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Abstract: This study deals with the life cycle assessment (LCA) and an exergo-environmental analysis
(EEvA) of the geothermal Power Plant of Hellisheiði (Iceland), a combined heat and power double
flash plant, with an installed power of 303.3 MW for electricity and 133 MW for hot water. LCA
approach is used to evaluate and analyse the environmental performance at the power plant global
level. A more in-depth study is developed, at the power plant components level, through EEvA.
The analysis employs existing published data with a realignment of the inventory to the latest data
resource and compares the life cycle impacts of three methods (ILCD 2011 Midpoint, ReCiPe 2016
Midpoint-Endpoint, and CML-IA Baseline) for two different scenarios. In scenario 1, any emission
abatement system is considered. In scenario 2, re-injection of CO2 and H2S is accounted for. The
analysis identifies some major hot spots for the environmental power plant impacts, like acidification,
particulate matter formation, ecosystem, and human toxicity, mainly caused by some specific sources.
Finally, an exergo-environmental analysis allows indicating the wells as significant contributors of
the environmental impact rate associated with the construction, Operation & Maintenance, and end
of life stages and the HP condenser as the component with the highest environmental cost rate.

Keywords: geothermal energy; district heating system; Life cycle assessment (LCA); Life cycle
environmental impacts; comparison of LCIA methods; exergo-environmental analysis

1. Introduction

One of the most critical issues of renewable energy sources (RES) is the environmental
impact of the construction and end-of-life of a power plant. RES usually involves a much
higher relevance of these lifecycle phases concerning the use of fossil fuels, while the impact
during operation is smaller because of reduced consumption of natural resources. In the
case of geothermal energy, the environmental effects of the operational phase may play a
significant role and depend strongly on the conditions of the geothermal field. The current
efforts are directed to implement solutions for issues such as emissions of carbon dioxide,
hydrogen sulphide, and other contaminants. The current analyses typically examine a
broad spectrum of environmental effects [1] with a particular focus on global warming
potential [2].

A quantitative evaluation of the environmental costs through Life Cycle Analysis
(LCA) allows renewable energy technologies to be compared among themselves and with
traditional forms of power generation [3,4]. LCA is gaining attention also for the evaluation
of geothermal power plants [5,6], with a specific focus on organic Rankine cycle (ORC) [7]
or enhanced geothermal systems (EGS) [8,9]. Currently, methodological guidelines for
geothermal LCA studies are being developed in the frame of the GEOENVI EU H2020
Project [10,11]. At present, the guidelines are referring to the midpoint LCA level of
assessment, which is the minimum required by the LCA standards [12,13]. Normaliza-
tion and weighting [14,15], in some methods passing through an endpoint (or damage)
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evaluation, allow eventually to evaluate a single score sustainability index (commonly
referred to in terms of eco-points, EP). This step is not included in the mandatory part of an
LCA is highly appreciated at the level of general evaluation, decision-making, and social
perception of sustainability.

For a more comprehensive evaluation, the global results of an LCA can be extended
to the exergo-environmental analysis (EEvA), which combines exergy and environmen-
tal analysis employing the principles of exergo-economic analysis [16]. The EEvA allow
showing the impact of the environmental variables on the efficiency of the considered
system through the thermodynamic concepts and consist of three steps: detailed exergy
analysis of the considered system, allocation of the environmental impact of all powerplant
components and analysis of the progressive build-up of the environmental costs along with
the processes and final assignment of the environmental score of each system component
to the product exergy stream of the component. Using this methodology it is possible to
highlight both the contribution of the use of resources (materials, production, service) as
well as the effects of irreversibility/inefficiencies of the components allowing to pave the
way to selective improvement [17]. In several cases [18,19] the EEvA is applied to take for
granted the reliability of the LCA model, without a preliminary benchmarking of the dif-
ferent impact assessment (IA) methodologies. Such an approach may be misleading when
analysing RES powered energy systems as in these cases, the environmental cost of input
fuel is 0 and the investment cost (LCA impact) is present. Therefore, a sensitivity analysis
employing benchmarking of the different LCIA methods may be of great importance.

This study aims to analyse the life cycle environmental impact produced by the
Hellisheiði geothermal power plant. Firstly, the study compares the impacts of the Hellisheiði
power plant with two scenarios of air emission abatement system and using three methods
of the life cycle impacts, that is, ILCD 2011 Midpoint, ReCiPe 2016 Midpoint-Endpoint and
CML-IA baseline using updated inventory data. Finally, the process of energy production
in the Hellisheiði geothermal power plan is also comprehensively analysed through EEvA
concept to understand which mechanical component of the power plant has the most con-
siderable impact and which can be improved to increase the environmental performance of
the entire powerplant.

2. Description of the Reference Case

The reference LCA case study is the Hellisheiði plant in Iceland, based on previously
published LCI data [5,6]. The inventories were updated to the Ecoinvent 3.6 database [20].

The geothermal plant of Hellisheiði is a double-flash unit [21,22] that allows the produc-
tion of electricity (303 MWe) and hot water (133 MWt). One of the main issues of geothermal
power plants is the emissions of both carbon dioxide (CO2) and hydrogen sulphide (H2S).
The present study takes into account two scenarios: a baseline (scenario 1) [5] and an
upgraded (scenario 2) [23], which includes carbon sequestration and acid gas removal
(CARBFIX Project).

Furthermore, a relevant activity that plays a significant contribution to the environ-
mental sustainability of a geothermal energy system is the wells drilling process. In the case
of Hellisheiði, the reference layout (scenario 1) is based on a set of 64 wells for the operation
of the plant with depths in the range of 2000–3000 m; both vertical and directional wells
have been realized.

About every two years, the drilling of a new well is necessary to maintain the produc-
tion of electrical/thermal energy constant. In 2016 it was decided that electrical drill rigs
should be used for the realization of maintenance wells, so in scenario 1 all maintenance
wells were evaluated considering diesel consumption while in scenario 2 a progressive
substitution of the diesel to the electrical drilling is taken into account. Figure 1 presents a
simplified schematic of the assessed geothermal power plant. The two-phase flow from the
geothermal wells is separated into steam and water at 10 bar pressure in the primary sepa-
rator. Steam is directed to steam turbines and then to the condenser, which further exploits
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the remaining heat for pre-heating the freshwater for heat generation. The separated water
is flashed again and separated in steam (for the low-pressure power circuit) and water.

The brine separated by the low-pressure steam separator heats the pre-heated water in
high-pressure side condenser to the temperature required for the district heating system—
typically about 90 ◦C.

The following steps define the energy production process (Figure 1):

• Withdrawal of the geothermal fluid through the wells;
• Separation of the vapour phase and the liquid phase;
• Transport and heating of cold water (heat transfer fluid for cogeneration);
• Production of electricity;
• Connection to the national electricity grid and the Reykjavík district for heating.

