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Abstract

Background: The development of ‘enhanced geothermal systems’ (EGS), designed

Environment and Energy to extract energy from deep low-enthalpy reservoirs, is opening new scenarios of
Management Agency (ADEME), 27 growth for the whole geothermal sector. A relevant tool to estimate the environmental
rue Louis Vicat, Paris 75737, France f f h . bl (RE) technol is Life Cycl

FUll list of author information is performances of such emerging renewable energy echnology is Life Cycle
available at the end of the article Assessment (LCA). However, the application of this cradle-to-grave approach is

complex and time-consuming. Moreover, LCA results available for EGS case studies
cover a fairly high variability range.

Methods: A new type of LCA-based approach, called simplified model, is developed
based on the analysis of environmental performance variability of energy pathways.
Such methodology has been applied to produce a reduced parameterized model,
designed to estimate life-cycle greenhouse gas (GHG) emissions of EGS power
plants applicable to a large sample of configurations.

Results: Two parameterized models to assess EGS greenhouses gases (GHG) are the
outcomes of this study. A parameterized reference model is developed to describe a
large sample of possible EGS power plants located in central Europe. Two or three
wells plants equipped with a binary system producing only electricity are accounted
for. Applying global sensitivity analysis (GSA) to this reference model allows the
identification of three key variables, responsible for most of the variability on GHG
results: installed power capacity, drilling depth, and number of wells. A reduced
parameterized model for the estimate of the GHG performances as the only function
of these three key variables is then established. A comparison with the results of
published EGS LCAs confirms the representativeness of our new simplified model.

Conclusions: Our simplified model, issued from the reference parameterized model,
enables a rapid and simple estimate of the environmental performances of an EGS
power plant, avoiding the extensive application of the LCA methodology. It provides
an easy-to-use tool for the stakeholders of the EGS sector and for decision makers. It
aims at contributing to the debate about the performances of this new emerging
technology and its related environmental impacts.

Keywords: Simplified model; Life-cycle assessment; Enhanced geothermal systems;
Global sensitivity analysis
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Background

Renewable energy (RE) systems are currently playing a major role in the electricity
sector, accounting in 2012 for about half of the new installed power capacity worldwide.
Such a strong growth is promoted by the implementation of supporting energy policies
in several countries, with the aim of reducing greenhouse gas (GHG) emissions
(REN21 2013).

Although the operation phase of most RE-based systems does not entail direct
emissions related to the combustion of fossil fuels, the industrial processes related to
the manufacturing or the installation of such devices may have significant impacts to
the environment (Varun et al. 2009; Ardente et al. 2008; Pacca et al. 2007). Geothermal
binary systems using low-enthalpy reservoirs are an example: the construction of the wells
for this technology, requiring large quantities of energy and materials, is the most influen-
tial process on the overall environmental performance, with the largest GHG emissions
over all processes (Frick et al. 2010).

In the RE domain, the recent development of ‘enhanced geothermal systems’ (EGS) is
attracting attention as a promising technology for the valorization of low-temperature
geothermal resources reached with deep boreholes in specific areas (Glassley 2010). In
particular, the EGS sector is attracting interest in central Europe, especially in the area of
the Rhine Graben between France and Germany. Following the installation of a pilot plant
in Soultz-sous-Foréts (France), an EGS plant was built in Landau (Germany), another is
under construction near Rittershoffen (France), and several exploration permits in the
same zone have been requested to the national authorities. In Europe, many other areas
present favorable geological conditions for EGS applications, for example Hungary, Serbia,
Romania, Spain, and Turkey (Hurtig et al. 1992). A rapid expansion of this sector is
foreseen (Holm et al. 2010).

The more elaborate realization of the wells and the surface facilities raised questions
about the environmental performances of EGS, highlighting the need to consider all the
stages of the lifecycle of the plant in order to perform a consistent analysis. A relevant
methodology to investigate the overall environmental impacts of RE technologies from a
‘cradle-to-grave’ perspective is the Life Cycle Assessment (LCA) (Ness et al. 2007). The
LCA methodology has been standardized with the ISO 14040 series. It is based on the
estimation of the environmental impacts of a product taking into account all processes
related to its life cycle, such as the extraction of raw materials, manufacturing, distribu-
tion, use, and disposal (ISO 14040 2006; ISO 14044 2006).

A large amount of LCAs has been published so far for several RE technologies,
comparing their GHG emissions among each other and to those of conventional
power plants. Since most of these studies assessed the overall suitability of RE systems,
the variability of the results is fairly high. For example, a recent IPCC report, based on the
compilation of about 50 LCAs of wind turbines, presented a fairly wide range of GHG
emissions from 2 to 81 gCO,eq/kWh. For geothermal systems (including EGS power
plants), LCA results from this IPCC study range from 6 to 79 gCO,eq/kWh (Moomaw
et al. 2011).

However, compared to other RE technologies, LCA studies reported in the geothermal
field are not abundant. The so far published results are in some cases quite general (Pehnt
2006), or conversely can be specific to a particular geographical area (Hondo 2005). In
general, the results of single LCAs may be only representative for a specific technology
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and subjected to a number of hypotheses and limitations (for example regarding trans-
ports and type of accounted materials). Today, the implementation of supporting policies
and the evaluation of promoted plants need the contribution of further LCA studies in
the geothermal field.

