with the current definition of the primary energy of geothermal
resources, it may not reach the potential.

Keywords: geothermal; European Union (EU); energy policy; primary energy; greenhouse gas (GHG)
emissions; life cycle assessment (LCA); combined heat and power (CHP); allocation

1. Introduction

The European Union (EU) has put forward an ambitious energy and climate policy framework
called “Clean Energy for all Europeans “. The policy framework defines specific targets to be met
by the year 2030 to reduce greenhouse gas (GHG) emissions, increase the share of renewable energy
in the EU’s energy mix and increase energy efficiency throughout the entire energy value chain [1].
Essential indicators to track the progress towards the EU’s climate and energy targets are GHG emission
factors for different energy technologies and the primary energy factor (PEF). The PEF states how
efficient energy technologies are in converting primary energy from various resources into usable
energy products such as electricity and heat.

GHG emission factors are readily available in literature and industry standards for the different
energy technologies, based on data from multiple sources. The PEFs, however, are more complicated to
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define, as the physical properties of different fuels and energy resources may vary significantly, resulting
in a complexity of defining their actual primary energy content. In international energy statistics,
methods have been set on how to calculate the primary energy content of the different fuels and
energy resources [2,3], and the EU energy and climate policy framework adheres to those methods [3].
However, the methods have had some criticism from various stakeholders within the energy industry.
The methods do not apply a consistent methodology to define the primary energy content across
different resources. In return, they become difficult to compare between various resources and even
produce unfavorable indicators and statistical results for renewable energy resources [4-7].

One particular energy technology that can be negatively affecting the EU’s climate and energy
targets due to the definition of the PEF is geothermal energy. Geothermal energy is utilized worldwide
as a reliable renewable and low-emitting source of heat and power, providing continuous base-load
energy production in contrast to the highly fluctuating production profiles of, e.g., wind and solar
energy. Furthermore, geothermal energy is an excellent source of heat for district heating purposes.
Geothermal energy technologies typically have lower conversion efficiencies compared to other thermal
energy technologies due to the naturally available temperatures and pressures from the individual
geothermal resources. These low efficiencies result in higher PEFs for geothermal than for other
technologies, which can negatively affect energy efficiency targets based on primary energy measures
in countries developing future geothermal projects.

This paper discusses the possible implications and limitations on current and future development
of geothermal energy due to how the PEF for geothermal is defined within the EU’s climate and
energy policy. In particular, it focuses on high-temperature geothermal utilization and gives an actual
technical example to support the discussion. Also, the paper addresses the methods used to allocate
the PEF and GHG emission factor between electricity and heat from combined heat and power (CHP)
plants, with a focus on how they apply to high-temperature geothermal CHP plants, and how they
affect the outcome of an assessment. The study uses a technical example derived from a previously
published paper by the authors on the life cycle assessment (LCA) of the largest geothermal power
plant in Iceland, the Hellisheidi geothermal CHP plant [8].

The following subsections of Section 1 provide the context for the paper. They cover the ongoing
discussion on the newly updated EU climate and energy policy framework and the key indicators used
within the framework to address the climate and energy targets. Furthermore, they discuss the status
of geothermal energy in Europe and how the current policy framework can have potential adverse
effects on the further development of geothermal utilization within the EU.

Section 2 covers the methods chosen to showcase the implications of the EU policy framework
on geothermal development by introducing a technical example of an existing high-temperature
geothermal CHP plant located in Iceland. The methods for calculating the PEFs for the plant are
described and discussed. Additionally, the methods used to calculate allocation factors based on
different methodologies, including EU’s preferred methods of allocation, to divide the PEF and other
environmental impacts between power and heat for the technical example are given. Section 3 presents
the results of the allocation factors and their impact on the values of PEF for electricity and heat
from the geothermal CHP plant. A discussion of the results and concluding remarks are given in
Sections 4 and 5, respectively.

The paper will show that the definition of PEF for geothermal energy, or the use of primary
energy as a target measure, should be reconsidered if geothermal energy is to become one of the
renewable energies the EU relies on for clean energy in the future. The current definitions and
targets can undermine the development of geothermal energy within the EU as replacing any energy
technology with geothermal technology, either in a building or in a Member State, results in increased
primary energy use due to the high PEF value of geothermal. The authors believe that this was not the
intended purpose of the current climate and energy policy nor international energy statistics methods,
and should, therefore, be revised to support future geothermal development.
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1.1. Overview of Current EU Energy and Climate Policy

The European Union (EU) has shown a noticeable ambition to put forward clear and
forward-thinking climate and energy goals and supporting legislative acts. The EU first adopted a
package of energy and climate measures in 2008, setting the 20/20/20 targets. These targets aimed at
decreasing GHG emissions by 20% (from 1990 levels), increase energy efficiency by 20% (compared
to “business as usual” scenario projections for 2020 energy use made in 2007), and to achieve a 20%
share of renewables within the EU. Already in 2012, reports showed the EU was well on its way of
meeting the 20/20/20 targets. As of 2017, according to Eurostat [9], the 20% reduction in GHG emissions
from 1990 levels was already met and surpassed, while the share of renewables measured 17.5% and
energy efficiency for final- and primary energy consumption lacked 3.3% and 5% points towards its
goal respectively. The next update on the progress towards the 2020 targets is expected from Eurostat
in fall 2020.

The European Commission, therefore, requested the construction of the next climate and energy
framework to set ambitious key targets for the period 2021-2030 [10]. In 2015, the new 2030 climate
and energy framework, “Clean energy for all Europeans”, was adopted with updated targets from the
2020 package. Furthermore, the targets for energy efficiency and share of renewables were revised
upwards in 2018. The following key targets are now adopted [1,11,12]:

e No less than a 40% reduction of greenhouse gas emissions compared to 1990 levels. The target
is twofold, where sectors under the EU emissions trading system (ETS) must cut emissions by
43%, and non-ETS sectors (emissions under each Member State) need to reduce emissions by 30%,
both compared to 2005 levels [11].

e No less than a 32% share of renewable energy in final energy use (revised upwards in 2018 from a
target of 27%) [1,11].

e Noless than a 32.5% improvement in energy efficiency compared to projections from 2007 (revised
upwards in 2018 from a target of 27%) [1,11].

The “Clean energy for all Europeans package” is reinforced by revising and grouping eight
legislative acts to support those key targets. An overview of those legal acts is given in Table 1 [1].

Table 1. Overview of the eight legislative acts combined in the Clean Energy for all Europeans package

(adopted from [1]).
. Official Journal Publication
Legislative Act (Date and Official Document)
Energy Performance in Buildings Directive (EPBD) 19/06/2018 - Directive 2018/844
Renewable Energy Directive (RED) 21/12/2018 - Directive 2018/2001
Energy Efficiency Directive (EED) 21/12/2018 - Directive 2018/2002
Governance of the Energy Union 21/12/2018 - Regulation 2018/1999
Electricity Regulation 14/06/2019 - Regulation 2019/943
Electricity Directive (ED) 14/06/2019 - Directive 2019/944
Risk Preparedness 14/06/2019 - Regulation 2019/941

Agency for the Cooperation of Energy Regulators (ACER) 14/06/2019 - Regulation 2019/942

Additionally, as a long term strategy, the EU aims to be “climate-neutral” by 2050 as put
forward in “The European Green deal” growth strategy for the EU, presented in December 2019 [13].
A first-of-its-kind European Climate law has been proposed to make the target legally binding [14].

1.2. Indicators for Energy Technologies Affecting Key EU Energy and ClimateT

Important indicators for energy technologies within the EU climate and energy policy are the
Greenhouse Gas (GHG) Emission Factor and the Primary Energy Factor (PEF). The definitions of how
these indicators are calculated for different energy technologies can have a significant effect on how the
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technologies compare against the overall progress in reaching the EU’s key 2030 energy and climate
targets. For instance, one energy technology can have higher GHG emissions compared to others,
leading to an increase or slower reduction of GHG emissions overall. Yet, the same energy technology
might have a higher conversion efficiency (and thus, a lower primary energy factor) than others leading
to lowered primary energy consumption compared to other technologies and therefore contributes
more to the increased energy efficiency target and vice versa. The following sections discuss further
the state and definition of these indicators for energy technologies.

1.2.1. Greenhouse Gas Emission Factors

The greenhouse gas (GHG) emission factor is used as a descriptive indicator of GHG emissions
resulting from different energy technologies. The indicator is used as a measure towards the target of
reduced GHG emissions, and an optional indicator in the Energy Performance of Buildings Directive
(EPBD) to state the energy performance of a building in terms of annual GHG emissions per m? [15].
In the Renewable Energy Directive (RED), the indicator is used as a determining factor for the
support and development of renewable resources that emit GHG (i.e., by excluding those renewable
technologies that might emit a similar amount of GHG as fossil technologies) [16].