Figure 1. Simplified schematic representation of the Hellisheiði power plant.

3. Life Cycle Analysis
3.1. Life Cycle Assessment

The present LCA study follows the framework, principles, requirements, and guide-
lines given by the International Organization for Standardization as described in ISO
14040:2006 and ISO 14044:2006 [12,13]. The following subsections discuss the four phases
of, namely the definition of goal and scope, choice of functional units, description of the
system, life cycle inventory (LCI) analysis for the scenario n.1 and n.2.

3.2. Goal and Scope

The objective of the present LCA is to study the environmental impacts of Hellisheiði
double flash cogeneration geothermal power plant comparing two scenarios that use tech-
nologies for the removal of pollutants formed to produce energy from a high-temperature
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geothermal resource. From the results of the LCA, it is possible to investigate the contribu-
tion of irreversibility to the different phases of the life cycle, highlighting the environmental
impacts of the technologies used and underlining the critical points of the plant. The study
investigates the effects of operational improvements built on the Hellisheiði cogeneration
plant from the year of construction to 2020 through three LCA methodologies. The study
examines two series of LCI: (1) Scenario 1: The baseline case inventory representing 2012
operational conditions as published in [5,6] and (2) Scenario 2: an updated inventory
representing the operational conditions of 2020 including operational improvements im-
plemented through the reduction of CO2 and H2S emissions into the atmosphere [23].
The whole LCA was developed as a component-based approach, considering the final
goal to perform an exergo–environmental analysis which highlights the importance of the
irreversibility or inefficiencies of the components.

3.3. Functional Unit and General Setup of the LCA

A flowchart of the Hellisheiði geothermal system is presented in Figure 2. The
Hellisheiði geothermal plant has two separate products: electricity and hot water. In this
work, the exergy approach was chosen and all processes were allocated to exergy, instead
of considering electricity and heat separately. The functional unit is thus 1 MWh of exergy;
the lifetime of the plant was set to 30 years of operation (this time is chosen for comparability
with other datasets and it is a typical lifetime applied for geothermal plants). The total
exergy produced in the powerplant is composed of work and heat exergy contributions.
The work output corresponds to the electricity produced by the turbines (a capacity factor
= 0.87 was assumed [5]). The heat exergy was calculated taking into account both the
quantity of heat produced (the average heat production is 91.44 MWt [5]) and its quality,
which depends on the temperature at which it is available. Specifically, the heat exergy was
evaluated applying a Carnot factor conversion, based on the log-mean temperature of the
primary district heating loop (40–90 ◦C) and the average annual ambient temperature for
Iceland (5 ◦C).

Heat-exergy is here identified with ExQ and can be expressed as follows:

ExQ = θ·Q and θ =

(
1− To

TQ

)
, (1)

where θ (Carnot factor or exergetic temperature, accounting for the value of heat) and TQ
and T0 denote the thermal product and reference environment temperatures (considered
here as the average yearly ambient temperature for Reijkjavik 5 ◦C), respectively. TQ is the
entropy-average temperature of the heat produced by the CHP unit, calculated as:

TQ =
Q

(∆S)
and TQ =

TD − TR

log(TD/TR)
, (2)

where ∆S is the overall entropy variation of the heat interaction (from delivery to return in
the case of a district heating system). In the specific case of distributing a single-phase heat
transfer fluid, TQ can be evaluated as a log-mean temperature.

The boundaries of the two case studies are defined following the detailed description
of the system and the construction of the flow diagram of the production cycle. All the
relevant flows were considered from a typical LCA “cradle to grave” perspective [24]. Both
upstream (raw material extraction, manufacturing, wells, and geothermal power plant
construction), operation (power generation, operation, and maintenance), and downstream
(decommissioning and end of life scenarios) processes were considered. The exploration
phase, before construction, was not included because of a lack of data (most of these
activities were at the origins of geothermal energy exploration in Iceland). Transport of
materials (or mechanical components) to the site and energy supply systems were not
taken into account.
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Figure 2. Flowchart showing the geothermal plant life cycle.

The Life Cycle Inventory (LCI) was developed using both primary and secondary data.
Primary data (input and output flows) for the main processes in the foreground system
referring to the power plant construction and operation, that is, input materials flow at
the construction of the wells, structures, machinery, and pipelines as well as those used
in operation and maintenance phases and transportation stages were gathered from the
various scientific publications relating to this plant [5,6,23,25,26]. Similarly, data regarding
the energy consumption that is: consumption of diesel for wells drilling, internal use
of electricity at the site and for drilling wells, and the composition of geothermal fluid
represent primary data. Secondary data such as inventory for electricity or construction
material production were retrieved from the Ecoinvent database version 3.6. For consistency,
average EU mixes regarding materials and other resources were considered. In Figure 3 the
considered life cycle phases are specified. The construction process considers heating station
building, power plant building, geothermal wells, collection pipelines, and machinery.
The maintenance process considers the need for an additional structure such as wells and
pipelines to sustain production during the plant’s lifetime. Also, the mass flow of elements
used in the cooling tower maintenance is considered. The operation process considers the
use of geothermal fluid, gas emission to air, and the additional use of electricity used for the
cold water pump in the heating station building.

Figure 3. Life cycle phases for the combined heat and power geothermal plant at Hellisheiði.
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3.4. Life Cycle Inventory

The first step of the LCA is the inventory analysis. This involves not only data
gathering but also the construction of a model able to represent as faithfully as possible the
actual production process.

The compilation of the inventory was based on previously published works [5,6,23].
To perform an EEvA, the LCI of the entire power plant must be available at a detailed
component level. The original LCI [5] reports the total materials for the whole plant:
it is then necessary to disaggregate the entire power plant inventory into the specific
components, identifying which materials belong to one or another and their respective
quantities. In this study, this was carried out through the utilization of data gathered
from detailed LCIs of Italian geothermal power plants of similar (flash) technology [4,24],
applying suitable scaling factors. As an example, the disaggregated inventory for the
construction phase of the Low- and High-Pressure Cooling Towers is reported in Table 1.

Table 1. Low-Pressure and High-Pressure Turbine Cooling towers Life Cycle Inventory (LCI).

Cooling Towers CTLP kg

Number 1 -
Expected lifetime 30 -

Stainless steel - 1651.78
Steel - 844.41

Copper - 119.72
Plastic - 367.34
GRP - 92,809.80

Cooling Towers CTHP kg

Number 6 -
Expected lifetime 30 -

Stainless steel - 9910.7
Steel - 5066.41

Copper - 718.31
Plastic - 2204.02
GRP - 556,858.80

3.4.1. Life Cycle Inventory—Scenario 1

For this scenario, all data were taken from [5], imported in OpenLCA 1.10.2 [27],
and upgraded to the Ecoinvent 3.6 database.