The elaboration of a LCA is pretty time-consuming, especially through the collection
of data relating to the input and outputs of materials and energy flows over the lifecycle
of the assessed system. To avoid undertaking complete LCAs of alternative plant setups
requires moving for a different type of approach, considering a panel of technical concepts
in a defined geological region. Moreover, in the context of the growth of the EGS sector,
the availability of a simpler and easier tool than LCA to estimate the GHG emissions
would be helpful for decision makers.

The meta-LCA methodology tried to consider energy pathways globally (i.e., a set of
systems instead of a single one) to overcome the undertaking of single-detailed LCAs
and has been widely used in the energy field over the last few years (Warner et al.
2010). The meta-LCA is based on the cross comparison of literature sources: the
selected studies are harmonized into a common framework (e.g., same lifetime, same
characterization factors, etc.). The variance induced by each parameter is assessed one
factor at a time and its relative contribution to the environmental performances is mea-
sured. Two outcomes are possible: a reduced range of emissions' estimation (compared
to a generic literature review of single LCAs) and in some case meta-models (Lenzen
2008) which enable to estimate environmental impacts of the literature using a simple
linear regression model. However, in both cases, the results rely only on the representative-
ness of literature data and cannot compensate for the lack of data or specific case studies in
literature.

Recently, Padey et al. (2013) presented a new methodology to address these issues for
the wind electricity pathway, with the elaboration of a framework to develop simplified
models able to estimate GHG emissions for a large sample of case studies not restricted
to those already available in literature. It relies on the quantitative assessment of the
variability and the identification of a restricted number of key parameters that are
responsible for most of the variability on the environmental performances. A simplified
model is then developed to estimate the environmental impacts of systems that compose
the energy pathway as a function of these few key variables. This approach provides a sim-
ple tool for policy makers that covers a wide range of possible configurations of the energy
system. Such methodology represents an intermediate solution between the detailed LCA
and the meta-LCA (Blanc et al. 2013): it aims at quantifying the overall environmental
profile of an energy pathway while estimating the environmental impacts of its embedded
systems.

Given the need for easy-to-use and reliable tools for environmental analysis to pro-
mote the development of enhanced geothermal systems, this study aims at developing
such a simplified model specific to the EGS sector assessing the GHG performances.
In this paper, we define two parameterized models applying to the EGS pathway the
methodology described by Padey et al. (2013). Starting from a representation of a
general parameterized model for EGS power plants (called ‘reference model’), a limited
number of parameters that explain most of the variability on GHG results of potential
various configurations are identified: installed power capacity, drilling depth, and number
of wells. Hence, a reduced parameterized model (called ‘simplified model’) is developed,
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representing the GHG emissions as a function of only those three key parameters. Then,
to assess the robustness of the model, a comparison between specific results available
from LCA literature and outcomes of the simplified model is presented and analyzed.

Methods and Results
The methodology to generate the parameterized models representative of life cycle
GHG emissions per electricity produced for the EGS pathway is based on the following
steps (Padey et al. 2013):

1. Definition of the objective and scope of the parameterized models.

2. Design of the reference model and generation of the EGS GHG distribution profile
by applying Monte Carlo simulations.

3. Identification of the key parameters using generalized variance decomposition
(Sobol Indices) by means of a global sensitivity analysis.

4. Definition of the simplified model based on the identified key parameters.

5. Comparison of the simplified model results with literature and assessment of its

representativeness.

Definition of the objective and scope of the model
The objective of this study is to obtain an estimate of the life cycle GHG emissions of

EGS power plants. The functional unit is the net energy produced over the life cycle,
which means that the results will be expressed in terms of grams of CO, equivalent per
electrical kWh delivered to the grid.

EGS power plants, being binary systems, do not generate direct GHG emissions related
to the energy production unlike their hydrothermal flash and dry steam counterparts
(Sullivan et al. 2013). Life cycle emissions are principally caused by the construction
phase. During operation, their GHG emissions are also only related to the infrastructure
(e.g., transport of new equipment for replacement, disposal of filter residues and scaling).

The EGS power plants included in the analysis are characterized as follows:

Technological characterization: the systems considered have two or three wells
reaching depths of 2 to 6 km and are equipped at the surface with an Organic Rankine
Cycle (ORC). The plants produce only electricity (no cogeneration). The reservoir
enhancement techniques taken into account are hydraulic and chemical stimulations.
Geographical characterization: the study focuses on EGS power plants installed in
central Europe.

Temporal characterization: the study takes into account current technologies for all
equipment. Currently, EGS project developers in the Rhine Graben focus on depths of
about 3 km, since one of the lessons learned from Soultz's pilot is that drilling up to

5 km is not economically optimal today (Genter et al. 2010). However, this study takes
into account the possibility of drilling down to 6 km since this may become more
economically viable in the near future thanks to the progress of the exploration and
drilling techniques.

Methodological characterization: the life cycle inventory (LCI), namely the compilation
of all inputs and outputs (e.g., materials, emissions) from the processes occurring in
the life cycle of an EGS plant, is based on the one proposed by Lacirignola and Blanc
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(2013). This paper is mainly based on technical data from the Soultz-sous-Foréts site.
It also presents a multi-criteria environmental assessment of ten alternative plant
setups, with two or three wells and a final power output ranging from 0.8 to 3.1 MW.
Data regarding background processes, such as raw material extraction or transports are
retrieved from the ecoinvent database v2.2 (Ecoinvent Centre 2010). The characterization
factors used to calculate the GHG are based on the IPCC reports (Bernstein et al. 2008).

