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1 Introduction 

1.1 General context  

Geothermal energy is the natural heat of the Earth that originated from its formation and that 
is continuously replenished by the decay of radioactive substances, primarily uranium, 
thorium and potassium; as such, geothermal is a renewable source of energy. Unlike solar 
and wind, geothermal energy can generate base-load power because it is independent of 
seasonal and climatic conditions. These features make it a promising energy source to 
expedite decarbonisation of the power generation sector, and thus the transition to the low-
carbon economy needed to mitigate long-term and possibly irreversible consequences of 
global warming1. However, the contribution of the geothermal sector to worldwide electricity 
production is still minuscule: in 2018, the industry generated 90 TWh of electricity, 
approximately 0.3% of global electricity generation from all sources and 1.3% of that 
generated from renewable sources2. The sector output is projected to grow by 5% annually 
to 2024; according to the International Energy Agency (IEA) this is about half of what is 
required by the geothermal sector to meet worldwide carbon neutrality by 20503. 

Conventional geothermal systems, which make up the vast majority of geothermal installed 
capacity4,5, take advantage of high-enthalpy hydrothermal reservoirs using well-known 
technologies like dry steam, and single- and double-flash plants to convert thermal energy 
into electricity. The Geysers Complex in California (US) is the largest conventional geothermal 
field in the world, with a total electric capacity of ~1.5GW4,5. 

The S4CE consortium is particularly interested in the development of Enhanced Geothermal 
Systems (EGS). This technology has enabled harnessing geothermal energy in locations that 
lack water or sufficient permeability in the rocks, by artificially creating an “engineered” 
reservoir using stimulation techniques6. The Upper Rhine Valley - which extends across 
France, Germany and Switzerland - has been at the centre of the European Commission 
efforts to develop  EGS: the first worldwide commercial-scale power plant was commissioned 
at Soultz-sous-Forêts in France7,8. Other important sites for EGS development are located in 
Australia and in the United States. In the United Kingdom, the United Downs Deep 
Geothermal Power (UDDGP) project is investigating the technical and commercial viability of 
producing electricity from heat produced by the Cornish granites exploiting the natural 
permeability of a significant structural fracture zone9. The UDDGP site is among the field sites 
accessible to the S4CE consortium. Having direct access to a EGS system, as well as to other 
extended geothermal operations at the Nesjavellir and at the Carbfix sites in Iceland, S4CE 
has the opportunity to quantify the environmental impact of this form of renewable energy 
via the implementation of the Life Cycle Assessment methodology (LCA), the results of which 
assessment can be compared to numerous recent LCA studies which quantified the carbon 
footprint of geothermal-derived electricity and heat10–19. 

LCA is a standardised and widely adopted framework to quantify the environmental impacts 
associated with a product or service throughout its life-cycle20,21. The life-cycle perspective 
and the consideration of a number of environmental issues enables identification of trade-
offs, thus providing a robust framework for decision support22. Despite this standard 
approach, the results of LCA studies on geothermal power exhibit significant variability; for 
instance, the carbon footprint of geothermal-derived electricity spans over two order of 
magnitudes, from ~5 and up to ~800 gCO2-eq./kWh23,24. This variability is in part due to 
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methodological choices, which may discourage the use of LCA in supporting development of 
policies in the energy sector25. More importantly, the LCA results strongly depend on site-
specific conditions such as the composition of the geothermal fluid or the depth of the 
geothermal reservoir 10,11; this emphasizes the importance of collecting high-quality field 
data, which arguably is the most time-consuming phase of LCA. 

Therefore, to assess the environmental impact of the EGS technology using site-specific data, 
as well as to allow the comparison among different field sites including those not directly 
associated with S4CE, task 5.7 of work package 5 (WP5) aims at developing an LCA-based 
software that uses validated inventories and that is flexible in terms of data requirements. 
This deliverable summarises the development of such software. 

1.2 Deliverable objectives 

The objective of this deliverable is the development of an LCA-based software for the 
quantification of the life-cycle environmental impacts of geothermal energy. The key features 
of the LCA software developed by S4CE are as follows: 

 It includes detailed and validated life-cycle inventories; 

 It can be used both retrospectively, to quantify the environmental performance of an 
existing plant, and prospectively, to predict the environmental impacts of a future 
plant; 

 It requires as a minimum only few operational parameters, which are expected to be 
available to geothermal companies; 

 It is user-friendly, especially for people not familiar with Life Cycle Assessment; 

 It is to be used by policy makers to support the development of energy policies, and 
by geothermal companies designing and operating geothermal power plants; 

 It allows selection of environmental impact categories 

2 Methodological approach 

The software for calculating the life-cycle environmental impacts of geothermal energy is 
based on two parametric models - which are presented in Section 3 of this deliverable. The 
two models are referred to as “full” and “simplified”. The fundamental approach is outlined 
in Equation (1). 

In Equation (1), Aj represents the total amount over the life-cycle of a geothermal plant of an 
intermediate or an elementary flow j; and ij,k corresponds to the life-cycle environmental 
impact in the category k associated with the provision of the intermediate flow or to the 
characterisation factor of the elementary flow. The overall impact for the environmental 
category k is obtained as the sum of the product of Ai and ij,k over all relevant energy or 
material flows j. An intermediate flow is by definition a man-made product that is produced 
and consumed within the Technosphere (i.e., the economy or the “man-made” world), whilst 
an elementary flow represents an exchange between the Technosphere and the Ecosphere 

𝐼𝑚𝑝𝑎𝑐𝑡𝑘[𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝑢𝑛𝑖𝑡] = ∑ 𝐴𝑗 ∙ 𝑖𝑗,𝑘

𝑗

 
(1) 
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(or Biosphere)26. For example, steel required as casing for geothermal wells is an intermediate 
flow, whilst a CO2 emissions during operation of the geothermal plant is an elementary flow.  

The total amounts of intermediate and elementary flows Aj are obtained as functions of 
multiple parameters such as the installed capacity of the plant or the average depth of the 
wells; these parameters represent the inputs of the LCA-based software and are introduced 
in Section 3. The coefficients i, which are reported in Section 3, were calculated for all 
environmental categories in the Environmental Footprint 2.0 method27 (EF2.0) using the 
Ecoinvent database, cut-off system model version 3.628.  

3 Summary of activities and research findings 

3.1  “Full” parametric model 

The “full” parametric model estimates the life-cycle environmental impacts per kWh of 
electricity produced and, in the case of heat and power co-generation, also of MJ of thermal 
energy (as hot water) generated by either conventional or enhanced geothermal power 
plants (see Section 1.1). Equation (2) and (3) illustrate the overall concept. For electricity 
production, the total  environmental impacts for the environmental category k is obtained as 
the sum of the life-cycle impacts associated with geothermal wells, collection pipelines, 
power plant and hydraulic stimulation, each divided by the net lifetime electricity generated, 
plus the impact of operational emissions (per unit of electricity generated).  

For thermal energy production, the environmental impacts are obtained as the sum of the 
life-cycle impacts associated with geothermal wells, collection pipelines, heating station, 
hydraulic simulation and electricity consumption, divided by the net lifetime thermal energy 
generated. 