The calculation of greenhouse gas emission factors for different energy technologies is a widely
studied field, preferably using LCA or other comparable methods to calculate the overall emissions
throughout the energy value-chain per energy unit produced or sold [17]. Average emission factors for
energy production from different resources are also widely available in literature, as well as case studies
on specific energy production facilities worldwide. Therefore, the science of calculating CO, emissions
from energy production is relatively mature and agreed upon, as well as increasingly comparable
between different energy resources and energy conversion technologies.

However, the GHG factors from various studies still vary quite significantly for many energy
technologies, and the use of lower or higher end estimates may substantially alter the outcome of
an assessment and entirely change the policy-recommendations [18]. In a typical grid, the average
and marginal technologies may also be very different. Therefore, the emission factors for marginal
and average production can be far apart, and those for marginal can change from one moment to
another [19]. Biofuels are a known example where the assessment assumptions and the actual local
conditions may significantly affect the assessment outcome [17]. Furthermore, Zhang et al. [20]
demonstrate how simply a different leak rate, within typical leak range, may lead to a natural gas plant
reaching a higher emissions rate than a coal plant. Farsaei et al. [21] also point out the implications that
national energy policies aiming at reduced GHG emissions by closing down the most GHG intensive
energy systems, can have significant impacts on wider regions with strongly connected international
energy markets. Policies that fail to take these impacts into account may lead to unwanted adverse
effects of increased emissions in the region due to increased import of GHG intensive electricity from
other markets instead. This implies that a system-wide approach to lowering GHG emissions within
the EU should be applied rather than focusing on individual country contributions in an already
interlinked energy transmission system across Europe. An additional problematic issue is the combined
production of heat and electricity, where the allocation choice can entirely change the split of emissions
between the two outputs (e.g., [22]).

1.2.2. Primary Energy Factors (PEF) for Different Energy Systems

The concept of primary energy is generally used to define the energy content of the primary
energy resource (fossil, hydro, solar, wind, geothermal, etc.) from which usable energy is produced
(electricity, heat, fuels for transportation, etc.). It is widely used to describe the physical flow of energy
in energy systems, comparison of national energy uses in statistical reports, and recently also as a key
indicator of energy systems in energy policy [6]. Primary energy factors (PEF) describe how efficiently
a flow of primary energy from an energy resource is converted into usable energy products.



Energies 2020, 13, 3187 50f 28

The PEF is a fundamental indicator for calculating the primary energy use, either of a single
building or in a broader perspective (e.g., on a regional level) in EU energy policy. The Energy Efficiency
Directive (EED) relies on PEFs to account for the savings and annual reduction of primary energy use of
Member States towards the target of increased energy efficiency (also closely related to the decrease of
greenhouse gas emissions target) within the Union [23]. It is also fundamental for the EPBD to calculate
the energy performance of buildings, where it serves as a basis for the mandatory energy performance
indicator stating the primary energy use of a building in kWh/m?/year [15]. These indicators are then
made visible in energy performance certificates of buildings (e.g., [24]

The definition of primary energy, and consequently, the resulting PEFs for different energy
technologies, is not as straight forward as for calculating their GHG emission factors. Due to the
significant differences in the physical properties of various energy resources (renewable, non-renewable,
thermal resources, combustible resources, kinetic energy, photovoltaic energy, etc.), different definitions
may be set for the primary energy content of each resource.

Firstly, the form of the primary energy content of the various energy resources must be defined.
Definitions of how to calculate the primary energy content of different resources are given by the
statistical office of the EU, Eurostat [3]. They base their definitions of primary energy content on the
same basis as the International Energy Agency (IEA) and the International Recommendations for
Energy Statistics (IRES) do for their energy balance statistics [2]. They all use the “physical energy
content” method, where the general principle is that “the primary energy form is taken as the first flow
in the production process that has a practical energy use” [3]. Furthermore, Eurostat defines three
different situations of determining the primary energy content depending on the type of energy source:

e  For directly combustible energy resources (e.g., lignite, natural gas, gasoline, biogas, firewood,
and combustible municipal waste), their primary energy form is defined as the heat generated
during combustion [3].

e  For energy resources that are not directly combustible, the primary energy form is chosen as:

- the heat content of the working fluid (the fluid that delivers the primary energy to the
conversion cycle) for nuclear, geothermal, solar thermal, and ambient heat, and;

- the produced electricity output from the energy conversion cycle for solar photovoltaic, wind,
hydro, tide, wave and other ocean energy [3].

Secondly, the PEF of different energy systems is the conversion factor between the final usable
energy product (i.e., electricity or heat) and the primary energy supplied to the energy production
from the resource [25]. Therefore, the PEF states how efficiently the energy system converts primary
energy from a resource to a usable energy product. A simplified general equation for calculating the
PEF for energy products according to the Eurostat definition is given in Equation (1):

1
Primary energy input from resource
PEF = = f t bl 1
energy system Usable energy output 1 (for most renewables) M)
n

where 1 is the 1st law (thermal) efficiency of the energy conversion process. As can be seen from
Equation (1), the PEF for most renewable sources becomes 1 (corresponding to 100% efficiency) due to
the definition by the IEA of the primary energy content of most renewable energy resources. For other
energy resources, the PEF is a function of the particular energy technology’s thermal efficiency 1.

1.2.3. Adding Life Cycle Perspectives into the PEF

The new standards for energy performance of buildings (EPB) ISO 52000-1 [25] and CEN
ISO 52000-2 [26] (substituting the former ISO 15603:2007 standards on the same subject) further
define the calculation methods for PEFs and discuss their application to comply with the EPBD.
The EPB standards also encourage the assessment of up-stream primary energy use to extract, supply,
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and convert the primary energy into electricity to be included in the overall PEF value. Thus, LCA is an
applicable standardized method to calculate PEF for energy systems, as it requires the inclusions of these
up-stream processes (e.g., [27-29]). By taking the up-stream processes into account, the PEF increases
according to their primary energy demand. Furthermore, the use of an LCA approach for calculating
the PEF can reveal otherwise hidden primary energy inputs of energy conversion cycles, linked to
their upstream processes. As an example, the use of non-renewable resources becomes evident even in
the production of energy products from renewable sources as energy, often of non-renewable origin,
to manufacture equipment, materials, and constructing facilities is taken into account in the calculation
of the PEF. The same benefits of using LCA applies to the calculation of the GHG emission factor.

1.2.4. Possible Implications of PEFs for Different Energy Systems on EU Climate and Energy Targets

As discussed in the sections above, the various definitions of the primary energy content of
energy resources and fuels have a substantial impact on the results for the PEF for different energy
technologies. These definitions have had some debate, mainly due to the possible implications
and negative side-effects they may have on the comparison of different energy systems and their
accountability towards the key energy and climate targets (e.g., [7,30]).

As an example, the share of renewables in a country’s reported primary energy mix may seem low
if it consists of a mix of non-thermal renewables (e.g., wind, solar-voltaic, hydro) and non-renewable
resources. The PEF for the renewables is defined as 1, as opposed to a PEF ranging from 2—4 for the
non-renewables. This can lead to an underrepresentation of the share of renewables in the country’s
energy mix compared to the non-renewables that have more weight in the primary energy mix due to
their higher PEFs.

Another example to be mentioned is the use of thermal renewable resources, such as geothermal
and solar thermal energy. In the case of these resources, the primary energy is defined as the heat
content of the working fluid. The PEFs are calculated from their thermal efficiencies, which are
relatively low compared to, e.g., high-efficiency fossil fuel plants. This definition results in a possible
overrepresentation of the importance of these resources. Due to their high PEF value of up to
10 for electricity from geothermal resources [3], compared to 1 for other non-thermal renewables,
the renewable share of primary energy use in countries relying on those resources becomes exaggerated
compared to using other renewable technologies in combination with non-renewable sources.