Design of the reference model
To cover a representative EGS pathway with the reference model, a large sample of
possible EGS plants must be accounted for.

The environmental performances of each EGS power plant of the sample are

calculated as

GHG emissions {gCOZeq}

GHG perf f EGS =
performances o Electricity production [KWh]

(1)

The numerator represents the total amount of GHG emissions expressed in equivalent
mass of CO, of all processes related to the life cycle of the plant. Those are calculated
from the GHG of an explicit life cycle inventory (LCI) using the IPCC GHG
characterization factors (Bernstein et al. 2008). These characterization factors are
used to quantitatively convert each GHG according to their respective Global Warming
Potential related to CO,, the reference gas. Further information on such calculation
process can be found in Heijungs (1996) and in Jolliet et al. (2003).

The denominator is the amount of electricity delivered to the grid over the lifetime,
calculated as

Electricity production = Pygr X LF x 8,760 x LT (2)

Where Pypr is the final power output of the EGS plant. Pypr is the difference
between the ORC installed capacity Porc (namely the power output of the electric
generator minus the power absorbed by the other ORC equipment, like the air cooler)
and Pp,umps (the power demand of the pumps for the production and the reinjection of
the geothermal fluid). LF is the load factor (a fraction ranging from 0 to 1 expressing
the amount of equivalent operating hours at nominal power in 1 year), 8,760 is the total
number of hours over 1 year, and LT is the lifetime of the plant (expressed in years).

The large sample of possible EGS power plants is generated from a reference model
based on nine parameters: produced flow rate, drilling depth, number of wells, fuel
consumption for drilling, load factor, power demand of the pumps, enhancement's
intensity, lifetime, power capacity of the ORC. These nine parameters are described in
section ‘Parameters description” and reported in Table 1. They are identified as sufficient
to calculate the GHG performances according to Equation 1 (all other variables are
defined as related to them). They have been selected as they allow for the characterization
of the size of the plant, of the inventory of materials involved and of the amount of electri-
city produced over the life cycle. The nine parameters of our model are mathematically
independent: this is a necessary condition for the application of the global sensitivity ana-
lysis (GSA), which will be performed to identify the parameters that are responsible
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Table 1 Parameters characterization for the reference model (Equation 3)

Page 6 of 19

Symbol Parameter Value range Unit Probability distribution Main references

in the value range

z Borehole depth 2,000 to 6,000 m Equiprobability Current EGS projects?,
Genter et al. (2010),
Frick et al. (2010),
Bauer et al. (2008)

f Produced flow 25 to 100 kg/s Equiprobability Current EGS projects®,

rate Frick et al. (2010)

Nw Number of wells 2 to 3 Adimensional  Equiprobability Current EGS projects?,
Huenges (2010), Bauer
et al. (2008), Schmidt
et al. (2010)

d Fuel for drilling 3,000 to 7,000 MJ/m Equiprobability Drilling reports from
Soultz-sous-Foréts®,
Bauer et al. (2008),
Frick et al. (2010)

LF Load factor 0.85 to 0.95 Adimensional  Equiprobability Lund (2003), Huenges
(2010), Platt et al. (2012)

LT Lifetime 20 to 40 years Normal distribution Frick et al. (2010), Platt

centered on LT=30years et al.(2012), Bauer et al.
with 0=325 (2008), Huenges (2010)
SFe Scaling factor 05to 10 Adimensional Lognormal distribution  Schindler et al. (2010),
enhancement with =1, u=0 and Hettkamp et al. (2004),
peak on SFe=1 Nami et al. (2008), Graff
and Baujard (personal
communication)
Py Specific power 361086 kW/(kg/s) Equiprobability Frick et al. (2010),
of pumps Lacirignola and Blanc
(2013), Graff and Baujard
(personal communication)
Porc Installed capacity 1,250 to 3,500 kW Equiprobability Current EGS projects?,

ORC Huenges (2010), Bauer

et al. (2008)

#Current EGS projects taken into account in this study (see also Additional file 1 section 2): Soultz-sous-Foréts (France):
Genter (2011), LabEx G-EAU-THERMIE PROFONDE (2013); Landau (Germany): Hettkamp et al. (2011), Frey and Milles (2007);
Rittershoffen (France): Perret (2011), Schmittbuhl (2013); Insheim (Germany): Baumgartner (2011), Bestec (2012).

BDrilling reports from Soultz-sous-Forets power plant: G.E.LE. Exploitation Miniére de la Chaleur (2002), Southern International
Inc (2002), Gandy Inc (2004a, 2004b).

for most of the variation of the GHG performances (section ‘Key parameter
identification’).

Generation of an explicit LCI model

Our reference model is represented in Figure 1 and is here described. Supplementary
information are provided in Additional file 1 (sections 1 and 5). Blue boxes in Figure 1
refer to the nine parameters mentioned above.