3.1.1 Parameters, coefficients and environmental categories 

Table 1 reports the parameters of the “full” model, their acronyms (used in Section 3.1.2) and units. The column “setting” 
denotes the mode of entry in the LCA-based software (Section 3.3), i.e., basic and advanced. Note that some parameters are 
only “activated” if the relevant option is selected, e.g. success rate. Default values, which are provided for some of the 
parameters used within the software, are color-coded (see legend at the end of the table). In 
particular, in green are highlighted those parameters for which default values could not be 
determined; such parameters must be entered by the User for a specific operation. Orange 
denotes default values that are deemed very uncertain, and thus it is recommended that the 
user overwrite them using more accurate, site-specific values. Yellow identifies less uncertain 
parameters that the user can choose to overwrite if more accurate data is available. Finally, 
grey identifies parameters that are not used for the specific type of plant. For example, some 
of these parameters will be needed for an EGS operation that produces both electricity and 
district heat, while others are only needed when only electricity is being produced.  

𝐼𝑚𝑝𝑎𝑐𝑡𝑒𝑙𝑒𝑐,𝑘 [
𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝑢𝑛𝑖𝑡

𝑘𝑊ℎ
]  =

𝑊𝑒𝑙𝑙𝑠 + 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑠 + 𝑃𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 + 𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 
+ 𝑂𝑝𝑒𝑟. 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (2) 

𝐼𝑚𝑝𝑎𝑐𝑡ℎ𝑒𝑎𝑡𝑙,𝑘 [
𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝑢𝑛𝑖𝑡

𝑀𝐽
]  =

𝑊𝑒𝑙𝑙𝑠 + 𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑠 + 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 + 𝑒𝑙𝑒𝑐. 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
 (3) 
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Table 2 reports the i coefficients used in our model (see Section 2) calculated using the 
Ecoinvent database (version 3.6, cut-off model) for all environmental categories in the 
Environmental Footprint (EF) 2.0 method 27, which are listed in Table 3. 
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Table 1 – Parameters of the “full” parametric model 

Model parameters Acronym Units Setting 
Default values 

Conventional Enhanced 

Wells 

Number 

Make up wells MWn # Basic   

Production and reinjection wells PWn # Basic   

Exploratory wells EWn # Advanced 3 3 

    Average depth 

Make up wells MWd m Advanced Equal to PWd Equal to PWd 

Production and reinjection wells PWd m Basic   

Exploratory wells EWd m Advanced Equal to PWd Equal to PWd 

Diesel (for drilling) D MJ/m Basic 2200 8500 

Steel (for casing) CS kg/m Basic 105 105 

Cement (for casing) CC kg/m Basic 40 40 

Drilling mud DM m3 of water/m Advanced 0.65 0.65 

Drilling waste DW kg/m Advanced. 450 450 

Success rate 

Production and Reinjection wells SRPI - Optional: If Success Rate. Advanced 0.72 0.72 

Make-up wells SRM - Optional: If Success Rate. Advanced 0.77 0.77 

Exploratory wells SRE - Optional: If Success Rate. Advanced 0.67 0.67 

Plant 

Installed power, electricity Pn,e MW Basic   

Lifetime LT years Advanced  30 

Capacity factor CF - Advanced 90% 90% 

Auxiliary power Ap - Basic 4% 20% 

Installed power, thermal Pn,h MW Optional: If thermal energy production. Basic.   

Heating station power consumption PCh kWh/s Optional: If thermal energy production. Basic.   

Average collection pipelines length CP m/well Advanced 500 125 

Organic working fluid OF kg/MWel Advanced  300 

Cooling towers CTn #/MWel Advanced 0.03  

Direct CO2 emissions ECO2 kg CO2/kWh Basic. 0.077  

Direct CH4 emissions ECH4 kg CH4/kWh Basic. 0  

Stimulation 

Number of wells to be stimulated SWn # Optional: If stimulation. Advanced   

Water Sw m3 of water Optional: If stimulation. Advanced  35000 

Electricity Sel kWh/m3 of water Optional: If stimulation. Advanced  75 

Allocation  

Average temperature of surrounding environment Tenv °C Optional: if exergy allocation. Advanced 10 10 

Hot water temperature Tf °C Optional: if exergy allocation. Advanced 90 90 

Electricity price Ce €/kWh Optional: if economic allocation. Advanced 0.10475 0.10475 

Hot water price (per thermal energy) Ch €/MJ Optional: if economic allocation. Advanced 0.0181 0.0181 

Legend 

No default value; must be entered by users 
Default value is very uncertain; recommended to be entered by the 
user 

Default value is less uncertain; user may choose to overwrite 
them 

Parameter not used by the specific plant type. 
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Table 2 – i coefficients of the "full" parametric model 

  Wellhead 

Geothermal well, per m 
Collection 
pipelines, 

per m 

Power plant, per MW of installed capacity 
Heating 
station,  

per MJ of 
installed 
capacity 

Stimulation, per well 
Direct emissions,  

per kWh of electricity  

Diesel for 
drilling 

Steel Concrete 
Drilling 

mud 
Drilling 
waste 

Wells 
closure 

Enhanced Conventional 
Cooling 
tower 

ORC 
fluid 

Water for 
stimulation 

Electricity CO2 CH4 

  i1 i2.1 i2.2 i2.3 i2.4 i2.5 i2.6 i3 i4.1e i4.2e i4.3e i4h i5.1 i5.2 i6.1 i6.2 

A 2.25E+02 1.24E-03 9.81E-03 2.41E-03 1.98E-01 5.60E-05 5.68E-03 3.46E+00 9.78E+02 9.57E+02 1.77E+03 6.21E-02 3.51E+02 2.00E-03 1.30E-02 0.00E+00 0.00E+00 

CC 4.20E+04 8.78E-02 1.92E+00 8.71E-01 4.17E+01 7.22E-03 1.62E+00 6.19E+02 1.40E+05 1.36E+05 2.90E+05 1.93E+01 6.46E+04 3.46E-01 9.33E-01 1.00E+00 3.68E+01 

Ef 1.97E+00 1.37E-07 1.13E-04 1.08E-05 2.13E-03 1.52E-05 2.47E-05 2.87E-02 7.69E+00 7.57E+00 3.85E+01 2.96E-04 3.02E+00 2.74E-05 3.24E-06 0.00E+00 0.00E+00 

Em 5.05E+01 5.55E-04 2.04E-03 6.76E-04 5.29E-02 1.85E-05 1.61E-03 6.90E-01 1.75E+02 1.72E+02 7.23E+02 8.61E-03 6.88E+01 3.19E-04 5.73E-03 0.00E+00 0.00E+00 

Et 5.48E+02 6.08E-03 2.18E-02 7.82E-03 4.14E-01 2.04E-04 1.86E-02 7.84E+00 1.76E+03 1.71E+03 3.45E+03 9.59E-02 7.66E+02 3.70E-03 6.27E-02 0.00E+00 0.00E+00 

