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Abstract

:

The Hellisheidi geothermal power plant, located in Iceland, is a combined heat and power double-flash geothermal plant with an installed capacity of 303.3 MW of electricity and 133 MW of hot water. This study aimed to elucidate the environmental impacts of the electricity and heat production from this double-flash geothermal power plant. In this vein, firstly, the most updated inventory of the plant was generated, and secondly, a life-cycle assessment approach based on the exergy allocation factor was carried out instead of applying the traditionally used allocations in terms of mass and energy. The functional unit was defined as the production of 1 kWh of electricity and 1 kWh of hot water for district heating. The life-cycle stages included the (i) construction, (ii) operation (including abatement operations and maintenance), and (iii) well closure of the geothermal plant. All of the life-cycle stages from construction to dismantling were considered. Finally, the results on the partitioning of the environmental impact to electricity and heat with exergy allocations showed that most of the impact should be charged to electricity, as expected. Furthermore, the distribution of the environmental impacts among the life-cycle stages determined that the construction stage was the most impactful for the electricity and heat production. This result was attributable to the large consumption of steel that was demanded during the construction of the geothermal power plant (geothermal wells, equipment, and buildings). Impacts due to the abatement stage demonstrated that this stage satisfactorily reduced the total impact attributed to the three life-cycle stages of the geothermal power plant.
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1. Introduction


Geothermal energy has attracted attention from the point of view of environmental sustainability due to its potential significant contribution to the decarbonization of the power generation sector and, therefore, the transition to a low-carbon economy [1]. In particular, the geothermal industry in Iceland is very well developed, and private companies are leading the industry in exploration and research. In particular, the Hellisheidi geothermal power plant is a combined heat and power (CHP) plant that has caught the attention of several studies that have been performed to evaluate its intrinsic environmental burden. To attain this aim, a life-cycle assessment (LCA) methodology has been proposed as a valuable and promising approach. It has been considered to attain the optimization of several industrial processes and energy systems [2,3,4].



In particular, the LCA approach has been applied to geothermal energy units to provide a comprehensive analysis of the related environmental impacts [5,6]. On the one hand, the LCA approach has been widely applied to evaluate the environmental impact of geothermal energy conversion and its comparison with other renewable energy technologies (for instance, wind, solar, and biomass energy) [7,8,9]. On the other hand, the LCA approach also provides a reliable methodology to assess the environmental performance of geothermal system reference cases of different types and sizes [9,10]. A review of LCA applied to geothermal energy conversion can be found in the works of Tomasini-Montenegro et al. [5], Frick et al. [11], and Pratiwi et al. [12] for case studies of enhanced geothermal systems (EGSs). Recently, updated LCA guidelines for geothermal plants were developed within the GEOENVI H2020 project [13]. Parisi et al. [14] defined a standard for LCI data collection (which was used in the present case) and provided useful recommendations for the implementation of the analysis. The harmonized LCA framework was based on experts’ knowledge from both the geothermal and LCA sectors. It can ensure comparability among LCA results from different geothermal systems and other renewable energy technologies. In addition, Parisi et al. [15] focused on the revision of the environmental impacts of several power plants of different types and resource conditions, including the Hellisheidi CHP plant.



For the Hellisheidi CHP plant, the majority of the LCA studies reported in the literature have focused on a cradle-to-grave approach and the inventory (LCI) provided by Karlsdòttir et al. [16,17]. In these works, secondary data based on an ecoinvent v3.4 database were considered, and the CML-IA baseline and the cumulative energy demand (CED) were selected as the evaluation methods. Additional works by Paulillo et al. [18] and Colucci et al. [19] reprocessed these data using different LCA tools and considering updated LCIs based on more recent primary and secondary data (ecoinvent 3.6). Energy, exergy, and economic allocation methods are commonly used in LCA studies of CHP plants [17]. As the Hellisheidi geothermal power plant is a CHP plant, the three different allocation factors mentioned previously have been reported in the literature [17,18] to evaluate the environmental burden of the electricity and heat from the geothermal CHP plant. In multiproduct plants producing both electricity and heat, the use of exergy allocation factors is highly recommended, because an allocation factor based on exergy allows for an evaluation of the quality of the energy that is produced and makes electricity and heat comparable [10].