In 2012, 64 geothermal wells were drilled for the construction of the plant. Of these,
47 are designed for extraction of the geothermal fluid, and 17 are operated for its re-
injection. Every two years the drilling of a new well is necessary to keep the production of
electrical/thermal energy constant and for reasons of the plant maintenance. All wells for
scenario 1 are drilled using diesel generators.

3.4.2. Life Cycle Inventory—Scenario 2

This scenario represents the more recent inventory published in [23], also in this case
updated to Ecoinvent 3.6. The main changes with respect to Scenario 1 concern:

• The introduction of the CarbFix and SulFix gaseous effluent treatment system;
• The use of electric drilling machines instead of machines that consume diesel for the

construction of geothermal wells.

The CarbFix and SulFix gaseous effluent treatment system is based on a vertical cylin-
drical scrubber that washes the gaseous effluents before releasing them to the atmosphere.
Table 2 resumes the equipment utilized in the Carbfix pilot plant.
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Table 2. Efficiencies, types of equipment, and gas composition data at CarbFix pilot plant.

Efficiencies CH4 CO2 H2S Hydrogen Nitrogen

1_stage (Section 1) 0.780 0.320 0.680 0.910 0.264
2_ stage (Section 2) 0.800 0.338 0.714 0.934 0.267

Gas Composition (mol) CH4 CO2 H2S Hydrogen Nitrogen

1_stage (Section 1) 0.004 0.5450 0.2270 0.1590 0.0544
2_ stage (Section 2) 0.0083 0.5270 0.0172 0.3440 >0.0872

Equipment N◦ kW

Absorption Tower compressor 2 2 × 250
Absorption Tower pump 1 50

Cooling pump 1 35

The atmospheric pressure gas stream (0.336 m3/s) is washed by a flow rate of 36 kg/s
of freshwater, taken from the bottom of the column, and sprayed at 6 bar and 20 ◦C. A rele-
vant fraction of the gases is dissolved in the output water stream directed to reinjection,
while the non-water-soluble gases are vented to the atmosphere. Non-Condensable Gases
(NCG) gas compressor and Pump recovery data design are reported in Table 3.

Table 3. Details of NCG compressors and Recovery Pump design.

NCG Compressors Inlet Outlet Recovery Pump Inlet Outlet

Temperature [◦C] 38.05 40.01 Temperature [◦C] 20.29 20.32
Pressure [bar] 4.91 5.009 Pressure [bar] 6.002 9

Mass Flow [kg/s] 249.4 249.4 Mass Flow [kg/s] 35.47 35.47
Compressor type Centrifugal Total Power [kW] 7.059

Compressor Speed [rpm] 3000

A model of the CarbFix process was developed in UniSim Design [28] process software
(Figure 4), in order to simulate the capture of emissions.

Figure 4. Schematic of geothermal gas injection of CarbFix pilot plant through the process simulation developed with
Unisim® Design R471.

The simulation aims to represent the CarbFix process in the context of a simplified
approach to LCA of this which is important although a minor section of the whole power
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plant. The main purpose is to simulate how the two gases CO2 and H2S are dissolved in
water to be injected back into the well and to evaluate the size and power rating of the
main equipment for acid gas processing. The model includes the dependency of solubilities
of CO2 and H2S on pressure and temperature. The geothermal gas is pressurized at
about 5 bar and the soluble gases are separated from the rest in a water absorption tower.
To improve absorption it was necessary to divide the packaging section into two stages.
Stage 1 and Stage 2 are the column sections. The full height of the two sections is 12.50 m.
The internal packing materials are metal spheres with a diameter between 38 mm (Section 1)
and a maximum of 90 mm (Section 2). The total pressure drop is 161.4 mbar. In Section 1
(Stage 1), the temperature inlet is 27.41 ◦C, while in Section 2 (Stage 2), the temperature
outlet is 20.29 ◦C. The two sections are needed to improve the process’s efficiency and
maintain a column capacity factor of 88.50 %. The two stages are simulated with a Sour
SRK thermodynamic package for acid gases in water and ASME Steam for pure water.

Table 4 summarizes the results of the process calculation determining the amount of
gases in both streams (reinjection and vent) in the operation phase.

Table 4. Simulation of gas streams performed with Unisim® Design R471 [28].

Non-Water Soluble Gases CO2 [kg/s] H2S [kg/s] CH4 [kg/s] H2 [kg/s] N2 [kg/s]

249.9 kg/s total - - - - -
0.154 m3/s exhaust gas 0.0811 0.0026 0.00128 0.530 0.0134

Gases

Gas-charged water CO2 [kg/s] H2S [kg/s] CH4 [kg/s] H2 [kg/s] N2 [kg/s]
35.47 kg/s 0.145 0.127 0 5.02 × 10−6 2.12 × 10−4

The scrubbing tower contains 4.7 m3 of filling material [26]. The gas-charged water is
pressurized to 9 bar after absorption and transported through a high-density polyethene
pipe (1.5 km length, 279 mm inner diameter) to the injection wells.

It was assumed that, from 2016 to the end of life of the power plant, all new wells in
scenario 2 are drilled using electric drilling machines instead of traditional diesel drilling
platforms [29]. In the present scenario, the consumption of diesel is thus considered until
2016 and then the use of electricity coming from the Electricity National Mix (Icelandic
national grid) is applied for new wells.

3.5. Life Cycle Impact Assessment (LCIA)—Benchmarking of Methods

As the purpose of this LCA is to proceed with an exergo-environmental analysis,
the non-mandatory LCA steps of normalization and weighting are necessary to build a
single score indicator. For such cases, it is recommended to apply a benchmarking among
different Impact Assessment methodologies, in order to be sure that the major categories
are equally represented and augment the reliability of the single score evaluation. In the
present case, three accepted LCIA methods were proposed to quantify the single score
environmental impact of each component of the system: ReCiPe 2016 (H) (hierarchist
perspective impact assessment with normalization and weighting set: Europe ReCiPe H),
ILCD 2011 Midpoint+ (EC-JRC Global, equal weighting) and CML-IA baseline (EU25+3,
2000) [30–32].

All three methods represent a different situation due to several reasons, for instance,
each one has different impact categories that express the same environmental impact; or in
some cases, the methods have equivalent categories with different impact and characteriza-
tion factors. The results express, in general, a situation in line with high-priority impact
categories for a geothermal system. With specific reference to acid gas emissions, follow-
ing a conservative approach of previous LCA studies [6,33], the CML-IA non-baseline
approach was applied in all cases, assuming that all H2S is converted in SO2 with a 1.88
conversion factor (corresponding to complete oxidation of H2S). However, it should be
recalled that modern methods [32,33] do not consider H2S as a substance that generates
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strong impacts on acidification: consequently, its characterization factor (which has a
relevant uncertainty) is not directly considered for specific midpoint categories such as
acidification potential. The selected methods highlight that the most impactful categories
are Acidification (B confidence level), Human toxicity, and Ecotoxicity (C confidence level).
Climate change was also considered a high-priority category. All methods indicate that
emissions from the Hellisheiði power plant, when compared to the amount of energy
produced, have a minimal impact on the total normalized value. The impact assessment of
the Global Warming Potential is about 22 kg CO2/MWh, which is a low value compared to
the average of the Icelandic energy mix (43 Kg CO2/MWh; value calculated with ILCD
2011 midpoint using Ecoinvent 3.6).