ETf 1.18E+05 1.46E-02 7.24E+00 1.62E-01 2.97E+01 5.24E+00 6.02E-01 1.59E+03 2.93E+05 2.90E+05 3.39E+05 8.93E+00 1.35E+05 5.32E-01 2.03E-01 0.00E+00 0.00E+00 

HT-c 9.33E-03 1.34E-10 6.01E-07 3.42E-09 5.33E-07 9.40E-08 9.24E-09 1.25E-04 1.68E-02 1.67E-02 1.21E-02 2.08E-07 9.67E-03 3.87E-08 4.19E-09 0.00E+00 0.00E+00 

HT-nc 2.21E-02 1.94E-09 1.38E-06 4.67E-08 5.49E-06 2.91E-07 1.10E-07 3.00E-04 6.14E-02 6.10E-02 1.32E-01 1.49E-06 2.31E-02 1.61E-07 3.05E-08 0.00E+00 0.00E+00 

IR 1.13E+03 5.18E-03 5.17E-02 1.27E-02 8.93E-01 6.42E-04 3.55E-02 1.57E+01 4.28E+03 4.16E+03 2.17E+04 2.32E-01 1.50E+03 4.05E-02 5.40E-02 0.00E+00 0.00E+00 

LU 2.68E+05 4.91E-02 1.10E+01 3.43E+00 1.48E+02 5.73E-01 1.15E+01 4.17E+03 1.08E+06 1.05E+06 2.47E+06 3.65E+01 4.39E+05 3.06E+00 6.69E-01 0.00E+00 0.00E+00 

OD 2.77E-03 1.92E-08 1.14E-07 3.15E-08 4.21E-06 2.23E-09 8.98E-08 3.89E-05 1.29E-02 1.27E-02 1.48E-01 7.84E-04 4.09E-03 3.04E-08 1.99E-07 0.00E+00 0.00E+00 

RI 3.73E-03 1.57E-09 1.75E-07 1.95E-08 2.03E-06 7.92E-10 5.23E-08 5.07E-05 1.01E-02 9.88E-03 1.36E-02 6.22E-07 5.26E-03 1.68E-08 1.84E-08 0.00E+00 0.00E+00 

POF 1.99E+02 1.59E-03 9.23E-03 1.97E-03 1.90E-01 6.00E-05 4.85E-03 2.82E+00 6.06E+02 5.92E+02 8.93E+02 4.30E-02 3.10E+02 1.16E-03 1.64E-02 0.00E+00 1.01E-02 

RUe 5.46E+05 1.17E+00 2.70E+01 4.37E+00 1.24E+03 1.62E-01 1.09E+01 8.01E+03 1.91E+06 1.87E+06 4.78E+06 1.23E+02 8.28E+05 6.77E+00 1.24E+01 0.00E+00 0.00E+00 

RUm 4.48E+00 8.07E-08 2.96E-05 8.63E-05 4.87E-04 2.27E-07 1.16E-04 1.38E-02 7.75E+00 7.47E+00 8.73E+00 6.71E-04 2.42E+00 9.58E-06 5.01E-06 0.00E+00 0.00E+00 

RUw 1.66E+04 1.57E-03 9.46E-01 6.23E-02 3.29E+01 7.22E-04 1.69E-01 2.37E+02 6.27E+04 6.23E+04 3.83E+05 6.02E+00 2.32E+04 2.60E-01 2.74E-02 0.00E+00 0.00E+00 

 

Table 3 – Environmental impact categories of the EF2.0 method. 

Acronym Impact categories Units 

A Acidification, terrestrial and freshwater Mole of H+ eq. 
CC Climate change kg CO2 eq. 
Ef Eutrophication, freshwater kg P eq. 
Em Eutrophication, marine kg N eq. 
Et Eutrophication, terrestrial Mole of N eq. 
ETf Ecotoxicity, freshwater CTUe 
HT-c Human toxicity, cancer effects CTUh 
HT-nc Human toxicity, non-cancer effects CTUh 
IR Ionising radiations Bq U235 air-eq. 
LU Land use Points 
OD Ozone depletion kg CFC-11 eq. 
RI Respiratory inorganics kg PM2.5 eq. 
POF Photochemical ozone formation kg NMVOC eq. 
RUe Resource use, fossils MJ 
RUm Resource use, mineral and metals kg Sb eq. 
RUw Resource use, water m³ eq. 
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3.1.2 Specific expressions of each term within the “full” parametric model 

This Section presents the specific expressions for each term within the general parametric 
model for electricity generation (Equation (2)) and for thermal energy (Equation (3)) 
production. Geothermal plants that generate both electricity and thermal energy represent 
multi-functional systems, i.e. systems that deliver more than one function. For this case, the 
“full” model applies an allocation factor a to apportion the resulting environmental impacts 
of each term of the model that is in common to both Equation (1) and (2), i.e. wells, collection 
pipelines and stimulation. The allocation strategy is described in Section 3.1.3. 

The impacts associated with geothermal wells includes their drilling, casing and end-of-life, 
and construction of wellheads. The expressions for electricity and thermal energy production 
are reported in Equation (4) and (5). The environmental impacts associated with wellheads 
construction are calculated from the total number of wells; these include primary (i.e. 
production and injection), make-up and “equivalent” exploratory wells. Notably, the model 
assumes that exploratory wells have a smaller diameter than primary and make-up wells; to 
account for this, the “actual” number of exploratory wells is reduced by a factor of 0.329 to 
generate the number of exploratory wells that are equivalent to primary/make-up wells. The 
impacts associated with drilling, construction and end-of-life of wells are estimated from the 
total depth of wells drilled and the specific amounts per metre of well of diesel (used for 
powering the drilling rig), steel and cement for casing, drilling mud and drilling waste 
generated.  

The environmental impacts of collection pipelines are obtained from the number of wells and 
the average distance between the wells and the geothermal plant, according to Equation (6) 
and (7). 

The impacts of the power plant depend on the installed electric power capacity, on the 
number of cooling towers and on the amount of organic working fluid used (which applies to 
enhanced geothermal plants only), as quantified by Equation (8); whilst those associated with 
the heating station only depend on the installed thermal capacity. Note that the allocation 
factor a is not used in Equation (8) and (9) because each plant can be attributed to a single 
function, i.e. the power plant to electricity generation and the heating station to thermal 
energy production (see Section 3.1.3). 

The environmental impacts of hydraulic stimulation, which is typically only carried out for 
enhanced geothermal plants, are calculated from the number of wells stimulated (this varies 
between 0 and the total number of primary wells available in a site), considering consumption 
of water and diesel (for electricity production) requirements, according to Equation (10) and 
((11) for electricity and thermal energy production respectively. 