The explicit LCI is modular and disaggregated into four LCIs (orange boxes): the
wells LCI, the ORC LCI, the pumps of the geothermal loop LCI, and the enhancement
phase LCL

The LCI of the wells, the ORC, and the pumps are obtained with a scaling approach
from the EGS data regarding materials and processes published by Lacirignola and
Blanc (2013) (e.g., for the ORC, we follow the assumption of a linear relation between
the amount of material needed and the power installed, as in Frick et al. 2010). Such
data are represented by the black boxes in Figure 1. Although in some cases the relation
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Figure 1 EGS reference model for EGS power plants (based on an explicit LCI). Data regarding the amount
of materials and processes involved over the life cycle of the EGS power plants (black boxes) are scaled with the
nine parameters of the model (blue boxes). Information concerning background processes are retrieved from
ecoinvent v2.2 (red box). The specific LCI obtained for each part of the model is indicated by the orange boxes.
GHG emissions (green boxes) are calculated through the IPCC characterization factors (violet box). The nine
parameters also allow for the calculation of the electricity produced by the EGS power plant over its lifetime.

between the size of a plant's component and the amount of its materials is not linear,
such scaling approach simplifies the process of compiling LCIs for a large sample of
scenarios. The replacement rate of equipment follows the hypothesis of Lacirignola
and Blanc (2013).

The LCI of the wells covers information regarding the drilling process (i.e., fuel
consumption, mud circulation), casing, and cementation.

The LCI of the ORC includes data regarding the electric generator, ORC turbine,
circulation pump, air cooler, filters, pipes, and other surface elements as described in
Lacirignola and Blanc (2013).

The values of the LCI of the pumps are assumed to be proportional to the flow rate
circulating in the geothermal loop. Each well is equipped with either a production or a
reinjection pump.

The LCI for the enhancement process includes data concerning the quantity of water,
salt, and hydrochloric acid for the hydraulic and chemical stimulation, necessary to

improve the boreholes' productivity.

Parameter description
The large sample of possible EGS scenarios corresponds to random sets of the nine
parameters. Each of these can take values within a fixed range and according to a
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probability distribution that we established, as presented in Table 1. The GHG
profile of our sample is then produced through Monte Carlo simulations.

Value ranges and probability distributions have been established based on technical
survey, literature review, and discussion with experts and reflect the current technical
knowledge on EGS. Supplementary information on the nine parameters are provided in
the Additional file 1 (sections 2 to 4).

e Drilling depth It depends on the geology and on techno-economic factors, given
the high costs related to the construction of wells. A values range of 2 to 6 km is
set, based on literature and current projects (see Table 2).

e Flow rate It depends on the geological conditions as well as on the success of the
drilling and stimulation phases. A reasonable range of values (25 to 100 kg/s) is
assumed for this parameter in accordance with current EGS experiences. Since
the characteristics of the geothermal resource are extremely site dependent, no
specific probability distribution is established within the boundaries of the flow
rate and the drilling depth.

e Number of wells Current EGS applications in Europe rely on a limited number
of wells (two or three), because of the high construction costs. In addition, the
seismicity risk related to the reinjection of high flow rates is emerging as a key
factor for the design of the plant (Lacirignola and Blanc 2013), especially after
the relevant seismic events in Basel and Landau (Schmidt et al. 2010; Gross et
al. 2013). The correlation between the circulation strategy (number of wells
used for the reinjection) and the seismicity risk is extensively discussed in
Lacirignola and Blanc (2013). Given that the underground architecture depends
on technical and economic site-dependent factors, two equiprobable values are
considered (two or three wells). It is assumed that, for the three-well scenarios,
the most appropriate reinjection strategy is put in place (i.e., use of two

Table 2 Selection of case studies from literature used for comparison

Code Case study from Depth Number of Installed capacity Estimate of GHG
literature (2) [m] wells (Nw)  (Pogrc) [kW] performances [gCO,eq/kWh]

FAT Frick et al. (2010) - SiteA1 3800 2 1,240 54

FB1 Frick et al. (2010) - SiteB1 4,700 2 1,290 53

PtO Platt et al. (2012) - ‘ORG' site 3,162 2 1,740° 23

PtS Platt et al. (2012) - 'SMB' site 4,307 2 2,870° 19

Ba Bauer et al. (2008) 5,500 3 2,940° 27

Hul Huenges (2010) - case 1 4,000 2 1,440 58

Hu2 Huenges (2010) - case 2 4,000 2 1,440 55

LBa Lacirignola and Blanc 4,000 3 1,820 37
(2013) - base case

Su Sullivan et al. (2013) 6,000 10 20,000 189

For Bauer et al. (2008), the auxiliary power demand of the ORC equipment is assumed to be 2% of the generator's
output, considering that the total auxiliary demand (including the pumps of the geothermal loop) amounts to 4%. For
Platt et al. (2012), the auxiliary power demand of the ORC equipment is assumed to be 20% of the generator's output
considering that the total auxiliary demand accounted in its study (including the pumps of the geothermal loop)
amounts to 37%.
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boreholes for reinjection to minimize the risk of induced seismicity in case of a
high produced flow rate).

¢ Fuel for drilling Several authors show that the construction of the wells is the most
impacting process over the lifetime of an EGS (Lacirignola and Blanc 2013; Frick et al
2010; Huenges 2010). This is essentially due to the large quantity of fuel burnt in
stand-alone electric generators during the drilling process. Being such a critical
factor for the environmental performances of the plant, a large variability (3,000 to
7,000 MJ per meter drilled) of this site-dependent parameter is considered,
allocating same probability for the values of this interval. This is based on literature
and data from Soultz-sous-Foréts.

e Load factor The load factor is assumed to be 85% to 95% (7,446 to 8,322
equivalent full load hours per year) based on literature review. According to
Lund (2003), geothermal plants have a load factor frequently above 90%.
Huenges (2010) and Platt et al. (2012) assume 7,500 h/year in their studies.