In the context of buildings, one of the main sectors of PEF utilization through the EPB directive,
the use of primary energy instead of delivered energy to assess buildings’ energy performance has
been debated due to similar reasons mentioned above. As an example of the implication PEF has on
the reported energy performance of a building, the choice of energy source can dictate the measures
taken to improve the building’s energy efficiency. By choosing an energy source with low PEF for heat
demand, such as using renewable biomass (with PEF of 1) instead of gas (with a relatively high PEF),
the building has improved its energy efficiency manifold according to the EPBD [4]. In contrast, nothing
has been done to improve the energy systems’ efficiency for the building itself to achieve improvement.
Although it is vital to encourage the use of efficient and clean energy resources, technological advances
in the energy performance of various systems are also crucial for developing nearly zero-energy
buildings and a lower-carbon future. There is a risk of using primary energy demand as a measure of a
buildings’ energy performance that can undermine such energy system innovation.

The EED defines the energy efficiency target of at least 32.5% by 2030. It results in the requirement
that EU’s “2030 energy consumption has to be no more than 1273 Mtoe of primary energy and/or
no more than 956 Mtoe of final energy. This means that primary energy consumption in the Union
should be reduced by 26%, and final energy consumption should be reduced by 20% compared to the
2005 levels.” [23] (par. 10). As indicated by the statement of targets for primary “and/or” final energy
use, the use of primary energy calculations is somewhat optional in the EED directive. Thus, Member
States may choose whether to calculate energy efficiency improvements in either final or primary
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energy use. In that respect, the PEF has less significant implications on different energy resources
concerning the energy efficiency targets.

However, the EED does not discourage the use of primary energy as a measure, nor does it address
the potential implications of the concept of primary energy on different energy resources. Since the
market share of the two thermal renewable sources, geothermal and solar-thermal energies is only
marginal, it is likely that the implications of the EED on these technologies have not been sufficiently
assessed and addressed within the policy framework.

Additionally, since the EED equally states efficiency improvement targets for primary and final
energy use, it enables the negative implications of the thermal renewables in international energy
statistics reports showcasing primary energy use. Readily available global energy statistics are often
used to compare national primary energy use to energy policy targets and can thus be used to
draw erroneous conclusions on an alleged ill-performance of individual countries that rely on such
low-efficiency renewables. An example of such erroneous conclusions is evident in Section 1.3.2 below.

1.2.5. Response to Criticism on the Definition of Primary Energy Content for Renewable
Energy Technologies

As previous sections describe, concerns have been raised on the use of primary energy as a basis
for energy statistics, targets, and policies due to the different methodologies used to define the primary
energy content. As a response to this discussion, the IEA published a commentary on the subject
on its website explicitly addressing the topic. They argue that these definitions for energy resources
and fuels have been based on various consultation processes involving multiple stakeholders dealing
with energy statistics around the world, resulting in an agreed methodology [2]. The IEA furthermore
stresses that the interpretation of energy statistics must be made with a proper understanding of the
underlying assumptions and definitions that might affect what results can be extracted from these
standardized and internationally agreed energy statistic methods. For interpretation of data on primary
energy use, such as assessments on the share of renewables within different countries, assessments on
final energy use and electricity generation should also be reviewed in context.

Here, there may have been an under-representation of thermal renewables within the consultation
work process, due to their historic low market share. Also, the negative implications connected to
future energy policy regarding the agreed-upon methods for defining the primary energy content of
those resources may have been unforeseen. Whatever the reason, the resulting methodology on the
primary energy content of thermal renewables may be criticized for being erroneous and out of sync
with the definition of the primary energy content of other renewables, especially in the light of the
previously mentioned implications of these definitions on the status of thermal renewables within
current EU energy policy.

1.3. High-Temperature Geothermal Energy in the EU’s Energy Policy

In light of the above discussions on the definition of the primary energy content of various
energy resources and its relevance to the EU’s 2030 key energy and climate targets, the role of thermal
renewable energy resources, such as geothermal and solar thermal, in the EU’s future energy mix
becomes particularly interesting. Since their primary energy factors become considerably higher
than other PEFs for renewables, the utilization of these resources can contradict the targets aiming at
improved energy efficiency in terms of primary energy use. Geothermal energy is of particular interest,
as the definition of the PEF for electricity of geothermal origin generally has a value of 10 (compared
to PEF of 1 for most renewable electricity), making geothermal an outlier in the values for PEFs for
different energy resources and fuels.

It is typical to classify geothermal resources into high-temperature and low-temperature
resources. There are multiple proposed classification methods based on various properties of the
resource. In the simplest form, high-temperature geothermal resources are of volcanic origin, while
low-temperature resources draw heat from the general heat flow of the earth’s crust [31]. Typically,
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high-temperature resources are used to produce electricity. In contrast, low-temperature resources
are more suitable for direct utilization, e.g., for heating purposes, swimming and bathing, heating
greenhouses, etc. However, low-temperature resources can also generate electricity by using binary
cycle technology, if the temperature of the produced geothermal fluid is high enough [32]. Subsequently,
high-temperature utilization often produces valuable effluent heat that can be used for the same
purposes as low-temperature resources.

Geothermal power plants can be found in 11 European countries, with an installed total
capacity of ~3.4 GW,,. If these plants were run on 100% capacity, they would account for only
0,4% of the net generated electricity in Europe based on data from 2017 [33]. The leading European
countries in geothermal electricity generation are Turkey, Italy, and Iceland due to their access to
vast high-temperature resources [34]. Direct utilization is reported in 34 European countries with
around 32 GWy, installed and 264,843 TJ/year of use. In fact, European countries dominate the top
five countries worldwide in the direct use of geothermal in terms of MWy, and TJ per land area
(100 km?). Sweden, Germany, and Finland have extensive use of geothermal ground source heat
pumps while Iceland, Turkey, France, Germany use geothermal resources directly for space heating.
Turkey, Netherlands, Russia, and Hungary use geothermal energy to heat greenhouses and for ground
heating for growing vegetables and flowers [35].

Electricity generation from geothermal resources worldwide increased by almost 30% from the
year 2015 to 2020. It is further projected to increase by nearly 20% from 2020 to 2025 [34]. Direct use is
growing faster than power production worldwide, as it rose more than 50% from 2015 to 2020, mostly
due to a substantial increase in the installation of geothermal heat pumps, followed by an increase in
utilization for space heating, bathing, and swimming. Thus, there is a growing demand for utilizing
geothermal energy worldwide for producing valuable energy products with low emissions.

1.3.1. GHG Emissions from High-Temperature Geothermal

The utilization of geothermal resources generally results in low emissions of GHG compared to
conventional energy resources (e.g., [17,36,37]). The highest emissions from geothermal exploitation
stem from utilizing high-temperature resources [8]. In high-temperature geothermal reservoirs, hot fluid
interacts with the surrounding rock that results in the dissolution of gases and various minerals from
the rock to the geothermal fluid. The gases travel with the fluid to the plant above the surface,
and are either released to the atmosphere or treated with an abatement method. These gases are
mainly CO,, H,S, and CHy, yet the gas content of geothermal fluid may vary significantly between
different reservoirs.

Emission values ranging from 7-740 g/kWh with a weighted average emission of 122 g/kWh
have been reported for direct emissions from geothermal power plants [38]. Furthermore,
the Intergovernmental Panel on Climate Change (IPCC) issued a review on published life cycle emissions
for geothermal in the range of 6-79 g/kWh, where the scarcity of LCA studies on geothermal utilization
likely explains the lower range reported for LCA emissions than direct emissions. GHG emissions for
conventional fossil fuel generation plants are reported in the range of 833-1297 g/kWh for coal-fired
plants, 386-605 g/kWh for gas-fired and 641-1462 g/kWh for oil-fired plants [39].

Extremely high CO, emission values (up to 1300 g/kWh) have, however, been reported for
geothermal power plants in Turkey, resulting in higher emissions than new-generation coal power plants.
These high emission factors for geothermal utilization seem to be rare and bound to high-temperature
areas located in carbonate-rich rocks, such as in selected cases within Turkey, Italy, and New Zealand [40].
An example of low emission factors from high-temperature geothermal power is found in Iceland,
where the average emission factor of 26 g/kWh is reported by the National Energy Authority [41].

The Renewable Energy Directive (RED) promotes geothermal energy as an important local
renewable energy source but recognizes the rare cases of greenhouse gas emissions being substantial
from geothermal utilization. Therefore, the RED is only intended to facilitate the development of
low-emitting geothermal utilization [16].
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1.3.2. Primary Energy Factor for Geothermal

As stated before, the PEF for geothermal electricity is defined by default as 10, representing an
assumed 10% average thermal efficiency of geothermal power plants [3]. For thermal production from
geothermal resources, a default conversion efficiency of 50%, resulting in a PEF of 2, is also defined by
the International Energy Agency [2].