The three LCIA methods allow identifying relevant categories for the environmental
impact of this plant: ILCD and ReCiPe show evidence of impact for Particulate Matter
Formation—a category with an intermediate level of priority. ReCiPe also points out the
relevant impact in terms of Water Consumption. Finally, ILCD and CML detect impact in
two categories—Photochemical Ozone Formation and Photochemical Oxidation, that have
a low level of priority [11]. For all categories, contributions lower than 1% were not
considered as below the significance level (Tables 5–7).

Table 5. ILCD 2011 midpoint results—most impactful categories.

ILCD Categories Impact Result Normalization (%)

Acidification [molc H+ eq] 1.16 × 101 45.97%
Particulate matter [kg PM2.5 eq] 5.43 × 10−1 23.82%

Human toxicity, cancer effects [CTUh] 1.02 × 10−6 18.24%
Freshwater ecotoxicity [CTUe] 8.77 × 101 5.21%

Photochemical ozone formation [kg NMVOC eq] 7.36 × 10−1 3.61%
Human toxicity, non-cancer effects [CTUh] 1.37 × 10−6 1.96%

Other categories - 1.18%

Table 6. ReCiPe 2016 midpoint results—most impactful categories

ReCiPe Midpoint Categories Impact Result Normalization (%)

Marine ecotoxicity [kg 1,4-DCB] 3.32 × 10−1 25.48%
Human carcinogenic toxicity [kg 1,4-DCB] 6.09 × 10−1 17.40%

Terrestrial acidification [kg SO2 eq] 8.85 × 100 17.10%
Freshwater ecotoxicity [kg 1,4-DCB] 2.54 × 10−1 16.36%

Water consumption [m3] 3.91 × 101 11.62%
Fine particulate matter formation [kg PM2.5 eq] 2.57 × 100 7.96%

Terrestrial ecotoxicity [kg 1,4-DCB] 2.38 × 101 1.82%
Human non-carcinogenic toxicity [kg 1,4-DCB] 3.18 × 100 1.69%

Other categories - 0.57%

Table 7. CML-IA baseline results—most impactful categories.

CML-IA Baseline Categories. Impact Results Normalization (%)

Acidification [kg SO2 eq] 1.06 × 101 60.14%
Photochemical oxidation [kg C2H4 eq] 4.26 × 10−1 23.44%

Marine aquatic ecotoxicity [kg 1,4-DB eq] 5.25 × 103 11.25%
Human toxicity [kg 1,4-DB eq] 1.49 × 101 2.85%

Fresh water aquatic ecotox [kg 1,4-DB eq] 3.88 × 100 1.77%
Other categories - 0.55%

The normalization process applied in Tables 5–7 allows highlighting the most relevant
categories for the midpoint analysis. In general, emissions to air produce a relevant impact
regarding Acidification, Particulate Matter, Photochemical Ozone Formation, Human toxic-
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ity, and Freshwater ecotoxicity. The reduction of these impacts is an important objective
to be achieved, which led to the introduction of the gaseous effluent treatment system
on this plant. Each of the methods evaluates the impacts in different ways but it can be
observed that all of them identify similar major environmental effects. Figure 5a–c shows
the contribution analysis, which demonstrates that most of the impacts come from the
construction of wells, pipelines, and mechanical equipment. It can be observed that power
plant maintenance has a relatively low environmental impact, while the end of life almost
is nearly negligible compared to the total.

Figure 5. Contribution analysis (a) ILCD 2011 midpoint, (b) ReCiPe 2016 midpoint, (c) CML-IA baseline.
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The ReCiPe method [30] includes provision for the further step of Damage Assessment
(EndPoint LCIA): all the Midpoint impact categories are reduced to three major damage
macro-categories: Human health (DALY), Ecosystem quality (species × yr), and Resource
depletion (USD2013). The results are 1.72 × 10−3 DALY, 2.47 × 10−6 species × yr, and
2.41 × 10−1 USD2013 respectively (all these values are referred to the functional unit, MWh
of exergy). After normalization, it is clear that Recipe indicates that Human Health is the
most impactful damage category concerning the total impact, covering about 84.4% of the
total (Figure 6).

Figure 6. ReCiPe 2016 endpoint, Normalization.

3.5.1. ReCiPe 2016 vs ILCD 2011

The purpose of this section is to discuss in detail the differences between two midpoint
methodologies: ILCD 2011 and ReCiPe 2016. The two methods have a different number of
impact categories and indeed focus on different environmental impacts. In cases where
categories reproduce the same environmental damage, the calculation method may be
dissimilar. Normalization is applied with very different approaches and the result is
that the most impacting categories may not be the same or may have different overall
impact percentages. It is interesting to analyse the comparable categories with equivalent
measurement units for both methods. In this way, it is possible to understand the difference
between the methodologies in the way of calculating the environmental impacts (Figure 7).

Figure 7. Differences between ILCD 2011 and ReCiPe 2016 for some relevant midpoint impact
categories (vertical scale 10 + log10[x]).
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It can be noted from Figure 7 that the Climate Change and Freshwater Eutrophication
categories are very close for both methods. The Particulate Matter category differs but the
calculation method applied is similar. The Ozone Depletion, Marine Eutrophication and
Water Resource Depletion categories differ widely and the last one is an example of the
relevant difference in approach between the two methods: in fact, the overall assessed
water consumption is 2.40 × 10−2 m3 for ILCD 2011, while it is 3.91 × 101 m3 for ReCiPe
2016. Moreover, after normalization this is a negligible category for ILCD, covering about
0.08% of the total impact; for ReCiPe, instead, it is a relevant category and covers about
11.62% of the total impact. This fact occurs because ILCD uses a country-specific factor,
which is reflected on the characterization factor, based on scarcity classification (Iceland is a
country with a low scarcity of water: Water Scarcity ratio ≤0.1), instead, ReCiPe considers
a characterization factor of 1 m3 of water consumed per m3 of water extracted [32,33].