e Lifetime To date, no EGS in Europe is at end of its lifetime nor has been dismantled.
In several case studies from the literature (Bayer et al. 2013; Platt et al. 2012; Bauer
et al. 2008), 30 years is assumed. The minimum value is set to 20 years as proposed
by Huenges (2010) and used in some scenarios by Frick et al. (2010). The maximum
value is set to 40 years. A Gaussian probability distribution centered on 30 years
(standard deviation of 3.25) is applied to this interval.

e Scaling factor for enhancement The stimulation of the reservoir is a critical
phase for the success of an EGS project. Since this phase is extremely site
dependent, a set of values for a ‘base case’ stimulation is defined based on current
EGS experiences. Then, in order to take into account different scenarios (e.g.,
necessity of a strong enhancement campaign to improve the boreholes'
productivity), these values are multiplied by a scaling factor (SFe) ranging from
0.5 to 10 and weighted through a lognormal distribution.

e Specific power of the pumps As previously discussed, the estimate of the power
demand of the pump of the geothermal loop is necessary to calculate Pygr. Such
consumption is assumed to increase linearly with the flow rate. It is also assumed
that all the pumps (for production and reinjection) are characterized with the
same power to flow rate ratio. Following discussions with experts (Graff and
Baujard, personal communication) and literature survey (Frick et al. 2010;
Huenges 2010), the required power for the circulation in the geothermal loop is
assumed to be 3.6 to 8.6 kW/(kg/s) (all values are equiprobable).

Installed power capacity The variability range of the ORC power output is set to 1,300
to 3,500 kW according to the case studies used for comparison and current EGS projects.

Indeed, the installed power capacity of EGS (Porc) depends on many factors
including for example the flow rate, the fluid temperature, the thermal efficiency,
and the heat capacity (those parameters are also interrelated and depend on depth
and geological conditions). However, it is not possible to generalize all the correla-
tions among all those elements with simple equations widely valid in central Europe
(using too generic functions, the uncertainty on GHG results would be too high). In
our model, Pogc intrinsically incorporates the combinations of all the factors men-

tioned above. In addition, it is an easy accessible variable: ORC suppliers usually
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refer to their equipment in terms of the power capacity of the system. For these rea-
sons, we selected Pogc as an input variable.

The application of the global sensitivity analysis (detailed in section ‘Key parameter
identification’) is undertaken, even though there is a physical relationship between the
flow rate, the number of wells, and the installed capacity: no mathematical correlation
is established among them. The model takes into account random combinations of
values taken from their respective variability intervals.

Such Monte Carlo random sampling may generate some unlikely scenarios (e.g., an
EGS plant with a very limited power capacity despite a very high flow rate). The general
strategy to exclude these cases consists in introducing a mathematical correlation
between the dependent parameters and applying GSA only among the independent
ones. However, as explained before, establishing such correlation is not worth considering
in our case. Furthermore, such unlikely scenarios do not have high influence on the
results (see ‘Discussion’).

Reference model's equation
The reference model's equation (3) is obtained by developing Equation 1, as represented
in Figure 1. The numerator of Equation 1 (GHG emissions of the EGS power plant) can
be expressed as the sum of the contribution of the four parts of the model (as detailed in
section ‘Generation of an explicit LCI model: wells, ORC, pumps and enhancement
phase). GHG emissions are calculated from data regarding life cycle input and outputs of
materials and energy flows (reported in Additional file 1 section 1) and their IPCC GHG
characterization factors.

The denominator of Equation 1 (electricity produced) can be expressed by Equation 2.
Hence, we obtain Equation 3:

zX Nw X (@ + ap X d) + LT x f X az + Porc X LT X aqg + Nw x SFe x as
LT x LF x (Porc—f X Pp) X 8,760

GHGeGs_ret =
(3)
with

a = 567,014.8 [gCOzeq/m];ozz = 86.49 [gco2eq /MJ] Loy = 411, 384 [gcokq x s/ (kg x year)];

ay = 43,139 [gCOzeq/(kW x year)] .a5 = 65,017,978.7 [gCOZeq];

In this equation, z is the borehole depth (m), fis the total produced flow rate (kg/s),
Nw is the number of wells, d represents the amount of fuel for drilling (M] per meter
drilled), LF is the load factor (dimensionless), LT is the lifetime (years), SFe is the
enhancement factor (dimensionless), Pogc is the ORC power output (kW), and P, is
the specific power of the pumps (kW/(kg/s)).

The a; constants correspond to the values of the GHG emissions of each part of the
model. For the wells, a, is related to diesel consumption and «; related to all other
drilling processes (e.g., casing, cementation, mud circulation).

Given such parametric representation (expressed by Equation 3 and shown in
Figure 1), the definition of a vector containing a specific value for each one of the nine pa-
rameters (e.g., number of wells = 2, total produced flow rate = 50 kg/s, lifetime = 30 years,
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and so on) leads to the generation of a new LCIL. Each new set of nine parameters corre-
sponds to a different EGS scenario. Hence, the GHG performances can be calculated for a
large panel of case studies, accounting many possible combinations of values of the nine
parameters.