𝑊𝑒𝑙𝑙𝑠𝑒𝑙 = (𝑃𝑊𝑛 + 𝑀𝑊𝑛 + 𝐸𝑊𝑒𝑛,) ∙ 𝑖1,𝑘 ∙ 𝑎 + 

+ [(
𝑃𝑊𝑛

𝑆𝑅𝑝
∙ 𝑃𝑊𝑑 +

𝑀𝑊𝑛

𝑆𝑅𝑚
∙ 𝑀𝑊𝑑 +

𝐸𝑊𝑒𝑛

𝑆𝑅𝑒
∙ 𝐸𝑊𝑑) ∙ (𝐷 ∙ 𝑖2.1,𝑘 + 𝐶𝑆 ∙ 𝑖2.2,𝑘 + 𝐶𝐶 ∙ 𝑖2.3,𝑘 + 𝐷𝑀 ∙ 𝑖2.4,𝑘 + 𝐷𝑊 ∙ 𝑖2.5,𝑘 +  𝑖2.6,𝑘)] ∙ 𝑎 

(4) 

𝑊𝑒𝑙𝑙𝑠𝑡ℎ = (𝑃𝑊𝑛 + 𝑀𝑊𝑛 + 𝐸𝑊𝑒𝑛,) ∙ 𝑖1,𝑘 ∙ (1 − 𝑎) + 

+ [(
𝑃𝑊𝑛

𝑆𝑅𝑝
∙ 𝑃𝑊𝑑 +

𝑀𝑊𝑛

𝑆𝑅𝑚
∙ 𝑀𝑊𝑑 +

𝐸𝑊𝑒𝑛

𝑆𝑅𝑒
∙ 𝐸𝑊𝑑) ∙ (𝐷 ∙ 𝑖2.1,𝑘 + 𝐶𝑆 ∙ 𝑖2.2,𝑘 + 𝐶𝐶 ∙ 𝑖2.3,𝑘 + 𝐷𝑀 ∙ 𝑖2.4,𝑘 + 𝐷𝑊 ∙ 𝑖2.5,𝑘 +  𝑖2.6,𝑘)] ∙ (1 − 𝑎) 

(5) 

𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑠𝑒𝑙 =  𝑊𝑛 ∙ 𝐶𝑃 ∙ 𝑖3,𝑘 ∙ 𝑎 (6) 

𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒𝑠𝑡ℎ =  𝑊𝑛 ∙ 𝐶𝑃 ∙ 𝑖3,𝑘 ∙ (1 − 𝑎) (7) 

𝑃𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡 =  𝑃𝑛,𝑒 ∙ (𝑖4.1,𝑘 + 𝐶𝑇𝑛  ∙ 𝑖4.2,𝑘  + 𝑂𝐹 ∙ 𝑖4.3,𝑘)  (8) 

𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 =  (𝑃𝑛,ℎ × 𝑖4ℎ,𝑗) (9) 
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The model assumes that enhanced geothermal technologies have no operational emissions11, 
and that conventional technologies only release CO2 and CH4 (from condensation of 
geothermal fluid prior to reinjection) during standard operations. The impacts of operational 
emissions are entirely attributed to the function of electricity production according to 
Equation (12).  

Finally, the total net electricity and thermal energy generated during the lifetime of the plant 
are calculated considering the installed capacity, the expected lifetime of the plant, power 
requirements by auxiliary components and the capacity factor, according to Equation  (13) 
and (16). (In Equation (13), 8760 is the number of hours in a year and 1000 converts MW to 
KW; whilst in Equation (16), 31536000 is the number of seconds in a year. ) 

3.1.3 Allocation 

Allocation is the procedure used in LCA to apportion the environmental impacts to each 
function within a multi-functional process; combined heat and power plants are the most 
notable example in the geothermal industry. The ISO standards provide a practical stepwise 
procedure for handling multi-functional processes consisting of three steps21. The first step 
suggests subdividing the process into several sub-processes that can be attributed to one 
function only. This can only be applied to few terms of the “full” model; specifically the 
environmental impacts associated with construction and dismantling of the power plant and 
with operational emissions of CO2 and CH4 are allocated to the function of electricity 
production, whilst the impacts associated with the heating station are allocated to the 
function of thermal energy production. The second step of the ISO procedure - system 
expansion - is primarily used for comparative assessment when the compared product system 
does not deliver the same functions, for instance when comparing combined heat-and-power 
geothermal plants with other power plant types that generate only electricity like 
onshore/offshore wind farms or solar photovoltaic. The third step consists in partitioning the 
environmental impacts to the different functions, using underlying physical relationships or, 
when this is not possible, other relationships like the economic value of the products. Several 
partitioning strategies have been developed; the most common approaches used in the 
literature use either energy or exergy content, or the economic value. Because the 
environmental impacts are strongly dependent on the chosen allocation strategy23,30, we 
implemented all three approaches; the correspondent models are reported as Equations (15)-
(17) below.  

The allocation factor based on the energy content is calculated as the ratio between net 
electrical energy and the sum of net electrical and thermal energy, according to Equation (15). 
The expression for exergy content (Equation (16)) is similar to that for energy content, but 
transforms thermal energy into exergy using the Carnot efficiency, which is reported in 
Equation (18). Finally, the allocation factor based on economic value accounts for the unit 
price of electricity and hot water, as reported in Equation (17). 

𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝑆𝑊𝑛 ∙ 𝑆𝑤 ∙ (𝑖5.1,𝑘 + 𝑆𝑒𝑙 ∙ 𝑖5.2,𝑘) ∙ 𝑎 (10) 

𝑆𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝑆𝑊𝑛 ∙ 𝑆𝑤 ∙ (𝑖5.1,𝑘 + 𝑆𝑒𝑙 ∙ 𝑖5.2,𝑘) ∙ (1 − 𝑎) (11) 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐸𝐶𝑂2
∙ 𝑖6.1𝑘 + 𝐸𝐶𝐻4

∙ 𝑖6.2,𝑘  (12) 

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 =  𝑃𝑛,𝑒 ∙ 𝐶𝐹 ∙ (1 − 𝐴𝑃) ∙ 𝐿𝑇 ∙  8760 ∙ 1000 (13) 

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 =  𝑃𝑛,ℎ × 𝐶𝐹 × 𝐿𝑇 ×   31536000 (14) 
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𝐸𝑛𝑒𝑟𝑔𝑦: 𝑎 =  
𝑃𝑛,𝑒 × (1 − 𝐴𝑝)

[𝑃𝑛,𝑒 × (1 − 𝐴𝑝)] +  𝑃𝑛,ℎ

  (15) 

𝐸𝑥𝑒𝑟𝑔𝑦: 𝑎 =  
𝑃𝑛,𝑒 × (1 − 𝐴𝑝)

[𝑃𝑛,𝑒 × (1 − 𝐴𝑝)] +  (𝑃𝑛,ℎ × 𝐶𝐸)
 (16) 

𝐸𝑐𝑜𝑛𝑜𝑚𝑖𝑐: 𝑎 =  
(𝑃𝑛,𝑒/3.6) × (1 − 𝐴𝑝) × 𝐶𝑒

[(𝑃𝑛,𝑒/3.6) × (1 − 𝐴𝑝) × 𝐶𝑒] + (𝑃𝑛,ℎ × 𝐶ℎ)
 (17) 

𝐶𝑎𝑟𝑛𝑜𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦:  𝐶𝐸 = 1 −
𝑇𝑒𝑛𝑣 + 273.15