A worldwide review on the efficiency of geothermal power plants by Zarrouk and Moon [42]
publishes a range of efficiencies for geothermal power production from published data from 94 plants.
The study reports efficiency values as low as 1% for low-temperature geothermal utilization, and up to
21% for high-temperature utilization. Corresponding PEF values would be 100 for the lower efficiency
and 4.8 for the higher efficiency values. Zarrouk and Moon [42] further concluded an average efficiency
of 12% for geothermal power production, resulting in a PEF of 8.3. Thus, the default EU value for
geothermal PEF is significantly higher than the efficiency statistics of current geothermal technologies
would support.

Even if the default PEF for geothermal would be updated to represent reported efficiencies
better, the PEF for geothermal would still be higher than most, if not all, PEFs for non-renewable
energy technologies. Harmsen et al. [5] realized this and discuss how the PEF for geothermal leads
automatically to increased primary energy use compared to all other energy resources, including those
from fossil-fuels as they have lower PEFs than geothermal.

These negative implications of the PEF for geothermal are already finding their way into official
energy statistics, as can be seen from the European Environmental Agency track report on the EU
energy and climate targets [43]. The report presents an enormous increase in primary energy use
in Iceland after the year 2005, thus pointing out that the country is on the wrong track regarding
energy efficiency measures compared to the EU Member States. The fact is, however, that two new
geothermal power plants came online in the years 2006-2012, and with a PEF of 10, they account for
this substantial increase, which would have been ten times lower if the plants were, i.e., of hydropower
origin (thus, with a PEF of 1). This implication of the different definitions of primary energy content to
calculate the PEF is a significant factor in the criticism of using PEFs as an energy efficiency measure in
policymaking, as well as compiling and publishing the national PE use in international energy statistics
without clearly stating the limitations of such presentation of energy data.

1.3.3. Combined Heat and Power Production from High-Temperature Geothermal Resources in
Context with EU’s Energy Policy

Geothermal energy is particularly suited for combined heat and power (CHP) production
in locations where there is access to geothermal resources in close vicinity to heat demand.
Geothermal CHP plants can be found in various locations around the world, examples including
Austria, Germany, Iceland, USA, and Thailand [44,45]. In these CHP cases, the challenge of a fair
allocation of environmental impacts, cost, fuel/primary energy input, etc. between the two valuable
products (electricity and heat) arises. The method chosen for allocation will significantly affect the
outcome of the two key indicators for GHG emissions and primary energy for the electricity and heat
outputs of those plants.

In CHP plants, the production of electricity and heat is so interlinked that there is no
straight-forward way of partitioning inputs and outputs between them. Discussion of correct, fair,
or preferred allocation method for CHP plants is both current and somewhat non-conclusive within the
CHP industry, energy policy, and statistics. The three main EU directives supporting the key energy
and climate targets, the RED, EED, and EPBD, include, or refer to, a discussion on allocation factors for
CHP production related to the calculation of GHG emissions or the PEE.

The RED discusses the allocation of GHG emissions from CHP production and recommends
using the energy allocation method. However, the EED only discusses the allocation of emissions in
connection with the use of biomass fuels and bioliquids for CHP production [16]. The EED thus seems
to omit the possibility of utilizing geothermal energy for CHP production. Nevertheless, it can be
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assumed that the EED would recommend the use of energy allocation across all renewable energy
sources used to produce CHP.

The EED focuses on the primary and end energy use and supports the energy efficiency target.
The PEF is, therefore, a key indicator in context to the EED to account for the primary energy use.
The EED shortly addresses the need for allocation of primary energy share to electricity from CHP
plants and refers directly to Annex II to Directive 2012/27/EU for the methodology to be applied [23].
The method given in Directive 2012/27/EU is based on comparing the CHP actual production efficiencies
to efficiency reference values for separate production processes of electricity and heat. Although the
method is not given a title in the Annex, it is fully compatible with the so-called , Finnish method”,
also called the Alternative Generation Method (AGM) [46].

The EPBD relies strongly on PEFs as they are essential to calculate the required primary energy
use of a building, so allocation of primary energy in CHP production is an issue in the EPBD.
The directive itself does not address the allocation issues connected to the energy supplied to a
building from CHP production but refers to the calculation methodology of the ISO 52000 standard
series [15]. The ISO standards that address allocation issues for CHP production are ISO 5200-1:2017
and 5100-02:2017 [25,26], with the addition of the European standard EN 15316-4-5:2017 [47]. The EN
15316 has the most elaborate discussion on allocation methods to be used for co-produced electricity
and heat, and lists the following methods: Power loss method, Carnot method (comparable with
the commonly used exergy method in LCA allocation procedures), Alternative production method
(compatible with the AGM mentioned above), Residual heat method, and the Power loss ref method.
These methods are all showcased for the allocation of the primary energy and it is not specified in the
standards if they should also be used for the allocation of GHGemissions.

It is evident from the above discussion that there is a lack of consistency in the energy and climate
policy framework between recommendations or requirements of allocation methodology for calculating
the GHG emission factor and the PEF of electricity and heat from CHP technologies. Additionally,
there is a reasonably large selection of methods given for the PEF calculations that differ significantly
in their methodology. As an attempt of the authors to reach consistency between the different directive
requirements or suggestions, the energy allocation method should be used to allocate GHG emissions
between electricity and heat, while the AGM is a commonly suggested method for PEF calculations in
both the EED and the ISO standards supporting the EPBD. The use of two different methods for the
two key indicators for energy technologies, however, is not ideal and should be revised to define a
single method for both indicators for further consistency between the different directives.

In the context of geothermal CHP plants, a problem arises using the AGM for allocation within
high-temperature geothermal CHP plants because there is no real alternative method practiced to
produce heat from high-temperature resources. Such resources are almost always used for electricity
generation, or in some cases, for CHP production, but not for heat production alone.

The methods and results sections in this paper showcase the outcome of using different allocation
methods, including the AGM and the energy allocation method along with other commonly used
allocation methods in LCA, on the PEF and GHG emission factor for the technical example given in
this study.

2. Materials and Methods

In the sections below, we present a technical example of the largest geothermal power plant in
Iceland. The case is used in the study to evaluate the implications of the current EU energy policy using
primary energy factors as a performance indicator on the future development of geothermal energy in
Europe. Furthermore, the power plant also produces heat for district heating. Thus the complexity
of allocation also applies to the example, giving a basis for discussion on the different methods used
within the CHP industry and EU climate and energy policy for CHP plants. The example derives from
a life cycle assessment study on the Hellisheidi geothermal CHP plant in Iceland, previously published
by the authors in [8,48].



Energies 2020, 13, 3187 11 of 28

2.1. Case Study: Hellisheidi Geothermal Combined Heat and Power Plant

Hellisheidi CHP plant is located on the Hengill high-temperature area, roughly 20 km from the
capital city of Reykjavik in south-west Iceland. It was built due to the increasing heat demand of the
capital region, and the growing demand for electricity primarily based on the expanding aluminum
industry [49]. The Hellisheidi CHP plant produces 303 MW, of power and has a current thermal
capacity of 200 MWy, of hot water production for district heating and hot tap water purposes. The plant
has further possibilities for expansion of thermal output up to 400 MWy, in the future to meet the
capital’s growing heat demand.

A schematic of the Hellisheidi CHP plant is given in Figure 1. The electricity generation process is
a so-called double flash cycle, producing electricity from steam at two separate pressure stages (denoted
in blue for the high-pressure stage and green for the low-pressure stage in Figure 1). The double flash
technology allows for increased efficiency of the conversion process compared to a single pressure
stage. Waste heat from the electricity generation process, as well as the available heat “leftover” from
the geothermal fluid effluent, is used to heat groundwater to about 83 °C for the district heating
network (process flow is shown in orange in Figure 1).

Electricity

» Electricity

cwp [

1 T

Figure 1. Schematic of the Hellisheidi geothermal CHP plant. WS: Well silencer; WE: Wellhead; GW:
Geothermal well; HPS: High-pressure steam separator; HPM: High-pressure moisture remover; HPTG:

High-pressure turbine-generator set; HPC: High-pressure condenser with preheater for district heat; CT:
Cooling tower; FV: Flashing valve; LPS: Low-pressure steam separator; LPM: Low-pressure moisture
remover; LPTG: Low-pressure turbine-generator set; LPC: Low-pressure condenser; CW: Coldwater
well; CWP: Coldwater pump; CWT: Coldwater tank; DHHX: Heat exchanger for district heat; DA:
Deaerator; HWP: Hot water pump; DHT: Hot water tank for district heat; RW: Reinjection well.