Model verification
The GHG results of the reference model, obtained through Monte Carlo simulations
over 50,000 random EGS scenarios are presented in Figure 2 and compared to literature.
The top and bottom of the box represent the 25th and the 75th percentile, while the
middle line is the median (around 30 gCO,eq/kWh). The whiskers indicate the 5th and
the 95th percentile. We observe that the results are comparable with literature, indicating
that the selected parameters and the chosen variability intervals can sufficiently represent
EGS power plants. The IPCC result range is larger since it is compiled from publications
regarding all type of geothermal plants (not limited to EGS). The literature reference ‘c’
(Frick et al. 2010, case ‘C1’) displays very low emissions as it corresponds to a quite opti-
mistic scenario for EGS power plants: despite having only two wells, an electrical power
output of more than 10 MW is assumed (supposing a production flow rate of about
140 kg/s at 200°C); moreover the lifetime of the plant is set to 40 years.

Once the robustness of our reference model has been verified through this consistency
check, we proceed to the identification of the key parameters.

Key parameter identification

For the identification of the key parameters, namely those that are responsible for most
of the variability in the GHG performances over our large sample of EGS configurations,
a global sensitivity analysis (GSA) is performed. The main output of GSA is the estimate
of the Sobol Indices (SI) of each parameter. The contribution of each parameter alone to
the overall variance of GHG performances is represented by the first-order Sobol index.

gC0,eq/kWh
90
80
Literature
70 survey Reference gC0,eq/kWh
legend
60 a Frick et al. (2010), site A1 54
& - d b Frick et al. (2010), site B1 53
b= a c Frick et al. (2010), site C1 7
50 - d Huenges (2010), case 1 58
e Huenges (2010), case 2 55
40 f Lacirignola and Blanc (2013), base case 37
=t g Lacirignola and Blanc (2013), case 5 22
30 4 h Lacirignola and Blanc (2013), case 8 17
m e i Platt et al. (2012), site "ORG" 23
I i = g k Platt et al. (2012), site "SMB" 19
20 i = m Bauer et al. (2008) 27
10
-—cC
0 T T
Reference Model IPCC Literature survey
Figure 2 GHG performances: comparison between the results of reference model (left) and
literature. Center: LCA results for geothermal plants (all kinds) as presented in Moomaw et al. (2011) in the
IPCC Special Report on Renewable energy sources and climate change mitigation. Right: LCA results for EGS
plants (authors and case studies selected from literature, see legend in the table).
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The total order Sobol index describes the influence of the parameter itself plus all its com-
bination with the other eight (total order SI is the sum of all SI of the variable, including
higher order indices that express the variance of groups of variables). Hence, a higher
first-order SI implies that a parameter is responsible for a higher share of the variance on
GHG results. Further details about the GSA methodology and Sobol indices are provided
in Sobol (2001) and Iooss (2011).

The results of the application of GSA to our reference model are presented in
Figure 3. First-order Sobol Indices are presented with the blue bars; these indices are
used to identify, among the nine parameters, the ones that will be used for the simplified
model. Red bars display the total order indices.

From Figure 3 and according to our reference model, we observe that the installed
capacity alone is responsible for almost half of the variability of GHG performances of
EGS power plants, having a first-order SI of about 0.5. Note that this does not mean
that the size of the ORC is the main cause of GHG emissions: it means that it has a
high influence on the variability of the environmental performances considering the
scope of our reference model, namely the emissions per unit of electricity delivered to
the grid. The drilling depth is also of high relevance (first-order SI approximately 0.17)
followed by the number of wells (first-order SI approximately 0.10).

Based on these results, three variables are selected as key parameters: installed capacity,
drilling depth, and number of wells. Together, they are responsible for about 75% of the
variance of GHG performances over the sample of studied configurations.

The definition of the amount of key parameters to be used in the simplified model is
based on a trade-off between accuracy and simplification. For instance, we could have
neglected the number of wells, establishing a simplified model only based on the two
parameters (installed capacity and drilling depth) that together are responsible for
about 65% of the variability of results. However, by using three key parameters, the
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Figure 3 Sobol Indices for EGS parameters as characterized in Table 1.
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model still remains simple (see section ‘Generation of the simplified model and results’)
and allows us to obtain more accurate environmental results. In any case, the choice of
such parameters depends also on the possibility for the user of having easy access to
the required data thus key parameter selection should be done in accordance between
LCA expert and simplified model users.

Generation of the simplified model and results

The simplified model is designed to express the GHG performances as a function of
the main key parameters (here set to three). Starting from the reference model (function
of nine variables, Equation 3), we obtain our simplified model (Equation 4) by carrying
out a regression analysis based on the three key variables and setting the other six at
the value corresponding to the median of their variability interval. According to the
description provided in Table 1, those median values are f=62.5 kg/s, d = 5,000 MJ/m,
LF=0.9, LT = 30 years, SFe = 1.7, P, = 6.1 kW/(kg/s).

Nw x (B; X z+f,) + B3 X Porc + B4
Porc - B35

GHGgGs_simpl = f (Porc, 2z, Nw) = (4)

with
B = 4.226 [gCO,eq/(m X h)] ; B, = 467.3 [gCO,eq/h]; ; = 5.472 [gCO,eq/kWh;

B, = 3,261.2 [gCO,eq/h]; B; = 381.2 kW]

The B; constants are derived from the a; of Equation 3 and correspond to the values
of the GHG emissions of each part of the model.

The comparison between the results of the simplified model and those of the refer-
ence model can be observed in Figure 4. A Monte Carlo analysis has been performed
over 50,000 simulations: each dot on the graph represents one simulation, namely one
random set of the three key parameters representing a possible configuration for an
EGS power plant. Higher concentrations of dots are highlighted by the red color. We
observe that the points are aligned along the diagonal that indicates the equivalence
between the results of the reference model and the simplified model, showing a coeffi-
cient of determination (R?) of 70% and a RMSE of 8.17 gCO,eq/kWh. The results of
the simplified model are very close to those of the reference model especially for lower
GHG values.