3.5.2. CML Versus ILCD and ReCiPe

CML-IA baseline is a method with baseline indicators that are recommended for
simplified studies [31]. Human toxicity has a different unit of measurement compared
to the ILCD method; CML-IA expresses this category in kg 1.4 DB eq instead of CTUh,
so results are not comparable. Global warming and Ozone layer depletion have the same
calculation model and express the same results. Eutrophication, in CML-IA baseline,
expresses the nitrification potential in kg PO4 equivalent per kg emission, and fate is not
included in the model (the period is eternity). Differently, in ILCD—which applies the
same model as ReCiPe -the Freshwater eutrophication is expressed in kg P eq and the
characterization factor accounts for the environmental persistence (fate) in the emission
of P. Although the different unit of measurement and approach used in both method, it is
possible to make a calculation that converts from orthophosphate PO4 to phosphorus,
multiplying by the molecular mass ratio (0.3261 kg P/kg PO4). Applying this correction,
the eutrophication evaluated by CML assumes a value of 1.90 × 10−3 kg P—close to the
value reported with ILCD for Freshwater Eutrophication (Table 8).

Table 8. Difference between CML-IA baseline and ILCD 2011 midpoint.

CML-IA Baseline Amount ILCD 2011 Midpoint

Global warming (GWP100a) [kg CO2eq] 2.21 × 101 2.20 × 101 Climate change [kg CO2eq]
Ozone layer depletion (ODP) [kg CFC-11 eq] 2.90 × 10−7 2.90 × 10−7 Ozone depletion [kg CFC-11 eq]

Human toxicity [kg 1,4-DB eq] 1.49 × 101 1.02 × 10−6 Human toxicity, cancer effects [CTUh]
1.37 × 10−6 Human toxicity, non-cancer effects [CTUh]

Eutrophication [kg PO4—eq]
(Eutrophication [kg P-PO4eq]

5.83 × 10−3

1.19 × 10−3 1.13 × 10−3 Freshwater eutrophication
[kg p eq]

The CML-IA baseline should also be compared with ReCiPe 2016 midpoint (Table 9);
the two methods have in common some impact categories:

• Acidification
• Eutrophication
• Global warming
• Ozone layer depletion
• Human toxicity
• Marine aquatic ecotoxicity
• Terrestrial ecotoxicity

Acidification is expressed in kg of SO2 for both methods, however, CML is calculated
with the adapted RAINS 10 model; instead, ReCiPe calculates Acidification with the
Weighted World Average Fate Factor of SO2. For Eutrophication and Global warming,
the same considerations, made for the comparison with the ILCD method, apply. The
Ozone layer depletion is expressed in kg CFC-11 eq for both methods; however, CML
applies the World Meteorological Organization (WMO) approach, which defines the ozone



Sustainability 2021, 13, 1935 13 of 22

depletion potential of different gasses with an infinite time horizon. In contrast, ReCiPe
applies the Ozone Depleting Substance (ODS) method proposed by the United States
Environmental Protection Agency (EPA) with a 100 years of time horizon. Marine Aquatic
Ecotoxicity, Terrestrial Ecotoxicity, and Human toxicity are expressed in terms of kg of
1.4 dichlorobenzene equivalent for both methods; however, CML applies the USES-LCA
approach, describing fate, exposure, and effects of toxic substances for an infinite time
horizon in one category; while ReCiPe applies USES-LCA with a100 years of time horizon,
resulting in a different characterization factor. Moreover, ReCiPe has different midpoint
factors for human cancer and non-cancer effects, so it expresses two Human toxicity
categories, while CML calculates only one.

Table 9. Difference between CML-IA baseline and ReCiPe 2016 midpoint.

CML-IA Baseline Amount ReCiPe 2016 Midpoint

Acidification [kg SO2eq] 1.06 × 101 8.85 × 100 Terrestrial acidification [kg SO2eq]
Eutrophication [kg PO4— eq] 5.83 × 10−3 1.12 × 10−3 Freshwater eutrophication [kg P eq]

(GWP100a) [kg CO2eq] 2.21 × 101 2.23 × 101 Global Warming [kg CO2eq]

Human toxicity [kg 1,4-DB eq] 1.49 × 101 6.09 × 10−1 Human carcinogenic toxicity [kg 1,4-DCB]
3.18 × 100 Human non-carcinogenic toxicity [kg 1,4-DCB]

Marine aquatic ecotoxicity [kg 1,4-DB eq] 5.25 × 103 3.32 × 10−1 Marine ecotoxicity [kg 1,4-DB eq]
Ozone layer depletion (ODP) [kg CFC-11 eq] 2.90 × 10−7 1.25 × 10−6 Stratospheric Ozone depletion [kg CFC-11 eq]

Terrestrial ecotoxicity [kg 1,4-DB eq] 2.17 × 10−2 2.38 × 101 Terrestrial ecotoxicity [kg 1,4-DB eq]

In conclusion, the benchmarking among different LCIA approaches showed that
some methods give specific relevance to specific categories; however, the three methods
demonstrated a substantial agreement referred to the main categories implied in the case
of the present geothermal power plant. All this considered, it was necessary to adopt
one single method for Life Cycle Assessment. The European trend in Life Cycle Thinking
is to move progressively to the use of the Environmental Footprint (EF) method (with a
dedicated secondary process database), a methodology derived from the ILCD method
with significant changes and improvements. Nowadays, the EF 2.0 version exists and the
EF 3.0 version is being developed. At the moment of the analysis, it was not possible to
apply the EF method, because of the availability and completeness of the EF database and it
was decided to use the ILCD method (which is applicable with the well-proven Ecoinvent
3.6 database) as the environmental score to be used later in the EEvA.

3.6. LCA Comparison of Scenario 1 and Scenario 2

The comparison between the two scenarios was carried out using the ILCD 2011
midpoint methodology (Figure 8).

The results show that all categories in Scenario 2 have a lower environmental impact
compared to Scenario 1, as expected. The reduction of emissions to air of hydrogen sulphide
and carbon dioxide have an essential role in the categories of Acidification, Climate Change,
Particulate matter, and Photochemical ozone formation. A further improvement of the
exhaust vapour treatment system in CarbFix and SulFix projects would mean a drastic
reduction of impacts for these categories.

The use of electricity for the drilling of wells also represents an improvement, although
not very considerable in all categories. This is an expected outcome because only 14 wells
are drilled with the use of electricity during the lifetime of the power plant, the remaining
66 wells having already been drilled (64 wells at the beginning of the plant, 2 maintenance
wells) with diesel fuel consumption. It would be possible for future geothermal plants
to improve significantly the environmental performance if the drilling of productive and
re-injection wells is performed from the beginning using electric drilling platforms.
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Figure 8. Comparison between the two scenarios analysed, ILCD 2011 midpoint (vertical scale10 + log10(x) of the
category indicator).