The overall electrical capacity of the plant accounts for 40% of the installed capacity from
geothermal resources in Iceland while covering around 10% of the total installed capacity from hydro,
geothermal, fuel (for emergency power) and wind combined, according to the Icelandic National
Energy Authority [50]. For the heat demand, Hellisheidi is expected to expand gradually to meet the
future demand for heat for space heating within the capital region.

2.2. Life Cycle Assessment (LCA) of the Hellisheidi GCHP Plant

Two detailed studies on the life cycle assessment (LCA) and the life cycle inventory (LCI)
for the Hellisheidi geothermal CHP plant have been previously published by the authors [8,48].
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The studies followed the methodology framework defined by the standards ISO 14040:2006 and
ISO 14044:2006 [51,52].

The LCI study [48] publishes a detailed set of inventory data for Hellisheidi for the processes
shown in Figure 2. The inventory was collected from primary data on the plant’s construction,
operation, and maintenance while using secondary data for accounting for material- and energy flow
inputs retrieved from the ecoinvent v2.0 database (developed by the ecoinvent association, Zurich,
Switzerland). The data set is presented such that it can be used as a reference for other LCA studies
on high-temperature geothermal power and heat production processes. It allows for scaling the
Hellisheidi data to suit geothermal power and heat plants with different installed capacity and different
technological setups. Thus, the dataset serves as primary data for LCA of the Hellisheidi plant, but as
secondary (or reference) data for potential LCA studies on other high-temperature geothermal plants.
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Figure 2. The system boundary for the Hellisheidi LCA study, showing the processes and life cycle
stages included and excluded (dashed lined boxes) in the original study by Karlsdottir et al. [8].

The LCA study [8] further assesses the life cycle environmental impacts of electricity and
heat production from the Hellisheidi plant. It uses the SimaPro 8 software (developed by PRé
Sustainability, Amersfoort, The Netherlands) and the ecoinvent v3.4 database for data modeling
and analysis. The environmental impacts were calculated using the CML-IA baseline method
(developed by the Institute of Environmental Sciences, Centrum voor Milieuwetenschappen, at
Leiden University, the Netherlands [28]) for GHG emissions and other environmental impact categories
such as acidification potential, human toxicity, depletion of abiotic resources, etc. The cumulative
energy demand (CED) method [53] was used to calculate the primary energy factors (total PEF,
non-renewable PEF, and renewable PEF). Furthermore, the energy allocation method was applied
(described as method C in the current study) to divide environmental impacts and CED between the
two products, electricity, and heat.

The main goals of the two studies were:

e To provide a detailed dataset for high-temperature geothermal heat- and power generation
technology to be used in other LCA studies as a reference, as these studies are scarce [48].

e To investigate the life cycle environmental impacts of high-temperature geothermal heat and
power production [8].

e To examine the contribution of different life cycle stages of high-temperature geothermal heat-
and power production to the overall environmental impacts to see if hidden impacts occur in
upstream or downstream life cycle stages compared to the operational life cycle stage [8].
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e Toinvestigate the effects of operational improvements implemented during the first decade of
operation of the Hellisheidi CHP plant on the overall life cycle environmental impacts compared
to a base case scenario. This was done by comparing the operation scenario from 2012, where no
abatement system for gaseous emissions was present, to the operation scenario from 2017 when
abatement methods had been installed for gaseous emissions [8].

The system boundary for the LCA on the Hellisheidi CHP plant is shown in Figure 2. The study is
a “cradle-to-gate” study as it does not include the transmission losses in electrical and district heating
networks as these are outside of the scope of the study. Furthermore, the environmental impacts of
the end-of-life (EOL) phase are outside the system boundary, as multiple LCA studies on geothermal
power plants have shown a negligible contribution of EOL to the overall LCA results [54-56].

2.3. Calculation of Primary Energy Factor for Geothermal Ultilization
The primary energy factor for the Hellisheidi CHP plant is evaluated by:

(1) Calculating the primary energy content with basic thermodynamic equations based on the
enthalpy (heat content) of the geothermal fluid extracted from the resource as instructed by the
EU climate and energy policy framework. Since the spent geothermal fluid is reinjected back
down to the reservoir after utilization within the power plant, the primary energy content of the
reinjected fluid is subtracted from the extracted primary energy.

(2) Using historical and forecasted operational input and output parameters of primary energy flow
and corresponding production of electricity and heat from the plant to calculate the average PEF
for the energy products over a 30-year technical lifetime scenario.

(3)  Using life cycle assessment (LCA) to account for primary energy use to extract, supply, and convert
the geothermal energy to electricity and heat. LCA considers the whole value-chain within the
system boundary of the power plant, as explained above in Section 2.2. The Cumulative Energy
Demand (CED) method was used to calculate the final primary energy use of the power plant
per produced unit of electricity and heat. The results generated by the CED method allows for a
break-down of the primary energy factor into non-renewable and renewable PEFs.

(4) Using different allocation methods to divide the primary energy input between electricity and
heat outputs to calculate the separate PEF for each energy product. These are further discussed in
Section 2.4.

2.4. Allocation of Environmental Impacts and Primary Energy Use

As with other CHP conversion cycles, some processes and equipment within the Hellisheidi CHP
plant are jointly used to produce both products; electricity and heat. They will hereafter be referred to
as ,multifunctional processes”. The multifunctional processes at Hellisheidi CHP plant are shown
within the dash-lined box in Figure 3 and described as:

(1) Construction phase: Steam collection and reinjection system that collects, transports, and disposes
of the geothermal fluid used for energy production. The processes included here are the energy
and material intensive drilling activities (subsurface), as well as the well completion and the
construction of the collection pipeline system for transporting the geothermal fluid above-surface.

(2) Operational phase: Includes the use of geothermal fluid. Here, the fluid’s thermal energy content
defines the primary energy form for the energy conversion cycle, and its gas- and mineral content
is the cause of various potential environmental effects.

(3) Maintenance phase: Includes drilling and completion of make-up wells for maintaining energy
supply during the lifetime of the power plant. These wells sustain a constant flow of primary
energy needed to produce electricity and heat, as older wells decline during production.
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Figure 3. The main unit processes set up to describe the production of electricity and heat from the
Hellisheidi geothermal CHP plant.

As these processes are of mutual importance to both products, an allocation method to divide
the impacts originated from these processes must be selected. There are various allocation methods
available, either defined within the research field of LCA or recommended within industry standards
and energy policy framework, as discussed in Section 1.3.3. The allocation methods investigated in
this study are presented in Sections 2.4.1-2.4.6 The selection of methods studied here is based on
conventional methods used within LCA studies of CHP production, as well as applied methods in EU
energy policy. The selection does not constitute a comprehensive list of possible allocation methods
for CHP production, as there is a wide selection within the literature of other methods, or nuances,
defined and discussed for CHP plants.

2.4.1. Method A: Avoidance of Allocation with Electricity as a Primary Product

As a first priority in the ISO 14040 methodology [51], allocation should be avoided as far as possible
by subdivision of multifunctional processes or system expansion. In the case of the co-production of
electricity and heat in CHP plants, avoidance of allocation may, however, prove difficult. Method A
is such an attempt, where allocation is avoided by system-expansion to adjust the model as if
Hellisheidi was an electricity-only plant, and all processes (or part of processes) not necessary to
electricity production are assigned to heat production as a by-product. This method is sometimes
called “partitioning”. To execute the partitioning in the LCA model, the multifunctional processes
are evaluated in detail to calculate the estimated fraction of each process necessary to produce the
electricity alone. The fraction not essential to electricity production is allocated to heat.
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To facilitate an electricity-only plant within the Hellisheidi LCA model, two partitioning factors
are calculated. First, the steam collection and reinjection systems are fully assigned to the electricity
production with the partitioning factor f41,; in Equation (2). Second, for the geothermal energy input,
a specific energy transfer process between the geothermal fluid and the groundwater used for the
heat production process is assigned to the heat production according to the partitioning factor f43 o in

Equation (3):
fare =1 )
E eo,HX
faze = Eg (3)
geo,total

Here, Egeo,Hx is the primary energy transfer between the geothermal fluid and the groundwater
during the final heating process in the DHHX (see Figure 1) while E g st is the net primary energy
extracted from the geothermal reservoir.