In this vein, the present work focused on the use of exergy allocation as a consistent way of assigning the impacts associated with the use of geothermal fluid to the two different products (electricity and heat). Furthermore, in comparison with previously published works, this study gathered the most updated primary raw data referring to the (i) construction, (ii) operation (including abatement operations and maintenance), and (iii) well closure of the geothermal plant. The inventory was normalized to 1 kWh of electricity and 1 kWh of heat production in the plant. The results were modeled with the most updated LCA database and assessed using the ReCiPe method. Finally, specific efforts were made to identify hotspots in the life cycle and, where possible, suggest improvements.




2. Materials and Methods


2.1. General Description of the Hellisheidi Power Plant


The Hellisheidi power plant is a flash-steam geothermal CHP plant located in southwest Iceland, around 30 km east of Iceland’s capital, Reykjavik. The power plant was commissioned in 2006, with an initial electricity (E) production capacity of 90 MWe and no heating (H), but has since then been developed further. Currently, the electric production capacity of the plant is 303 MWe, delivering electricity to Iceland’s national grid, and the thermal capacity is 133 MWt, supplying district heating to Iceland’s capital area.



The plant utilizes energy contained in the geothermal fluid extracted from deep wells (with average depths of 2247 m for wide wells and 2346 m for narrow wells) located around the plant. In this plant, there is 36 km of pipes. The two-phase fluid is run through insulated steel pipes to high-pressure separators, where the geothermal fluid is separated into steam and brine. The steam goes on to produce electricity in high-pressure turbines, while the brine goes through a second separation stage, where electricity is produced under a lower pressure. Hot water is produced by extracting fresh water and running it through heat exchangers located at the outlet of the high-pressure turbine and the outlet of the low-pressure separator. A simplified flow diagram for the Hellisheidi geothermal power plant is presented in Figure 1.



Since 2014, the abatement of CO2 and H2S has been ongoing at the Hellisheidi plant on an industrial scale. With the abatement methods, called CarbFix and SulFix, the CO2 and H2S coming from plant’s outlet are dissolved in water and reinjected through reinjection wells back into the basaltic rock formation. The CarbFix method has proven to be highly efficient, with 95% of the CO2 being mineralized within two years after reinjection [20]. This abatement technology requires additional piping to transport gas from the power plant and water. The fluids are transported to a water scrubbing system, where the gas dissolves in water and is thereafter transported via pipelines to reinjection wells. In 2017, the reinjection of CO2 and H2S amounted to 10,000 tons and 5000 tons, respectively. This corresponded to 34% and 68% of the plant’s annual emissions, respectively [20].



Reference data for the energy production in the Hellisheidi power plant are presented in Table 1. The included data correspond to production based on the average performance over a 30-year lifetime for both heat and power production. The operational data used in this work refer to 2020.




2.2. Life-Cycle Assessment (LCA) Methodology


LCA is a scientifically recognized methodology supported by the ISO standard 14040 series. As a general framework, LCA attempts to associate the emissions, resource extraction, and processes (i.e., inputs and outputs along the value chain) into environmental impact categories. The LCA approach has been widely recognized as a reference method that can be applied to the assessment of energy systems [7]. It has also demonstrated applicability for providing comparisons of geothermal systems with other renewable energy technologies [10,18], and to ensure comparability among LCA results from geothermal energy systems of different types and sizes [14].



Following the standard definition, this methodology is synthesized in four interrelated phases (see Figure 2) to harmonize its application: goal and scope definition, inventory analysis, impact evaluation, and the interpretation of results [14].



2.2.1. Goal and Scope


The main objective of this analysis was to quantify the magnitude of the environmental burden of the Hellisheidi double-flash cogeneration geothermal power plant based on applying exergy allocation factors. The material and energy burdens were quantified per functional unit, defined as the production of 1 kWh of electricity and 1 kWh of hot water for district heating. In addition, 30 years was considered as the timescale. All inputs and outputs related to the electricity and heat production processes were consistently managed and correlated based on these two references.