3.7. Calculation of Single Score Values

The next step after carrying out the impact analysis and selecting the reference method
of analysis (here, ILCD 2011 Midpoint) is to calculate the single score of the method
(Equation (3)), expressed in so-called eco-points. This was done for the main components
of the power plant, presented in Figure 1, applying a disaggregation approach from the
whole plant. From the result of the impact analysis of each component, normalization
and weighting were carried out using the recommended EC-JRC Global-Equal Weighting
normalization set. Normalization is done by dividing the characterized results by an
estimate of the total or per capita equivalent emissions in that impact category associated
with an entire geographical region.

NIi =
CIi

NRi
→ sin gle score = NIi × wi, (3)

where NIi—normalized value of i—th impact category, CIi—i—th impact category, NRi—
normalization factor representing the specific region, wi—weighting factor

The results of normalization and weighting at the component level are reported in
Table 10. The results are divided into main powerplant components (referred to the scheme
in Figure 1). The other contributions of the power plant are considered as common to
be distributed among main components based on the total exergy destruction of each
component (as explained in the next section, Equation (4)).
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Table 10. Single scores of main components; ILCD 2011 midpoint, EC-JRC Global-Equal Weighting.

Single Score, EP Single Score, EP

Main Components [Pt] Common Components [Pt]

HP Steam Separator HPS 1.40 × 103 Moisture remover HPM 8.00 × 102

HP Turbines HPTG 5.06 × 104 Moisture remover LPM 7.79 × 102

DH condenser HP HPC-DH 6.78 × 102 Deaerator DA 5.45 × 102

HP Condenser HPC 1.13 × 104 Cold water tank CWT 5.75 × 100

Pump 1 PHP1 7.12 × 101 District Heating tank DHT 2.87 × 100

Pump 2 PHP2 1.93 × 103 Wells WLL 1.35 × 105

HP Cooling tower HPCT 1.35 × 104 Pipelines PP 1.77 × 105

LP Steam Separator LPS 1.33 × 102 Building Power Plant BPP 6.37 × 104

LP Turbine LPTG 6.18 × 103 Building Heating Station BHS 2.73 × 104

Condenser LP LPC 1.43 × 103 Land Use LU 7.59 × 102

Pump 3 PLP1 1.10 × 101 Emission Emi 1.56 × 106

Pump 4 PLP2 4.55 × 102 Operation Ope 5.27 × 103

LP Cooling tower LPCT 2.24 × 103 Maintenance Man 5.32 × 104

HE for DH DHHX 2.20 × 103 End of Life EoL 1.48 × 103

4. Exergo-Environmental Assessment

In the first step of exergo-environmental assessment, detailed exergy analysis is
performed. Exergy is an indicator of the capacity of a system, of matter streamflow,
or an energy interaction (heat, work, potential or kinetic energy) to produce work when
interacting with the reference environment. An exergy balance can be written separating
input (+) and output (−) terms:

∑k W−k + ∑i θmiQ−i + ∑j E−j = ∑k W+
k + ∑i θmiQ+

i + ∑j E+
j −∑h ExDL, (4)

where the parameter Wk (kW) is the exergy work (work = exergy), θmiQi is the heat exergy,

with θmi corresponding to the Carnot factor θmi = 1− Tre f
TavS

, Ej is the transformation exergy
and ExDL s the exergy Destruction or Loss—the balance is non-conservative because real
processes are irreversible.

The aim of the exergy analysis is to identify the component in which exergy destruction
and loss occurs and to determine the thermodynamic performance of the system [34,35].
For each component of the system, exergy of input and output flows and exergy destruc-
tions and losses are calculated.

As the next step, it is possible to assign the results of the environmental analysis to
the exergy streams. The environmental impact per unit of exergy of j-stream, entering or
exiting the powerplant component, bj (Pts/MJ of exergy; or Pts/MWh referring to the final
cost of electricity or heat) is defined by:

bj =

.
Bj

Exj
, (5)

where the parameter
.
Bj (Pts/s) is the environmental impact rate, expressed in single score

eco-points (here, ILCD 2011 Midpoint) per unit of time (considering 7446 hr/yr [36] and
30 years of lifetime [37]) and Exj (MW) is the exergy content related to each j-stream.

With respect to LCA, EEvA applies conservation balances for mass and energy through
the whole plant and identifies the exergy destructions and losses. Following that, the EEvA
methodology is based on the solution of environmental impact balances performed for
each component k:

∑
.
Bj,k,in +

.
Yk = ∑

.
Bj,k,out. (6)
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Auxiliary equations are also necessary if the number of unknown variables in Equation (6)
is greater than one [35]. Auxiliary equations are applied using Fuel and Product principles,
following consolidated rules of exergo-economic analysis [35,38]. The environmental balance
equations are given in Table 11.

Table 11. Environmental impact balances and the corresponding auxiliary equations for the Hellisheiði power plant based
on components specified in Figure 1.

Component Environmental Balance Equation Auxiliary Equation

Wells + Main Valve
.
Bin = b1·Ex1

.
Bout = b2·Ex2

b1 = bfuelkJ

bfuelkJ
=

.
Y1

(Ex1−Ex12−Ex26−Ex27)

HP Steam Separator
.
Bin = b2·Ex2 +

.
Y2.

Bout = b3·Ex3 + b6·Ex6
b3 = b6

HP Turbines
.
Bin = b3·Ex3 +

.
Y3.

Bout = b4·Ex4 + bTHp·WtHp
b3 = b4

DH condenser HP
.
Bin = b4·Ex4 + b13·Ex13 +

.
Y4.

Bout = b4b·Ex4b + b14·Ex14
b13 = 0b4 = b4b

Condenser HP
.
Bin = b4b·Ex4b + b18·Ex18 + Y5.

Bout = b5·Ex5 + b19·Ex19

b18 = b19
b4b = b5

Pump1

.
Bin = b5·Ex5 + bP1·Wp1 +

.
Y6

.
Bout = b16·Ex16

bp1 = bttot

Mixing Point1
.
Bin = b16·Ex16 + b19·ex19 +

.
Y7.

Bout = b17·Ex17
-

Pump2

.
Bin = b17·Ex17 + bP2·Wp2 +

.
Y8.

Bout = b25·Ex25
bp2 = bttot

HP Cooling tower
.
Bin = b25·Ex25 + b28·Ex28 +

.
Y9.

Bout = b18·Ex18 + b26·Ex26 + b29·Ex29

b28 = 0
b18 = b26

Valve 2
.
Bin = b6·Ex6 +

.
Y10

.
Bout = b7·Ex7

-

LP Steam Separator
.
Bin = b7·Ex7 +

.
Y11.

Bout = b8·Ex8 + b11·Ex11
b8 = b11

LP Turbine
.
Bin = b8·Ex8 +

.
Y12.

Bout = b9·Ex9 + bTlp·Wtlp

b8 = b9

bttot =
bTHp·WtHp+bTlp·Wtlp

WtHp+Wtlp

Condenser LP
.
Bin = b9·Ex9 + b20·Ex20 +

.
Y13.