The affinity between the simplified and the reference models increases with the
number of key variables. For comparison, a two-parameter model based on Porc and z
(that together are responsible for about 65% of the variability of results, as discussed in
section ‘Key parameter identification’) reach a R* of 52% and a RMSE of 12.10
gCO,eq/kWh. A four-parameter model based on Porc, 2z, Nw, and f (together
responsible for about 79% of the GHG variability) reach a R* of 81% and a RMSE of
6.14 gCO,eq/kWh.

In order to assess the representativeness of the simplified model, a panel of eight
EGS case studies from literature has been selected. Table 2 presents the values assumed
by other authors for the key parameters.

Figure 5 shows a comparison between the results of our parameterized models and
those from literature (red crosses). In this graph, for each case study, we set our three
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Figure 4 Comparison between the reference model and the simplified model. As presented in
Figure 2, most of the results lie between 16 and 69 gCO,eq/kWh (5th and 95th percentile).

key variables (installed capacity, drilling depth, number of wells) at the values used by
the author and we run our reference model (Equation 3) over 10,000 simulations.
Hence, our result range (represented by the boxplot) depends on the variability of the
other six non-key parameters. The middle line (the median) expresses the numerical
result of the equation of the simplified model (Equation 4) where the six non-key

-
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0- I
|
= =
1 1 ] 1 ! 1 ] | I
FA1 FB1 PtO PtS Ba Hu1 Hu2 LBa Su

Figure 5 Comparison of the results of the parameterized models with literature. Red crosses indicate
the estimates of the GHG performances proposed by other authors. The middle line of the boxplot (median
of the distribution) indicates the result of the simplified model (Equation 4, three key parameters). The box
and the whiskers indicate the result of the reference model (Equation 3) over 10,000 simulations with fixed
values of the three key parameters.
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parameters have been set to their median values. The bottom and the top of the boxes
shown in Figure 5 correspond respectively to the 25th and the 50th percentile, while
the whiskers indicate the 5th and the 95th percentile.

Discussion
We now propose to discuss both the methodology to generate the parameterized
models and the results.

— The characterization of the input parameters is an important step of the definition
of the reference model (section ‘Parameter description’) and must be done with
great care. Random sampling within these ranges may generate some unlikely
scenarios, characterized by abnormally high (or low) GHG performances. For
instance, an EGS power plant with the higher possible value for the flow rate (f)
but with the lower possible value for the installed power capacity (Porc) (i-e.,
explicable only by an exceptionally low production temperature). In such a case, the
GHG performances may have a fairly high value because of the limited quantity of
electricity produced over the lifetime together with the high emissions related to
the infrastructure. However, for our model, such cases belong to the tails of the
statistical distribution, as 90% of the results are found on a limited range (16 to 69
gCO,eq/kWh), as shown in Figures 2 and 4.

— The comparison with nine case studies from literature is globally satisfactory.
Discrepancies are principally due to the unavailability of the necessary data in
literature (PtO, PtS cases) for our input parameters or to the characteristics of the
EGS themselves, which may be at the edge (Hul, Hu2 cases) or outside (Ba case)
the scope of our reference model.

— The comparison (Figure 5) with the results of two of the case studies presented by
Frick et al. (2010) is satisfactory. For example, when comparing with scenario Al
(FA1 in the figure), by setting Porc = 1,240 kW, Nw =2, and z = 3,800 m, the result
of our simplified model (median of the boxplot) is 50 gCO,eq/kWh. Given such
values for the three key variables, when running our reference model 10,000 times
we obtain results ranging mainly from 44 to 59 gCO,eq/kWh (25th and 75th
percentile). These results are consistent with the value proposed by the author
(54 gCOLeq/kWh).

— The GHG performances estimated by Platt et al. (2012) lie on the whiskers (slightly
below the first quartile) of the statistical distribution of results of our model.
However, for these comparison (PtO and PtS in Figure 5), the Porc value to be
used is established through a hypothesis regarding the ORC auxiliary power
demand. This is assumed to amount to 20% of the generator's output. If the Porc
value was directly mentioned in Platt et al. publication, the results of the simplified
model would have possibly been more accurate.

— The GHG performances proposed by Bauer et al. (2008) (Ba in Figure 5) are lower
than those calculated by our reference model (value outside the whiskers). This can
be explained by the fact that this author assumes a quite low power demand for the
pumps of the geothermal loop (less than 4% of the installed capacity) while in our
model, it amounts to about 12% of the installed capacity in this case (following the
hypothesis reported in Table 1, consistent with the assumptions of the other
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authors). In our study, higher power consumption for the pumps implies less
electricity delivered to the grid and higher GHG emissions per kWh. Our reference
model is therefore quite conservative compared to Bauer et al.'s assumption when
considering power consumption for the pumps.

— The simplified model slightly overestimates the GHG performances proposed by
Lacirignola and Blanc (2013) (LBa in Figure 5). However, the result of this study lies
within the lower whisker. Indeed, the median of the boxplot is calculated by setting
the flow rate and the diesel consumption to their median value (62.5 kg/s and
5,000 MJ/m, respectively). Those are higher compared to the author's assumptions
(40 kg/s and 3 500 MJ/m, respectively). Hence, in our calculation, the drilling process
generates higher emissions and the three wells are equipped with bigger pumps.