2.4.2. Method B: Avoidance of Allocation with Heat as a Primary Product

Here, the same method is applied as for method A in Section 2.4.1, but with heat as a primary
product of the plant. Thus, the partitioning factors are found by calculating the fraction of each
multifunctional process necessary to produce heat alone. Here, calculation of three different partitioning
factors, B1-B3, is needed:

Bl For steam collection and reinjection during the construction phase: An estimation of the
minimum requirement of steam collection and reinjection infrastructure to produce and sustain
the heat production throughout the 30-year technical lifetime of the plant was made based
on thermodynamic energy balance for stand-alone heat production and the known energy
output from wells drilled at Hellisheidi. Here, it is evaluated that a minimum of five out of the
64 production wells and four out of the 17 reinjection wells would have to be drilled solely for the
133 MWy, heat production that was installed during the construction phase of the CHP plant
(prior to the year 2012 when operation phase is assumed to start in the study).

B2  For geothermal fluid: The geothermal energy extraction essential for heat production is calculated
separately and compared to the overall energy extraction from the geothermal fluid for the total
CHP plant production to calculate the partitioning factor. However, for mass flow and direct
emissions due to the use of the geothermal fluid by a heat-alone plant, the same partitioning
factor is used for B1, as explained above.

B3  Forthe need of make-up wells for maintaining heat production: The assumed decline of geothermal
well output due to production was estimated for the maintenance phase of a stand-alone heat
plant. Here, the assumption is made that at least one make-up well is needed exclusively for the
maintenance of heat production at the plant over a 30-year lifetime (compared to an estimate of
15-60 make-up wells being necessary for the overall CHP plant to sustain both heat and electricity
production). The assumed need for make-up wells includes future expansions above the original
133 MWth installed thermal capacity, e.g., the recent 200 MWth expansion in 2020.

The equations for the resulting partitioning factors for method B are expressed in Equations (4)—(7):

N wells,th,con
f Blth = N— (4)
wells, total ,con
E
geo,th
foom = ¢ )
geo,total
N wells,th, o]
,Lh,0p
fBam = (6)

N, wells, total ,op
fBiet = 1= foisn @)
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where fg; 4, is the partitioning factor for each multifunctional process i affected by system expansion
for heat production; fg; , is the corresponding partitioning factor for electricity production; Ny th,con
is the number of wells needed for thermal production at the plant at the start of operation;

Nagelts th,op 15 the amount of make-up wells needed for thermal production at the plant during
a 30-year lifetime; Nyis total con 15 the total amount of wells needed for both electricity and thermal
production at the plant at the start of operation; Ny total,0p i the total amount of make-up wells
needed for both electricity and thermal production at the plant for 30 years lifetime; Eg,, is the
primary energy extracted from the geothermal fluid to produce heat and E g totq is the net primary
energy extracted from the geothermal reservoir.

2.4.3. Method C: Energy Allocation

Energy, exergy, and economic allocation methods are commonly used in LCA studies of CHP
plants if an allocation cannot be avoided, as they are recommended in the ISO 14040 [51]. These methods
(C, D, and E) are described here and in Sections 2.4.4 and 2.4.5.

The energy allocation method (Method C) is based on the fraction of each product of the total
produced energy from the plant, as described by Equations (8) and (9). It is defined as an allocation
method for GHG emissions in the RED directive, as discussed in Section 1.3.3:

Eel

e 8
fe E, L, ®)

fem =1-fcu )

where E,; is the produced electricity [kWh] during 30-year lifetime of the plant and Ey, is the produced
heat [kWh] during 30-year lifetime of the plant.

2.4.4. Method D: Exergy Allocation

Exergy allocation (Method D) is based on the fraction of the exergy content of each product
compared to the overall availability of work produced from the plant. The exergy, X, is calculated
by standard thermodynamic calculation methods (e.g., [57]). Equations (10) and (11) describe the
calculation of the corresponding allocation factor. The exergy method is equivalent to the Carnot
method suggested within the EPBD standards as discussed in Section 1.3.3:

Xl
= _2d 10
fpel X + Xy (10)
Xl‘h
R N—— 1
fom Xp+ Xy fpel (11)

where X,; is the exergy content of produced electricity during 30-year lifetime of the plant and Xy, is
the exergy content of produced heat during 30-year lifetime of the plant.

2.4.5. Method E: Economic Allocation

Economic allocation (Method E) is based on the monetary value per kWh (unit purchase price) of
each product at a consumer-level compared to the sum of the monetary value of both products:

Cel

fE,eI = m

(12)

Cin
= —" 1 13
fE,th Cth Cel fE,el ( )

where C,; is the unit purchase price of 1 kWh of electricity and Cy, is the unit purchase price of 1 kWh
of heat.
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Using economic allocation based on unit prices is common in LCA studies (e.g., [58]).
Other definitions of economic allocation could be used instead of comparing the monetary value of
units of produced energy in the form of electricity and heat. Allocation based on total revenues during
the lifetime of the plant, either actual reported values or estimated from unit prices and total energy
production, could be used as well (e.g., [59]). In this paper, results are only presented based on unit
purchase price allocation.

2.4.6. Method F: Alternative Generation Method (AGM)

The Alternative Generation Method (AGM) (alternatively, the Finnish method, Alternative
Production method, Benefit method, or Efficiency method) is the method most consistently referred to
in EU energy policy and CHP industry standards. The method was developed by the Finnish District
Heating Association and has gained popularity for fair CHP allocation as it aims to share the benefits
of co-production to both products [60]. Here, two reference systems are defined as a stand-alone
electricity plant and a stand-alone heat plant having default efficiencies of the energy technology in
use. For geothermal energy, these default efficiencies are 10% for electricity generation and 50% for
heat generation, according to the International Energy Agency [2]. Equations (14) and (15) describe the
resulting allocation factors:

Eel ) /( Eth Eel )
Fel = — t+ — (14)
f g (nalt,el Nait,th Natl el
E E E
fem = ( u )/(—th + —EI) =1-fra (15)
Nalt,th Naltn MNatlel

where E,; is the produced electricity [kWh] during 30-year lifetime of the plant; Ey, is the produced heat
[kWh] during 30-year lifetime of the plant; 1, o is the efficiency of the alternative electricity generation
method using the same energy resource as the CHP plant and 1, 4, is the efficiency of the alternative
heat generation method using the same energy resource as the CHP plant.

3. Results

Detailed results on the various environmental impacts based on a single select allocation method
(method C. Energy allocation) can be found in Karlsdottir et al. [8]. In the present study, only results
for GHG emissions and PEF are presented due to their significance within EU climate and energy
policy, while also investigating the effects of choosing different allocation methods to calculate these
two factors. The results show that the PEF and GHG emission factors for electricity and heat from the
Hellisheidi plant do vary significantly with the different allocation methods. For electricity, the PEF;
ranges from 5.2-6.6 and the GHG emission factor from 15.9-21.5 g CO, eq/kWh. Consequently,
the PEFy, varies from 1.3-5.2 and the GHG emission factor from 0.7-15.7 g CO, eq/kWh. The following
sections further present the findings of allocation method selection and corresponding indicator results.

3.1. Allocation Factors

As explained for methods A and B of avoided allocation, multiple partitioning factors are used
in this approach, essentially one for each multifunctional process. Table 2 thus shows numerous
“allocation factors” to describe the results for methods A and B, followed by a single allocation factor
for each of the various allocation methods investigated in the study. The resulting allocation factors
for all methods described in Section 2.4 are presented in detail in Table 2 and summarized visually in
Figure 4. The results for each method are discussed in brief below.
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Table 2. Results for the allocation factors resulting from the different allocation methods A-F investigated

in the study.
Allocation Methods Electricity =~ Heat
A. Electricity (system expansion)

Al Construction: Steam collection and reinjection 100% 0%

A2.1 Operation: Geothermal fluid, primary energy flow 94% 6%

A2.2 Operation: Geothermal fluid, material flow 100% 0%

A3 Maintenance: Make-up wells 100% 0%

B. Heat (system expansion)

B.1 Construction: Steam collection and reinjection 86% 14%

B.2 Operation: Geothermal fluid, primary energy, and material flow 91% 9%

B.3 Maintenance: Make-up wells 97% 3%

C. Energy 73% 27%

D. Exergy 92% 8%

E. Economic 86% 14%

E. AGM 92% 8%

Allocation factors

100%
il l
80%
70%
60%
50%
40%
30%
20%
10%
0%

Al,A22, A2.1 B1 B2 B3 C D E F
A3

Electricity Heat Energy Exergy ' Economic Finnish
method

M Electricity ™ Heat

Figure 4. Results for allocation factors for electricity and heat from the Hellisheidi CHP plant based on
the investigated allocation methods.

For method A, the only multifunctional process that was not allocated entirely to the electricity
production was factor A2.1 describing the share of primary energy needed for the production. As the
heat production process interlinked with the electricity production at Hellisheidi results in lower
temperatures of spent geothermal fluid than if no heat production were present, the share of primary
energy use corresponding to this additional primary energy use is assigned to the heat production.