Bout = b10·Ex10 + b21·Ex21

b20 = b21
b10 = b9

Pump 3

.
Bin = b10·Ex10 + bP3·Wp3 +

.
Y14.

Bout = b22·Ex22
bp3 = bttot

Mixing Point2
.
Bin = b22·Ex22 + b21·Ex21 +

.
Y15.

Bout = b23·Ex23
-

Pump 4

.
Bin = b23·Ex23 + bP4·Wp4 +

.
Y16.

Bout = b24·Ex24
bp4 = bttot

LP Cooling tower
.
Bin = b24·Ex24 + b30·Ex30 +

.
Y17

.
Bout = b20·Ex20 + c27·Ex27 + c31·Ex31

b30 = 0
b20 = b27

HE for DH
.
Bin = b11·Ex11 + b14·Ex14 +

.
Y18.

Bout = b15·Ex15 + b12·Ex12
b11 = b12

The component-related environmental impact rate,
.
Yk (Pts/s), is associated with the

life cycle of the component k and consist of the impacts occurring during construction,
O&M, and end of life stages of component k. Moreover, for the components within which
the chemical reaction occurs and the pollutants are formed, their impact has to be also
considered. The NCGs were considered within the environmental cost of the geothermal
fluid, derived from the environmental impact of the wells.
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In the present study the component-related environmental impact
.
Yk, was calculated

including not only the impact rate of the component k but also considering the contribution
to the environmental impact deriving from the relevant auxiliary components functional
to the whole plant (e.g., buildings, pipelines, operation and maintenance, end of life, etc.),
which were distributed on each component proportionally to the exergy destruction ratio
zD,k =

ExD,k
ExD,TOT

, as shown in Equation (7):

.
Yk =

.
YCO,k + zD,k ×

.
YTOTOC , (7)

where
.
YCO,k: is the impact of the component related to the production of raw materials

and manufacturing;
.
YTOTOC : is the impact of all the other components which have not been

represented in Figure 1.
By solving this set of equations it was possible to calculate the values of environmental

impact rates of each component streams as well as exergo-environmental variables. For the
interpretation of an EEvA, the following exergo-environmental variables can be defined:

I. Environmental impact of exergy destruction occurring inside each component:

.
BD,k = bF,k·

.
ExD,k, (8)

where bF,k is the average specific impact associated with the flows that supply the compo-
nent k.

The exergy losses (which are unavoidable and referred to as non-productive compo-
nents needed for the operation of th whole plant) were treated as non-impacting on the
system (the environmental impact cost of streams 28 and 30 is considered as zero).

II. Total environmental impact associated with a component allowing to determine the
largest environmental impact:

.
BTOT,k =

.
BD,k +

.
Yk. (9)

III. The exergo-environmental factor fb,k, representing the percentage contribution of
.
Yk

compared to the total
.
BD,k +

.
Yk, that expresses the primary source of the environmen-

tal impact of these components:

fb,k =

.
Yk

.
BD,k +

.
Yk

. (10)

IV. The relative difference of the specific environmental impacts (Products-to Fuel) for
the k-th component allows identifying the potential for improvement:

rb,k =
bP,k − bF,k

bF,k
. (11)

In terms of exergy balance, the relative exergy destructions of each component are
displayed in Figure 9. The component with the highest destruction is the main valve at
the wellhead, due to the drastic reduction of pressure, from the reservoir conditions to
the operating parameter at the inlet of the power plant. This component includes the
exergy destruction due to friction losses of the fluid ascending through the wells: this first
component includes thus (for the exergo-environmental analysis) both the wells and the
main valve. The second component with the highest exergy destruction is the set of HP
turbines, with an overall exergy destruction which is about half the value recorded for the
wells/valve assembly. These two components contribute to more than 60% of the total
exergy destruction of the power plant. The exergy efficiency of the power plant results to
be 49.7%, with the highest inefficiencies located in the HP section.
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Figure 9. Exergy destruction [kW] of each component of the power plant.

The results of the exergo-environmental analysis are presented in Table 12. Concerning
the total environmental impact (

.
BTOT,k), which includes both contributions of the compo-

nents’ life cycle and exergy destructions, the wells and main valve emerged as the most
impacting component, representing about 35% of the global effect. 85% of the wells and
main valve impact value is due to the specific environmental cost of the component

.
Yk,

whereas only a small part (15%) is attributable to the exergy destructions (
.
BD,k), even if

this is the largest within the power plant. Indeed, even if the thermodynamic irreversibility
occurring inside the wells and main valve contributes to 38% of the total impact of exergy
destructions, the specific cost of the component is one order of magnitude higher. The con-
tribution of the specific cost of the wells is the most relevant among the components and its
share is above 40%. The other components which have a significant environmental impact
are the HP turbines, the HP Condenser, and the HP cooling towers. Both the HP turbine
and HP Condenser contribution is mainly attributable to the specific cost of the component
.
Yk, while for the HP cooling tower (as wells as for the LP cooling tower), the environmental
cost is dominated by the exergy destruction; this implies that there is, in this case, a margin
of improvement, for example improving the design, increasing the surface area of the
fillings of the cooling towers.

The components which have the highest potential for improvement are those with a
high value of rb,k: in this case, the HP turbines, the DH condenser, and the HP Condenser.
Indeed, there is room for improvement in these components, as testified by the high exergy
destruction values. On the other hand, the Wells and main valve present a low value of
rb,k, this means that to improve this component, a more difficult intervention should be
carried out.

Finally, it is possible to perform of the environmental cost of electricity and heat pro-
duced by the power plant. Specifically, the environmental cost of electricity is 1.82 cPts/MWh,
generated by 81% by the specific cost of the component and by 19% by the exergy destruc-
tion, while the environmental cost of heat is 1.32 cPts/GJ of generated hot water, derived by
73% by the specific cost of the components and 27% by the exergy destruction.
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Table 12. Exergo-environmental variables of the Hellisheiði plant.