𝑇𝑓 + 273.15
 (18) 

3.1.4 Validation of the “full” model 

3.1.4.1 Test case: Hellisheidi geothermal power plant 

In a first test case, the “full” model is validated for Hellisheidi, a conventional combined heat 
and power plant in Iceland. The results of the “full” model are calculated using site-specific 
parameters for the Hellisheidi plant31, which are reported in Table 4. These results are 
compared with an LCA model that we developed for the same operation in the commercial 
LCA software Gabi; notably, the results of the LCA study implemented in Gabi and the 
underlying data were published in peer-reviewed journals23,24. 
The comparison, which is reported in Table 5, shows that for most environmental categories 
the deviation between the results of the “full” model and those from the model implemented 
in Gabi is below ~30%. For three categories - i.e. freshwater eutrophication, respiratory 
inorganics and resource use of minerals - we find higher deviations, where the “full” model 
gives substantially higher or lower estimates. Notably, these deviations are caused by changes 
in the underlying life-cycle database: Ecoinvent; in fact, the “full” model uses the latest 
release of the database (version 3.6), whereas the model in Gabi uses version 3.5. Therefore, 
we conclude that the “full” model developed here yields satisfactory results, within 
reasonable uncertainties of the results obtained via a detailed analysis recently completed. 

3.1.4.2 Test case: United Downs Deep Geothermal Power (UDDGP) project 

In a second test case, we validate the “full” model for the UDDGP project. The results of the 
“full” model are calculated using site-specific parameter for UDDGP that were collected on 
site and that are reported in Table 6. As for the case of Helllisheidi, the results of the “full” 
model are compared with an LCA model that we developed in the commercial LCA software 
Gabi, which we published in peer reviewed journals32,33. 
The results of the comparison are reported in Table 7; they are similar to those obtained for 
the Hellisheidi plant: deviations between the “full” model and the model implemented in Gabi 
are lower than 25%. for most environmental categories; higher deviations (up to ~150%) are 
due to changes in the Ecoinvent database. In Summary, our analysis suggests that the “full’ 
model is reliable, within the limits of uncertainties expected for LCA studies. 
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Table 4 – Parameters of the "full" model for the Hellisheidi geothermal power plant 

Parameter Acronym Unit Value 

Wells    
Number    

Make up wells MWn # 16 

Production and reinjection wells PWn # 64 
Exploratory wells EWn # 0 

Average depth    

Make up wells MWd m 2220 
Production and reinjection wells PWd m 2220 

Exploratory wells EWd m 0 
Diesel (for drilling) D MJ/m 2262 
Steel (for casing) CS kg/m 100 

Cement (for casing) CC kg/m 40 
Drilling mud DM m3 of water 1.00 
Drilling waste DW kg/m 450 
Success rate    

Production and Reinjection wells SRPI - 1 
Make-up wells SRM - 1 
Exploratory wells SRE - 1 

Plant    

Installed power, electricity Pn,e MW 303.3 
Lifetime LT years 30 

Capacity factor CF - 0.87 
Auxiliary power Ap - 0.04 
Installed power, thermal Pn,h MW 133 
Heating station power consumption PCh kWh/s 0.40 
Average collection pipelines length CP m/well 500 

Organic working fluid OF kg/MWel 0 

Cooling towers CTn #/MWel 0.023 
Direct CO2 emissions ECO2 kg CO2/kWh 2.09E-02 
Direct CH4 emissions ECH4 kg CH4/kWh 3.50E-05 

Stimulation    
Number of wells to be stimulated SWn # - 
Water Sw m3 of water - 
Electricity Sel kWh/m3 of water - 

Allocation    
Average temperature of surrounding environment Tenv °C 10 
Hot water temperature Tf °C 90 
Electricity price Ce kr/kWh 5.87 
Hot water price (per thermal energy) Ch kr/MJ 0.708 

 

Table 5 – Comparison between results from the "full model" and estimates from literature for the Hellisheidi plant. 

Category Unit Gabi “Full” model Deviation 

A Mole of H+ eq./kWh 1.31E-03 1.36E-03 3.9% 
CC kg CO2 eq./kWh 1.73E+00 1.75E+00 1.5% 
Ef kg P eq./kWh 1.00E-04 8.81E-06 -91.2% 
Em kg N eq./kWh 4.09E-04 4.12E-04 0.8% 
Et Mole of N eq./kWh 4.03E-03 4.40E-03 9.3% 
ETf CTUe/kWh 7.58E-01 8.21E-01 8.3% 
HT-c CTUh/kWh 3.29E-08 3.38E-08 2.6% 
HT-nc CTUh/kWh 8.93E-08 9.51E-08 6.5% 
IR Bq U235 air-eq./kWh 9.08E-03 6.21E-03 -31.6% 
LU Pt/kWh 7.93E-01 9.85E-01 24.2% 
OD kg CFC-11 eq./kWh 1.77E-08 1.99E-08 12.4% 
RI kg PM2.5 eq./kW 5.79E-08 1.15E-08 -80.1% 
POF kg NMVOC eq./kWh 1.23E-03 1.37E-03 10.9% 
RUe MJ/kWh 2.27E+00 2.52E+00 11.3% 
RUm kg Sb eq./kWh 1.30E-06 5.32E-06 310.0% 
RUw m³ eq./kWh 8.10E-02 6.51E-02 -19.6% 
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Table 6 – Parameters for the United Downs Deep Geothermal Power (UDDGP) project 

Parameter Acronym Unit Value 

Wells    
Number    

Make up wells MWn # 0 

Production and reinjection wells PWn # 2 
Exploratory wells EWn # 3 

Average depth    

Make up wells MWd m 0 
Production and reinjection wells PWd m 4000 

Exploratory wells EWd m 300 
Diesel (for drilling) D MJ/m 7000 
Steel (for casing) CS kg/m 81 

Cement (for casing) CC kg/m 46 
Drilling mud DM m3 of water 0.50 
Drilling waste DW kg/m 365 
Success rate    

Production and Reinjection wells SRPI - 1 
Make-up wells SRM - 1 
Exploratory wells SRE - 1 

Plant    

Installed power, electricity Pn,e MW 1 
Lifetime LT years 30 

Capacity factor CF - 0.9 
Auxiliary power Ap - 0.33 
Installed power, thermal Pn,h MW 0 
Heating station power consumption PCh kWh/s 0 
Average collection pipelines length CP m/well 25 

Organic working fluid OF kg/MWel 300 

Cooling towers CTn #/MWel 0.0023 
Direct CO2 emissions ECO2 kg CO2/kWh - 
Direct CH4 emissions ECH4 kg CH4/kWh - 

Stimulation    
Number of wells to be stimulated SWn # 1 
Water Sw m3 of water 20000 
Electricity Sel kWh/m3 of water 20 

Allocation    
Average temperature of surrounding environment Tenv °C - 
Hot water temperature Tf °C - 
Electricity price Ce kr/kWh - 
Hot water price (per thermal energy) Ch kr/MJ - 

 

Table 7 – Comparison between results of the “full” model and estimates from literature for the UDDGP site. 