For method B, it is evident by the partitioning factors in Table 2 that the heat production alone
only requires a small portion of the inputs of each multifunctional process. If the Hellisheidi CHP plant
had been built as a stand-alone heat plant, it would have required far a smaller number of geothermal
wells and corresponding steam collection and reinjection system than the combined heat and power
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production requires. This again results in lower requirements of geothermal fluid flow, fewer make-up
wells needed over the plant’s lifetime, etc. Thus, only the necessary contribution of each multifunction
process is assigned entirely to heat production, and the rest is attributed to electricity production.

Methods C-F are conventional allocation methods producing single allocation factors based on
different approaches to the allocation dilemma. The variations in the results are well noticeable
in Table 2 and Figure 4. Interestingly, the Exergy method (D) and the AGM (F) produce the same
allocation factors. Both these methods are listed within the EU energy and climate policy framework,
as recommended methods (where method D is compatible with the Carnot method mentioned in
Section 1.3.3) for partitioning the PEF between heat and electricity in CHP plants. The Energy allocation
method (C) allocates the smallest fraction of environmental impacts to electricity production compared
to the other methods and is thus the most beneficial for electricity. This is the recommended method
for partitioning GHG emissions between electricity and heat from CHP plants, according to the RED.
In contrast, the Exergy and AGM methods (D and F) allocate the most significant fraction of impacts
to electricity.

To evaluate better how methods A and B affect the overall results of the division of impacts
between the two products, results for the overall impact factors must be analyzed further, as done in
the following section (Section 3.2).

3.2. Indicator Results for Electricity and Heat from Hellisheidi CHP Plant

The indicators for GHG emissions and the PEF for electricity and heat from the Hellisheidi CHP
plant vary significantly between the different allocation methods used in the analysis, as seen in
Figure 5. The lowest impact of electricity generation in both indicator results is achieved for allocation
based on energy content (method C). This is expected since it gives the smallest allocation factor for
electricity compared to the other allocation options, as discussed in Section 3.1.

GHG emission factor Primary energy factor (PEF)
25 8
7
20
6
- 15 5
N i
: 2
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2
= 0
X 5 &
Q&Q’ °0 _‘g‘@ Qoé‘\ (,V\ &0‘6 Q&Q’ "0 @f’é & (?\
<o\®° M & MR
1 kWh electricity ~®1kWh heat M 1 kWh electricity @1 kWh heat
(a) (b)

Figure 5. The results of the two indicators for GHG emissions and PEF vary greatly due to different
allocation methods used to allocate impacts between the production of electricity and heat: (a) Results
for the GHG emission factor for electricity and heat for the different allocation methods analyzed in the
study; (b) The total primary energy factor shows the sum of all renewable and non-renewable energy
inputs needed to produce 1 kWh of electricity or 1 kWh of heat.
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Method A, with electricity as a primary product, gives the highest resulting indicators for electricity
generation compared to the other allocation methods as almost all impacts resulting from the CHP
plant are assigned to the electricity and only a small fraction to the heat production. The indicator
values for electricity vary from 15.9-21.5 g CO, eq/kWh for the GHG emission factor and 5.2-6.6 for
the PEF.

Consequently, energy allocation (method C) results in the highest indicators for heat production,
while method A results in the lowest indicator results for the same reasons as discussed above.
The indicator values for heat vary from 0.7-15.7 g CO, eq/kWh and 1.3-5.2 for the PEF.

As an additional note, the results for the non-renewable part of the total PEF is presented in
Figure 6. Since the PEF was calculated with methods of LCA, the amount of primary energy needed
for various processes throughout the lifetime of the plant has been evaluated using the cumulative
energy demand (CED) impact assessment method. The sum of all non-renewable energy inputs
throughout the construction, operation, and maintenance of Hellisheidi CHP plant results in the
non-renewable PEF,on-ren ranging from 0.007-0.009 for electricity production and 0.001-0.006 for heat
production. The PEFon-ren mainly originates from the use of diesel fuel during drilling of geothermal
wells, and from the production of steel for the infrastructure of the various power plant structures [8].

Non-renewable primary energy factor
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Figure 6. The non-renewable primary energy factor shows the sum of all non-renewable energy inputs
(non-renewable biomass, nuclear, and fossil fuels) needed to produce 1 kWh of electricity or 1 kWh of
heat. The results vary greatly depending on the allocation method used.

4. Discussion

The study has reviewed the main performance indicators of the EU climate and energy policy
that can influence the statistics and possible future development of geothermal energy within the
EU. The critical implications are due to the definition of the primary energy content of geothermal
resources and the definition of the PEF used as a key indicator in the energy policy. The PEF is a
fundamental factor within the EPBD, where its use is mandatory to calculate the energy performance
of buildings. At the same time, the PEF is somewhat optional in the EED, albeit primary energy use
is widely discussed and highlighted within the directive as an appropriate performance indicator to
account for energy efficiency measures.
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As the discussion in the extensive Introduction section of this paper recaps, geothermal utilization
becomes one of the most inefficient resources to utilize for energy production in terms of the primary
energy factor. The reason is how the primary energy content of geothermal energy versus other
renewable energy technologies is defined. Technologies such as solar photovoltaic have power
conversion efficiency values (depending on technology) in the range of 11.9% for mature technologies
up to 46% for developing high-efficiency technologies. The photovoltaic power systems with the
highest market share have an efficiency of around 22.3% [61]. In terms of the PEF, this would translate
into a PEF value of 4.5 (the inverse of the conversion efficiency), while international energy statistics
define the PEF as 1 for solar photovoltaics (e.g., [2]). A PEF for photovoltaics of 4.5 is still less than the
given PEF of 10 for geothermal energy. However, the two PEFs do become comparable on common
ground by taking into account the actual conversion efficiencies of both technologies. This inconsistency
in the primary energy definition for different renewable energy technologies favors the renewables
defined with a low PEF value of 1 over the renewable thermal technologies having, by chosen definition,
a much higher PEF factor implying worse energy performance in terms of primary energy efficiency.
Even worse, the high PEF factors for thermal renewables also exceed PEFs for non-renewable fuels,
sometimes by manifold, also implying their worse energy performance in terms of efficiency compared
to the non-renewable systems. This leads to adverse effects on the use of geothermal energy as an
energy source for buildings and primary energy source within a country’s energy mix in context to the
EU energy and climate policy framework.

The technical example of the Hellisheidi geothermal CHP plant further sheds light on the issues of
defining and calculating the PEFE. Since this modern, state-of-the-art plant has an electricity generation
efficiency of roughly 12-14%, it is within the higher range for geothermal technologies, as presented by
Zarrouk and Moon [42]. The resulting PEF for a stand-alone electricity plant at Hellisheidi is in the
range of 7.1-8.3, while LCA results for the PEF fall in the range of 5.2-6.2 when a part of the primary
energy use is allocated to heat production. These PEF values are considerably lower than the standard
PEF of 10 for geothermal. This stresses the importance of evaluating different conversion technologies
for geothermal in terms of finding standard PEFs for the different systems. Examples of different
conversion technologies for geothermal are: dry steam plants, single flash plants, double flash plants,
binary plants, hybrid plants, etc., each having different conversion efficiencies.

A possible solution to avoiding the bias between renewable energy technologies in terms of their
attractiveness due to primary energy factors is to put more emphasis, or even specific PEF targets,
on minimizing the non-renewable primary energy factor PEF,on.ren. For renewable technologies,
the PEFnon-ren can be acquired using LCA or similar methods to include all up-stream energy flows
needed for the life cycle of the energy conversion process. The EPBD does introduce the possibility of
using multiple indicators, alongside the mandatory indicator based on primary energy, for presenting
the energy performance of a building, e.g., in terms of total, non-renewable and renewable primary
energy use, as well as in terms of greenhouse gas emissions. [15]. Still, the EPBD neither encourages
nor implies the beneficial aspects of such a multi-factorial approach. As an example, if the PEFnon-ren
and GHG emission factor would become mandatory within the EPBD, they would give a much broader
overview of the improvement’s buildings can implement without focusing solely on minimizing the
overall primary energy use. For expressing those additional energy performance indicators, conversion
factors (indicators) must then be available for the different energy systems to reveal the renewable
and non-renewable shares of the PEF as well as the GHG emission factor. The results for the technical
example in this study showed that by presenting the PEFnon-ren for geothermal, the beneficial elements
are better highlighted in terms of the extremely low non-renewable primary energy fraction of the
delivered energy product, compared to using the total PEF.