Component Single Score,
EP [Pts]

.
Yk

[Pts/s]

.
BD,k

[Pts/s]

.
BTOT,k
[Pts/s]

fb,k
[%]

rb,k
[–]

Wells + Main Valve 907,964 1.13 × 10−3 2.05 × 10−4 1.33 × 10−3 0.847 0.214
HP Steam Separator 1400 1.74 × 10−6 0.00 × 100 1.74 × 10−6 1 0.002

HP Turbines 513,868 6.39 × 10−4 1.49 × 10−4 7.88 × 10−4 0.811 1.34
DH condenser HP 28,462 3.54 × 10−5 8.95 × 10−6 4.43 × 10−5 0.798 13.6

Condenser HP 435,391 5.41 × 10−4 1.37 × 10−4 6.78 × 10−4 0.799 10.2
Pump1 102.5 1.28 × 10−7 2.35 × 10−8 1.51 × 10−7 0.844 0.638

Mixing Point1 2826 3.51 × 10−6 9.34 × 10−6 1.29 × 10−5 0.274 0.017
Pump2 2807 3.49 × 10−6 6.59 × 10−7 4.15 × 10−6 0.841 0.650

HP Cooling tower 145,049 1.80 × 10−4 4.32 × 10−4 6.12 × 10−4 0.295 1.84
Valve 2 59,352 7.38 × 10−5 1.91 × 10−5 9.29 × 10−5 0.794 0.496

LP Steam Separator 133 1.65 × 10−7 0.00 × 100 1.65 × 10−7 1 0.00103
LP Turbine 34,018 4.23 × 10−5 1.34 × 10−5 5.57 × 10−5 0.759 0.521

Condenser LP 58,619 7.29 × 10−5 2.76 × 10−5 1.00 × 10−4 0.726 8.92
Pump 3 15.97 1.99 × 10−8 3.73 × 10−9 2.36 × 10−8 0.842 0.644

Mixing Point2 353.4 4.40 × 10−7 1.57 × 10−6 2.01 × 10−6 0.218 0.0181
Pump 4 670.7 8.34 × 10−7 1.62 × 10−7 9.96 × 10−7 0.837 0.663

LP Cooling tower 12,832 1.60 × 10−5 4.54 × 10−5 6.14 × 10−5 0.260 0.875
HE for DH 48,816 6.07 × 10−5 2.25 × 10−5 8.32 × 10−5 0.730 2.39

Total 2,252,679.6 2.80 × 10−3 1.07 × 10−3 3.87 × 10−3

5. Discussion & Conclusions

The Hellisheiði geothermal power plant, producing electricity and heat, was revisited
applying an updated and component-level Life Cycle Analysis and benchmarking different
impact assessment approaches; after that, exergy and exergo-environmental modelling
were applied.

The LCA methodology follows until the midpoint evaluation of the LCA guidelines
for geothermal plants developed in the GEONVI project. The LCI data were updated to
Ecoinvent 3.6 database for secondary flows and the LCI was disaggregated into the relevant
plant components. The environmental impacts covered the typical phases of construction,
operation, and disposal of the plant. The environmental performance is specific to this case,
as it depends on the resource conditions, on the technology utilized for energy conversion,
and on measures taken for the abatement of emissions. The main parameters that influence
the environmental impact are the gases present in the geothermal fluid—in particular CO2
and H2S—and the pollutants associated with the use of diesel fuel (drilling, dismantling,
and closure of wells). Two scenarios were considered: (i) the original power plant case
(2012 inventory) (ii) the present development status with new technology for the abatement
and re-injection of emissions and other relevant improvements (e.g., electrical drilling
platforms for the new wells).

In order to proceed with the Exergo-Environmental Analysis, it was necessary to
calculate a single-score value for each of the fundamental plant components applying
an accepted method for Impact Assessment after Normalization and Weighting. Three
approaches were considered and benchmarked: ILCD 2011, Recipe 2016, and CML-IA
(all of them relying on Ecoinvent 3.6 for secondary data). After verifying consistency
among the methods for the major midpoint impact categories, the ILCD 2011 approach
was selected.
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The comparison between Scenario 1 and Scenario 2 shows at present moderate im-
provements for the categories of acidification, climate change, particular matter, and
photochemical ozone formation. The reduction of emissions into the atmosphere affects
the categories mentioned. It is expected that the removal of CO2 and H2S will be ex-
tended in the near future and this will further improve the environmental performance.
Electric drilling of wells significantly reduces impacts on all categories and is recommended
wherever possible but at the moment only 14 wells are drilled with this technology.

Finally, the exergo-environmental analysis based on ILCD 2011 single-weighted impact
scores for the main plant components allowed to highlight the most impactful contributions
for the power plant, namely the geothermal wells + main valve, the HP turbines, the
HP condenser, and the HP Cooling towers. The environmental cost of the geothermal
wells specific is the main contributor to the environmental impact of the power plant
(

.
Yk = 1.13 × 10−3 Pts/s). Even if the exergy destruction in the wells + valve is the biggest

(ExD = 115 MW), its environmental contribution is still one order of magnitude lower than
the specific environmental costs of the wells+valve. This implies that an improvement
in drilling techniques is required in order to improve the environmental sustainability of
geothermal power plants.

On the other hand, referring to the high-pressure turbines and condenser, the impact
share attributable to the exergy destruction of the components is relevant but still less
impacting concerning their specific environmental cost. Conversely, for the HP cooling
towers (as well as for the LP cooling towers), the exergy destruction of the components is
more relevant than their specific environmental costs. This implies that a better design of
the component could allow for a significant reduction of the total environmental cost of the
component, as testified by the low value of the exergo-environmental factor fb.

The fact that the environmental cost
.
Yk is large for the wells reflects the common

situation for geothermal systems, where wells drilling and construction plays a major role;
on the whole—compared to fossil-fuelled power plants-exergy destructions (

.
BD,k) need to

be considered but play a minor role, as happens for other renewable energy systems.
The final obtained environmental cost of electricity was 1.82 cPts/MWh, generated

mainly 81% by the specific cost of the component, while the environmental cost of heat
is 1.32 cPts/GJ of generated hot water, also mainly derived by the specific cost of the
components (73%).

As a final remark, the EEva here applied only takes into account ILCD 2011 single-
weighted impact scores. This was done for the sake of brevity and for stressing the
methodology of the LCA and EEvA procedures. Future developments will involve a
sensitivity analysis with the employment of a benchmarking of different LCIA methods.
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Nomenclature
.
B Environmental impact rate LCIA Life Cycle Impact Assessment
.
BD Environmental impact of exergy destruction LCT Life Cycle Thinking
.
Y Component relate environnemental impact rate LP Low Pressure
b Environment impact per unit of exergy Mwe Mega Watt electric
CHP Cogeneration of Heat and Power MWt Mega Watt thermal
CI Impact category NCG Non condensable gases
DH District Heating NI Normalized value
EEvA Exergo-environmental Analysis O&M Operation and maintenance
EF Environmental Footprint ODS Ozone Depleting Substance
EGS Enhanced geothermal system ORC Organic Rankine Cycle
EoL End of Life θ Carnot factor
EP Eco Point Q Heat
EPA Environmental Protection Agency r Relative difference of specific

environmental impacts
EU European Union RES Renewable energy sources
Ex Exergy s Entropy
f Exergo-environmental factor T Temperature
HP High Pressure w Weighting factor
LCA Life Cycle Analysis W Power
LCI Life Cycle Inventory z Exergy destruction ratio
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