Category Unit Gabi “Full” model Deviation 

A Mole of H+ eq./kWh 6.19E-04 6.37E-04 3.0% 
CC kg CO2 eq./kWh 5.61E-02 5.40E-02 -3.8% 
Ef kg P eq./kWh 1.66E-05 1.03E-06 -93.8% 
Em kg N eq./kWh 2.45E-04 2.69E-04 9.9% 
Et Mole of N eq./kWh 2.66E-03 2.94E-03 10.8% 
ETf CTUe/kWh 6.51E-02 1.43E-01 120.4% 
HT-c CTUh/kWh 4.15E-09 4.76E-09 14.9% 
HT-nc CTUh/kWh 1.18E-08 1.36E-08 14.8% 
IR Bq U235 air-eq./kWh 3.58E-03 2.73E-03 -23.7% 
LU Pt/kWh 2.37E-01 1.08E-01 -54.5% 
OD kg CFC-11 eq./kWh 1.09E-08 1.12E-08 2.1% 
RI kg PM2.5 eq./kW 2.38E-08 1.75E-09 -92.6% 
POF kg NMVOC eq./kWh 7.14E-04 7.89E-04 10.5% 
RUe MJ/kWh 7.79E-01 7.26E-01 -6.9% 
RUm kg Sb eq./kWh 2.21E-07 5.68E-07 157.1% 
RUw m³ eq./kWh 1.78E-02 6.72E-03 -62.3% 
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3.2 “Simplified” model 

The “simplified” model is derived from the “full” model. The difference between the two is 
that the “simplified” model uses a smaller subset of influential parameters; these are defined 
as the parameters responsible for most of the variability of the model output. The advantage 
of the “simplified” models is that they can provide a first estimate of the environmental 
footprint of an operation, using fewer data. Of course, when possible the “full” model should 
be used, but obtaining data can be costly and time consuming. The idea is not new. In fact, 
“simplified” models have been developed for wind power25 and for enhanced geothermal 
plants12. An important limitation of these prior models is that they focus on a single 
environmental category: climate change. By contrast, our “simplified” model is able to 
quantify environmental impacts for multiple categories, specifically those included in the 
EF2.0 method (Table 3). 

To derive our “simplified” model, we used Global Sensitivity Analysis (GSA) to identify 
influential parameters by quantifying the contribution of each parameter to the overall 
variance of the model output. Global methods take into account interaction effects among 
inputs and model nonlinearities34, and are therefore appropriate for models with complex 
input dependencies35. They are more computationally demanding than simpler sensitivity 
methods (e.g. local and screening), but, in part because of recent computational 
advancements, are increasingly being applied within LCA studies for different aims, including 
supporting the decision-making process36, calibrating or simplifying existing models12,25,37, 
prioritizing data collection for regionalization38, and assessing the robustness of the results39. 

A plethora of GSA methods exist, including but not limited to variance-based methods40, 
screening techniques41, computation of dependence measures42, moment-independent 
approaches43, probabilistic methods44 and others. An extensive literature study on 
uncertainties in LCA conducted by Igos et al.45 provides an overview of sources, types and 
characterization of uncertainties, as well as sensitivity analysis methods. Here, we use the 
variance-based method originally developed by Sobol'46, using estimators for total order 
Sobol' indices based on Monte-Carlo simulations proposed by Saltelli et al.47,48  

Unlike first order indices, total order indices account for interaction effects between input 
parameters. Low total order indices identify non-influential parameters; these can be fixed 
anywhere within their range of variability without significantly affecting the model output34. 
Thus, using the total order indices, we can identify those parameters that can be assigned a 
pre-compiled value, within a range of acceptable values, as this choice will not strongly affect 
the model prediction. Using fewer parameters, the resultant model will be simpler, in the 
sense that fewer data will be needed to make predictions. The selection of the value of total 
order index that distinguishes between influential and non-influential parameters is arbitrary 
and consequential. The higher the threshold, the higher the number of non-influential 
parameters; therefore, the resulting simplified model is simpler but less accurate. We use a 
threshold of total order indices equal to 0.15, which represents a contribution to the overall 
variability of the model output of 15%. This entails that all parameters having contributions, 
including interaction effects, lower or equal to 15% of the variance of the model output are 
considered non-influential.  

To quantify the contribution of each parameter to the overall variability of the model, GSA 
requires defining ranges of variability and probability distributions of the input parameters. 
To this end, we had to modify the “full” model because for some parameters we could not 
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establish a distribution or a range of variability. Below we discuss the main changes; details 
of the GSA study can be found in a recently submitted manuscript49.  A short summary is 
provided in what follows. 

First, we only considered the case of electricity generation. This is because it was not possible 
to define a range of variability nor a distribution for the allocation factor (Section 3.1.3); this 
in fact represents a methodological choice, rather than an input parameter that is dependent 
on site-specific conditions. 

Second, we could not ascertain a range of variability for the number of wells in conventional 
geothermal plants. Therefore, we estimate the number of production wells as the ratio 
between the maximum gross electric output of power plants (i.e., installed capacity) and that 
of individual production wells (i.e., producers capacity)50,  whilst the number of injection wells 
is obtained from the number of production wells and the ratio between producers and 
injectors. On the other hand, for EGS technologies, the “simplified” model assumes either a 
single doublet or a single triplet configuration (i.e., with a total number of 2 or 3 respectively).  

We assumed that only conventional geothermal plants require make-up wells to maintain 
production of electricity over the lifetime; the number of make-up wells is estimated from 
the initial harmonic decline rate of the wells productivity50. The expressions for the total 
number of wells including (𝑊𝑛,𝑆𝑅) and excluding success rate (𝑊𝑛) for conventional and 
enhanced geothermal technologies are reported in Equation (19) and (20). 

𝑊𝑛 (𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙) = ⌈
𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒

⌉ +   ⌈
𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒 ∙ 𝑃𝐼𝑟𝑎𝑡𝑖𝑜

⌉ + ⌈
𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒

∙ 𝐷𝑖 ∙ 𝐿𝑇⌉ 
(19) 

𝑊𝑛,𝑆𝑅  (𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙) = ⌈
1

𝑆𝑅𝑝

∙ (⌈
𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒
⁄ ⌉ +   ⌈

𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒 ∙ 𝑃𝐼𝑟𝑎𝑡𝑖𝑜

⌉)⌉ + ⌈
⌈
𝑃𝑛,𝑒

𝐶𝑊𝑛,𝑒
⁄ ∙ 𝐷𝑖 ∙ 𝐿𝑇⌉

𝑆𝑅𝑚

⌉ 

(20) 

Third, the modified model assumes that all wells have the same depth, and it does not include 
operational discharges of methane; this is because we could not determine a range of 
variability for the depth of different type of wells and for CH4 emissions. The performance of 
the “simplified” model is discussed in the next sections. 