One additional complexity with geothermal energy is that GHG emissions are highly
context-sensitive, and therefore the PEF alone may not be a sufficient indicator. Even if in the
majority of cases, such as the Hellisheidi plant in this study, the emission intensities are on the same
range as other renewables [17], the emission rates can exceed even fossil-fuel energy systems as
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in individual cases in Turkey. In these cases, a possible solution is to require adequate abatement
procedures (e.g., the proven carbon capture and sequestration method CarbFix [62]) or refrain from
developing those geothermal resources.

Furthermore, the technical example also highlights the influence of the allocation method chosen
to divide the PEF, and other indicators or environmental impacts resulting from energy production,
on the resulting values. Allocation is a joint discussion within LCA research where issues often arise.
Ultimately, no consensus has been reached within the LCA research field on the best allocation for
energy technologies producing multiple value streams. Similarly, the EU does not recommend a
specific single allocation method but gives recommendations on different methods in the RED and
EED, and within the EPB standards [16,23,26]. The need for ensuring a consistent methodology for
calculating PEFs, as well as energy savings and GHG emission shares of electricity and heat in CHP
plants within the EU’s climate and energy policy framework, is crucial.

This is especially true for high-emitting technologies as the choice of allocation method, or nuance
of the same method, significantly changes the emission intensities of power and heat produced in
CHP plants. The possibility of , greenwashing” of either product is evident, by selecting an allocation
method that minimizes emission intensity, e.g., of the more valuable product. An example of a nuance
of a method is mentioned in Section 2.4.5 where economic allocation factors can be calculated based
on different values, e.g., unit prices, actual or estimated annual revenues of a reference year, or total
estimated revenues over the plant lifetime. These nuances can give drastically different results for
the economic allocation factor, and often it is unclear from studies which nuance is actually used.
For Hellisheidi, the variations in the economic allocation factor for electricity ranges from 70-94% if
calculated based on (i) average annual revenues of heat and electricity as found in published annual
reports, or (ii) the estimated revenues during the technical lifetime of the plant, based on unit prices
at consumer levels and the overall expected energy production of the plant. These two nuances of
economic allocation actually showcase the possibility of , greenwashing”. The lower value allocates the
highest share of environmental impacts and primary energy use to heat (30%), giving similar results as
allocation method C in this study, while the higher value is similar to the results for Method A, where
electricity is chosen as a primary product with almost all impacts allocated to the electricity production.

From the three principal directives, two allocation methods can be highlighted above others as
recommended allocation methods in EU energy and climate policy: the energy allocation method
for dividing GHG emissions between electricity and heat, and the AGM for dividing the primary
energy use between electricity and heat. The AGM assumes the CHP production can be substituted by
corresponding separate production processes of electricity and heat, using the same form of energy
resource as input to both processes. For high-temperature geothermal utilization, a separate heating
production process is not a typical nor a probable production technology to be used. The capital cost
of high-temperature utilization likely requires higher revenue streams for the project to be profitable
than heat production alone would give. Thus electricity production is likely always the basis of
high-temperature projects. That being said, it is relatively simple to use the AGM for high-temperature
geothermal CHP, assuming conversion efficiencies of 10% for separate electricity generation and 50%
for separate heat generation as the IAE recommends [2]. Thus, using the AGM, albeit it does not
represent a likely scenario for geothermal utilization to compare the CHP production with, would
result in a consistent approach to allocation for high-temperature CHP with other CHP technologies.
The AGM can also be used to allocate GHG emissions and could thus serve as a single selected method
for both indicators.

The energy allocation method suggested by the RED for the GHG emissions from CHP plants is a
fairly simple method that is also commonly applied within LCA. It works well for allocating GHG
emissions, but in the case of PEF it can result in non-representative efficiency values (equal to the inverse
of the PEF as presented in Equation 1) in the context of thermodynamics. For Hellisheidi, the energy
allocation results in an abnormally high PEF for heat as it normalizes the primary energy input between
the kWh produced as either electricity or heat. Consequiently, the high PEF for heat results in an
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abnormally low efficiency of the heat production, or an efficiency of only 19% compared to the default
value of 50% in energy statistics. In turn, it benefits the electricity production excessively, as a 19%
efficiency value is much higher than the 12-14% actual efficiency of the electricity production at the
plant. The same would apply to other CHP plants using different energy sources, as the energy method
always normalises the primary energy input between the produced heat and electricity, resulting in
the same dilemma of overestimating electric efficiency and underestimating thermal efficiency of heat
production. Thus, the energy allocation method is not suitable for allocating PEF between electricity
and heat from CHP plants.

The need for assigning an appropriate allocation method for CHP to calculate primary energy
factors, energy savings, and GHG emissions from co-generated electricity and heat in context with EU
energy and climate policy is of crucial importance. It would clarify which method is most appropriate
and allow for comparison between different calculations of PEFs and GHG emissions from CHP plants
in the EU. Taking into account the undesirable results for the PEF of electricity and heat using the
energy allocation method, the AGM is more suitable as a single, consistent method that can be used to
allocate differnt impacts between coproduction of heat and electricity.

Even though the study provided a single technical example of a specific geothermal CHP plant in
Iceland, the general implication of the issues with the EU energy and climate policy also applies to
other geothermal plants, whether from high- or low-temperature geothermal resources. All geothermal
energy plants have relatively low thermal conversion efficiency, thus resulting in a high PEF. The results
of this study can, therefore, be applied to other cases of geothermal energy utilization in terms of power
production or CHP production. Geothermal energy is technically feasible for utilization in various
locations around Europe (e.g., [35,63]) and has substantial potential to aid in achieving the targets of
reduced emissions and increase the share of renewables within the EU’s energy mix. Contrary to many
other renewable energies, geothermal provides stable and reliable power output, i.e., in comparison
with solar photovoltaics and wind power [63]. However, geothermal will not be a good representative
of improved energy performance in terms of primary energy use if the PEF is defined the way it is
described in today’s EU energy and climate framework.

5. Conclusions

To conclude, how does geothermal utilization measure up to EU climate and energy policy?
Geothermal has the potential to take part in the EU achieving its climate and energy targets.
The definition of the primary energy factor, or more explicitly the primary energy content of a
geothermal resource, does limit geothermal energy for being successful in terms of improved energy
efficiency measures unless the measures are against lowering the non-renewable primary energy use
instead of the total primary energy use. The authors regard that the intention of the IEA with the
different definitions on how to evaluate the primary energy of a resource was not to cause biased
energy indicators that could potentially favor non-renewable technologies in some context over some
renewables. Still, the PEF for thermal renewables does precisely that. It may be that the downside
implications resulting from the PEF definition for geothermal utilization were not taken sufficiently
into account in the process. We believe that the most transparent way of expressing the benefits of
replacing non-renewable energy with renewable energy in terms of primary energy efficiency is to
highlight the PEF,on-ren as a mandatory indicator within the EU “Clean energy for all Europeans”
policy framework.
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Abbreviations

ACER Agency for the Cooperation of Energy Regulators
AGM Alternative Generation Method

CED Cumulative Energy Demand

CEN The European Committee for Standardization (French: Comité Européen de Normalisation)
CHP Combined Heat and Power

CML-IA  Impact Assessment method of the Centrum voor Milieuwetenschappen, Leiden University
CT Cooling tower

CW Coldwater well

CWp Coldwater pumps

CWT Coldwater tank

DA Deaerator

DHHX Heat exchanger District Heat

DHT Hot water tank District Heat

ED Electricity Directive

EED Energy Efficiency Directive

EOL End of life

EPB Energy Performance in Buildings

EPBD Energy Performance in Buildings Directive
EPC Energy Performance Certificate

ETS Emission Trading System

EU European Union

FV Flashing valve

GHG Greenhouse Gas Emissions

GW Geothermal well

HPC High-pressure condenser with preheater

HPM method moisture remover

HPS High-pressure steam separator

HPTG High-pressure turbine-generator set

HWP Hot water pump

IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change
IRES International Recommendations for Energy Statistics
ISO International Organization for Standardization
LCA Life Cycle Assessment

LCI Life cycle inventory

LPC Low-pressure condenser

LPM Low-pressure moisture remover

LPS Low-pressure steam separator

LPTG Low-pressure turbine-generator set

PEF Primary Energy Factor

PEFhonren Non-Renewable Primary Energy Factor

RED Renewable Energy Directive

RW Reinjection well

WE Wellhead

WS

Well silencer
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