— The GHG performances proposed by the two case studies of Huenges (2010)

(Hul and Hu2 in Figure 5) lie outside the 3rd quartile of the reference model's results.
This can be explained by a low lifetime (20 years), while we assumed a statistical
distribution centered on 30 years (Table 1). However, since few cases of our sample
are to be characterized with a lifetime of 20 years (according to the variability range
of 20 to 40 years presented in Table 1), Huenges' results lie within the whiskers.

— The case study presented by Sullivan et al. (2013) proposes a 20 MW EGS power
plant equipped with 10 boreholes. Such characteristics are not considered in our
variability ranges since the upper boundaries are set to 3.5 MW and three wells.
However, the GHG performances of our model (Su in Figure 5) are coherent with
the estimation of the author. This can be explained by the fact that such
parameters with ‘unusual’ values (power capacity and number of wells) are both key
parameters of our model (by unusual, we mean a value far outside the boundaries
we established). Indeed, for the calculations with the simplified model (Equation 4),
Porc, Nw, and z are input variables (to be set by the user). Hence, in this case, the
model is able to take into account the high emissions related to the construction of
ten boreholes as well as the high electricity production due to 20 MW power output.

— Conversely, if the parameters with an unusual value are not key variables (e.g., an
EGS with a load factor of 0.5), the simplified model provides a less accurate result
(because LF is automatically assumed to be 0.9 with an uncertainty range between
0.85 and 0.95). This is also partially observed for the Hul and Hu2 cases: the
lifetime assumed by Huenges (2010) is at the edge of our defined interval (20 years).
Lifetime is not a key variable, namely it is not highly responsible for the variability
of GHG performances. It is however influent on the GHG performance itself:
therefore, the simplified model provides an underestimated result.

— As previously discussed, the simplified model invites the user to define only three
parameters (installed capacity, drilling depth, and number of wells). However, using
the formula of the reference model with nine parameters (Equation 3) might provide
results closer to literature. For example, when comparing with Hul scenario, by
setting the lifetime in addition to the three key parameters mentioned above, the error
on Hul results decreases from 24% (using the simplified model, Equation 4) to 4%
(setting four variables out of nine in the complete reference model, Equation 3).

Hence, by using the reference model (Equation 3), the user takes advantage of setting
up to nine input variables, obtaining more accurate results. In case the data for the
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definition of many parameters are not easily accessible or available, the simplified formula
provided by Equation 4 is a good alternative.

Conclusions

In this paper, we propose two parameterized models to assess the greenhouses gas
emissions of EGS power plants. They constitute easy-to-use tools for estimating the
GHG performances without undertaking a detailed LCA.

The reference parameterized model (Equation 3), based on nine parameters, encompasses
a very large sample of possible technical setups and its results on GHG performances are
consistent with the literature. Such a reference model is a major outcome of this research
as it provides a generalized approach to estimate life cycle GHG emissions of EGS power
plants.

The hierarchy among the variables and the form of the equations both depends on
the architecture of the reference model and on the parameter description. Hence, our
results may not be applicable to EGS power plants outside the scope of our analysis.

Very few LCI of EGS power plants are currently available in literature. Moreover, the
values they propose are essentially based on the limited knowledge we have on EGS,
given the few current industrial installations in Europe. The detailed LCIs used in this
study, mainly obtained from Lacirignola and Blanc (2013), could be enriched with
further data and therefore enlarge the scope of validity of the model proposed.

The simplified model (Equation 4), issued from a regression analysis carried out on a
large sample of stochastic simulations of the reference model, is based on three key
parameters which explain most of the variability on GHG results over the considered
sample. This simplified model allows for a faster estimation of the GHG performances
through a simple parameterized formula using easily accessible variables. Its robustness
is assessed by satisfactory comparisons with the literature case studies proposed by several
authors. It is worth to note that the validity range of the simplified model is identical to the
reference one because of its construction mode based on a regression analysis.

The three-parameter model represents an example of application of the reference
model and shows the possibility of further simplification. Indeed, the user can also
perform a calculation by setting four to nine variables in Equation 3 (reference model):
the reliability of the estimation increases with the number of customized parameters.

The choice of the number of key parameters for the simplified model results in a
trade-off between accuracy and simplification. This choice depends also on the possibility
for the user of having easy access to the required data thus key parameter selection should
be done in accordance between LCA experts and simplified model users.

The application presented in this study confirms that the consistency and reliability
of the simplified LCA methodology elaborated by Padey et al. (2013) so far applied only
to the wind energy sector. Its utilization for the characterization of the environmental
performances of other energy pathways is also to be considered.

The parameterized models presented in this study make it possible to estimate the
environmental performances in terms of GHG emissions of EGS power plants
without performing detailed and time-demanding LCAs. They represent a useful tool
for environmental analysts and policy makers. This study aims at contributing to the
discussions about EGS performances and the development of low-carbon solutions
for electricity production.



Lacirignola et al. Geothermal Energy 2014, 2:8 Page 18 of 19
www.geothermal-energy-journal.com/content/2/1/8

Additional file

Additional file 1: Content: (1) Materials and processes involved over the life cycle of EGS power plants, (2)
current EGS projects in the Rhine Graben, (3) data on fuel for drilling, (4) data on reservoir enhancement,
(5) replacement factors.
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