3.2.1 Global Sensitivity Analysis results and influential parameters 

Figure 1 and Figure 2 report the results GSA in terms of total order indices for conventional 
and enhanced geothermal plants, respectively. The results plotted in Figure 1 show that 
operational emissions of CO2 represent the most influential parameter (with a total order 
index of ~1) for the category climate change. For the remaining categories, two parameters – 
producers’ capacity and depth of wells – represent the most influential parameters, with 
values above 0.67 for the former and above 0.22 for the latter. 
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Figure 1 – Sobol’ total order indices for conventional geothermal technologies. 

For EGS technologies (Figure 2), the installed capacity represents the most influential 
parameter in all environmental categories with total order indices above 0.92. Diesel 
consumption for wells drilling presents the second highest values, with valued above 0.15 in 
two environmental categories: marine and terrestrial eutrophication. 

 

 
Figure 2 – Sobol’ total order indices for enhanced geothermal technologies. 

3.2.2 Formulation of the simplified model 

The mathematical formulation for the “simplified” model was developed via modifications of 
the “full” model for each environmental category, or group of environmental categories, 
featuring the same influential parameters, by fixing all non-influential parameters to their 
median values49. The non-influential parameters were lumped together alongside other 
coefficients of the modified “full” model to generate new numerical coefficients - namely α, 
β, χ and δ – which are reported in Table 8 and Table 9. The “simplified” model is reported via 
Equations (21) and (22) for conventional geothermal plants and via Equations (23) and (24) 
for EGS plants.  

For conventional plants, the “simplified” model estimates climate change impacts from 
operational emissions of CO2 - which according to the GSA results explain nearly 100% of the 
variability of the modified “full” model (Figure 1), and of CH4 (even though this parameter 
was not included in GSA). We recognise that operational emissions of CH4 can have significant 
contributions, albeit in limited cases (e.g. 15,16), to climate change impacts. For the remaining 
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categories in the EF2.0 method, the environmental impacts are estimated using the producers 
capacity CWne and the average depth of wells Wd, as shown in Equation (22). 

Climate change 𝐼𝑚𝑝𝑎𝑐𝑡 = 𝐸𝐶𝑂2
∙ 𝛼1 + 𝛼2 (21) 

Remaining categories 𝐼𝑚𝑝𝑎𝑐𝑡𝑘 =
𝑊𝑑 ∙ 𝛽1,𝑘 + 𝛽2,𝑘

𝐶𝑊𝑛𝑒
+ 𝑊𝑑 ∙ 𝛽3,𝑘 + 𝛽4,𝑘 (22) 

 

Table 8 – Alpha and beta coefficients for conventional geothermal plants 

 α1 α2 α3 

CC  1.00E+00 4.53E-03 3.68E+01 

 β1 β2 β3 β4 

A 6.94E-08 2.58E-05 3.35E-10 4.41E-06 
Ef 3.54E-10 2.16E-07 1.71E-12 3.74E-08 
Em 2.61E-08 5.23E-06 1.26E-10 8.32E-07 
Et 2.84E-07 5.90E-05 1.37E-09 7.90E-06 
ETf 5.49E-05 1.21E-02 2.65E-07 1.32E-03 
HT-c 1.80E-12 9.49E-10 8.70E-15 7.55E-11 
HT-nc 4.87E-12 2.27E-09 2.35E-14 2.83E-10 
IR 3.14E-07 1.19E-04 1.52E-09 2.06E-05 
Lu 2.99E-05 3.11E-02 1.44E-07 4.89E-03 
OD 1.02E-12 2.94E-10 4.94E-15 7.11E-11 
POF 8.14E-08 2.12E-05 3.93E-10 2.71E-06 
RI 4.10E-13 3.85E-10 1.98E-15 4.51E-11 
RUels 1.11E-04 6.01E-02 5.34E-07 8.74E-03 
RUm 1.25E-10 1.50E-07 6.01E-13 3.40E-08 
RUw 2.14E-06 1.79E-03 1.03E-08 3.14E-04 

 

For EGS technologies, the environmental impacts for all categories other than marine and 
terrestrial eutrophication, are estimated using only the installed capacity of the plant Pne, 
according to Equation (23).  A two-parameter equation, using the installed capacity and diesel 
consumption (for drilling) D, is used for estimating the impacts in the categories marine and 
terrestrial eutrophication (Equation (24)). 

Remaining categories 𝐼𝑚𝑝𝑎𝑐𝑡𝑘 =
𝜒1,𝑘

𝑃𝑛𝑒
+ 𝜒2,𝑘 (23) 

Marine and terrestrial eutrophication 𝐼𝑚𝑝𝑎𝑐𝑡𝑘 =
𝐷 ∙ 𝛿1,𝑘 + 𝛿2,𝑘

𝑃𝑛𝑒
+ 𝛿3,𝑘 (24) 

 

Table 9 – Chi and delta coefficients for enhanced geothermal plants 

 χ1 χ2 

A 1.66E-03 5.37E-06 
CC 1.41E-01 7.86E-04 
Ef 2.65E-06 4.52E-08 
ETf 3.70E-01 1.59E-03 
HT-c 1.26E-08 9.03E-11 
HT-nc 3.52E-08 3.41E-10 
IR 7.13E-03 2.50E-05 
LU 2.72E-01 5.91E-03 
OD 2.52E-08 1.33E-09 
POF 2.07E-03 3.30E-06 
RI 4.56E-09 5.49E-11 
RUe 1.90E+00 1.07E-02 
RUm 1.29E-06 4.16E-08 
RUw 1.74E-02 3.85E-04 

 δ1 δ2 δ3 

Em 5.99E-08 1.95E-04 1.01E-06 
Et 6.56E-07 2.12E-03 9.59E-06 

 

3.2.3 Validation of the “simplified” model 

In this Section we compare the results from the “simplified” and the “full” model for both 
conventional (Figure 3) and enhanced (Figure 4) geothermal operations. The results are 
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obtained from Monte Carlo simulations with 10,000 iterations using the same distributions of 
the input parameters that were used in GSA49. We use two statistical measures to validate 
the simplified models against the general parametric model: the Pearson correlation 
coefficient (r) and the Spearman rank correlation coefficient (ρ). The former measures the 
level of linear correlation between two variables (in this case the results of the modified “full” 
model and those of the “simplified” model), whilst the latter quantifies the level of correlation 
between the ranking of the two variables. Both coefficients vary between 1 and -1. Values of 
1 and -1 indicate, respectively, perfect positive and negative correlation between the results 
(for Pearson) and the ranking of the results (for Spearman) of the general model and of the 
simplified models. A value of 0 indicates no correlation.  

The results in Figure 3 show that the “full” and the “simplified” model feature a near-perfect 
correlation for the climate change category. The remaining categories also exhibit a good level 
of correlation, with both Pearson and Spearman coefficients above 0.84. 

 
Figure 3 – Comparison between the modified "full" model and the "simplified model" for the environmental categories in the 
EF2.0 method. KDE= Kernel Density Estimation. 

For EGS plants, the “full” and the “simplified” models exhibit a lower level of correlation, with 
Pearson coefficients roughly equal to 0.7, but a similar rank correlation, with Spearman 
coefficients varying between 0.79 and 0.87. The Pearson coefficients are lower compared to 
those obtained for conventional plants due to the presence of a very small number of outliers 
where the modified “full” model predicts significantly higher values than those calculated by 
the “simplified” model. Notably, the Pearson coefficient is very sensitive to the presence of 
outliers. In fact, removing these outliers increases the Pearson coefficients by ~0.05; the 
resulting values are considerably closer to those obtained for conventional plants. These 
outliers represent worst case (and unlikely) scenarios, described by parameters that are not 
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included in the “simplified” model; these scenarios include very low values of the success rate 
for exploratory wells (i.e.  below 10%), and high values of material requirements for the 
construction of wells, primarily steel for casing (e.g. above 130 kg/m). 

 
Figure 4 – Comparison between the modified "full" model and the "simplified model" for the environmental categories in the 
EF2.0 method. KDE= Kernel Density Estimation. 

3.3 The graphical user interface of the LCA-based software 

Building from the LCA models described above, UCL and TWI collaborated to derive a software 
that could allow Users to rapidly estimate the environmental impact of geothermal 
operations. Figure 5 to Figure 10 provide an outlook of the graphical user interface (GUI) of 
the LCA-based software. At the top of the interface (see Figure 5), the User can choose 
between the “full” and the “simplified” model in the drop-down menu named “model type”. 
If the “full” model is selected, the user can also select the entry mode, i.e. “basic” or 
“advanced” (see Table 1). Essentially, the “basic” entry mode will enable the user to insert 
only few parameters, whereas the “advanced” entry model will allow full control over all 
parameters. The User can also select in an additional drop-down menu the type of geothermal 
plant, i.e. conventional (which includes including dry steam, single- and double-flash 
technologies) and enhanced. Finally, the “thermal energy production” toggle box 
enables/disables the co-generation of heat and power; when the toggle box is deselected, the 
software assumes generation of electricity only. 

 

The insert boxes are color-coded according to Table 1, i.e. green for parameters that must be 
inserted by the user, yellow for parameters that it is recommended to insert (because the 
default values are highly uncertain), and orange for parameters that may not be replaced. 
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For the “full” model, the software features five main tabs. The “Wells” and “Plant” tab, 
reported in Figure 5 and Figure 6 respectively, allows the user to enter values for the 
parameters that are relevant to the geothermal wells and to the plant respectively. The 
“Wells” tab also includes a toggle box (which applies to enhanced plants only) that 
enables/disables hydraulic stimulation of geothermal wells. The “Allocation” tab (Figure 7) 
allows the user to select the allocation strategy in the case of a co-generation of heat and 
power, and, if the entry mode “advanced” is selected, to also change the values of the 
relevant parameters. From the “Impact categories” tab (Figure 8) the user can select the 
environmental categories for which the software will calculate the impact score. Finally, the 
environmental impacts are reported in the “Results” tab (Figure 9) as numerical values and 
graphically (as contribution analysis). The “Results” tab also provides the option to export the 
numerical values of the environmental impacts, for example into an Excel spreadsheet. 

For the “simplified” model, the software features three tabs. The main tab (Figure 10) allows 
the user to insert the relevant parameters, which differs between conventional and enhanced 
geothermal plants. The remaining two tabs – “Impact categories” and “ Results” – are similar 
to those for the “full” model (see Figure 8 and Figure 9). 

 
Figure 5 – Wells tab 
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Figure 6 – Plant tab 

 

 
Figure 7 – Allocation tab 
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Figure 8 – Impact categories tab 

 
Figure 9 – Results tab 
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Figure 10 – "Simplified" main tab 

4 Conclusions and future steps 

Within the consortium S4CE, Task 5.6 had the objective of developing an LCA-based software 
for the environmental impact estimation of sub-surface geo-energy operations. This 
deliverable presented an underlying mathematical model and the LCA-based software for 
quantifying the environmental impacts of geothermal energy operations. 

The software relies on a “full” and a “simplified” parametric model. The “full” model 
quantifies the environmental impacts of electricity generation and/or thermal energy (as hot 
water) production, using over 30 parameters. The “full” model was validated using field data 
from the Hellisheidi geothermal power plant and the United Downs Deep Geothermal Power 
(UDDGP) project. The “simplified” model is derived from the a modified version of the “full” 
model, but uses a smaller subset of influential parameters; these are defined as the 
parameters that are responsible to most of the variability of the model output and are 
identified by means of Global Sensitivity Analysis. The “simplified” model uses three and two 
parameters for estimating the environmental impacts of conventional and enhanced 
geothermal plants, respectively. The “simplified” model has been validated against the 
modified “full” model using two statistical measures, the Pearson correlation and the 
Spearman rank correlation coefficients. 

The GUI of the software is highly flexible and was designed to be User-friendly. The User can 
select between the “full” and the “simplified”, and the type of geothermal plant of interest. 
For the “full” model, the User can also select between a “basic” and an “advanced” entry 
mode. The former gives access to a small number of most significant parameters, whilst the 
“advanced” mode gives the user full control over all parameters of the model. For the case of 
heat and power co-generation, the user can also choose the appropriate allocation strategy 
for apportioning the environmental impacts between electricity and thermal energy. The 
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estimates of the environmental impacts are reported as numerical values (which can be 
exported e.g. to an Excel spreadsheet) and in a graphical form. 

5 Publications resulting from the work described 

Paulillo, A., Kim, A., Mutel, C. L., Striolo, A., Bauer, C., & Lettieri, P. (2020). Influential 
parameters for quantifying the environmental impacts of geothermal power (In preparation) 

Paulillo, A., Kim, A., Mutel, C. L., Striolo, A., Bauer, C., & Lettieri, P. (2020). Simplified models 
for predicting the environmental impacts of geothermal power. Journal of Cleaner 
Production. (Under review) 

Paulillo, A., Cotton, L., Law, R., Striolo, A., & Lettieri, P. (2020). Geothermal energy in the UK: 
the life-cycle environmental impacts of electricity production from the United Downs Deep 
Geothermal Power project. Journal of Cleaner Production, (119410). 
https://doi.org/10.1016/j.jclepro.2019.119410 

Paulillo, A., Cotton, L., Law, R., Striolo, A., & Lettieri, P. (2020). Life-cycle Inventory and impacts 
on electricity production at the United Downs Deep Geothermal Power project in the UK. Data 
in Brief, 29(105117). https://doi.org/10.1016/j.dib.2020.105117 

Paulillo, A., Striolo, A., & Lettieri, P. (2019). Data on the environmental impacts and the carbon 
intensity of geothermal energy: A case study on the Hellisheiði plant. Data in Brief, 
27(104771). https://doi.org/10.1016/j.dib.2019.104771 

Paulillo, A., Striolo, A., & Lettieri, P. (2019). The environmental impacts and the carbon 
intensity of geothermal energy: A case study on the Hellisheiði plant. Environment 
International, 133(Pt B)(105226). https://doi.org/10.1016/j.envint.2019.105226 
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