	
System description and boundaries






As can be seen in Figure 3, this study was based on the evaluation of the Hellisheidi power plant with a life-cycle perspective using a cradle-to-grave approach in order to develop a robust LCA study comparable to other geothermal systems.



The system boundaries defined in this study corresponded to the analysis of the power plant’s life-cycle stages. It comprised the assessment of the following phases: the construction, operation (including abatement operations and maintenance), and well closure of the geothermal plant (dismantling). This was similar to the system boundaries of the LCA study performed for other geothermal power plants worldwide, as reported by Tosti et al. for the Italian Bagnore geothermal power plant system [21].



The Hellisheidi power plant produces both electricity and hot water simultaneously. Some processes are exclusively attributable to the electricity product (i.e., E in Figure 3), while others are exclusively attributable to the heat product (i.e., H in Figure 3). Inevitably, there are also processes that are defined as multifunctional (i.e., M in Figure 3) and are used to produce both.



Due to multifunctional processes coexisting to simultaneously generate electricity and heat, there was a need to either assign or allocate the inputs and outputs to the relevant output flows [19]. Consequently, an allocation factor was considered according to a product logic that appropriately attributes material and energy inputs to properly quantify the corresponding environmental impacts to the respective outputs.



Several LCA studies have focused on evaluating the environmental performance of geothermal plants [20,22]. The majority of these works have been generally based on energy allocation [16,17] and the related cost allocation factor [18]. The allocation factor of energy means giving equal weight to electricity and heat, without taking into account that heat does not have the same energy quality as electricity. The allocation factor of the cost of energy does not consider the physical properties of energy, but only the economic ones. Other than these two options for allocation, a new approach that takes into account the physical properties of energy and homogenizes the two contributions by considering the quality of the energy (i.e., the exergy) has been identified to be less extensive [17,19]. This allocation procedure has been defined to deal with such multifunctionality as a proper allocation method, according to the ILCD Handbook [23]. This work applied an allocation factor based on exergy to provide new insights concerning the applicability of the latter option and attribute the environmental impacts to the power plant’s two main products.



	
Exergy allocation factors






In an analysis of energy systems, exergy can be considered as a representation of the qualities of different forms of energy by referring to the maximum work that can be obtained. In the case of electricity, there is correspondence. In fact, the amount of electricity produced is equal to the exergy (1). On the other hand, heat does not correspond directly to exergy. A conversion factor must be introduced, which is called the Carnot factor (2). This term depends on the temperatures of the two heat sources in which the exchange takes place (in this case, the geothermal fluid and the environment). The maximum work that can be produced by a heat source exchanging with the environment is represented by the Carnot cycle. Therefore, the exergy that results is equal to the product of the heat and the Carnot factor (3) [24]:


  E  x  e l e c t r i c   =  W  e l    



(1)






  θ = 1 −  T   T  e n v      



(2)






  E  x  t h e r m a l   = Q ∗ θ  



(3)




where Ex is the overall flow rate of exergy (kW, electricity or heat), θ is the Carnot factor (indicating the thermodynamic quality of the heat, depending on the average temperature of the heat interaction), and Q is the heat rate (kW). T and Tenv refer to the temperature of the system and of the environment, respectively, while Wel refers to the power rate (W).



The decision to use an allocation factor based on exergy derives from the intention to allocate the contribution of a mechanical component that is shared by the two energy systems—the heat exchanger at the output of the high-pressure turbine, which contributes to both the power plant and the heat production. In these terms, the system exergy converted from electricity and heat was chosen as the allocation factor to exclusively allocate all of the multifunctional processes (M).



Although the end products of the system are both forms of energy (i.e., electricity and heat), the allocation factor that determines the division of the environmental impacts between these two products is based on their exergy values. In other words, the exergy values corresponding to the two products were evaluated using the three equations above, and by summing the two contributions, the overall exergy produced by the system was determined. The exergy allocation factor is a ratio consisting of, in the numerator, the contribution of electrical exergy or heat exergy and, in the denominator, the overall exergy that is produced. As a result, the allocation factor applied for multifunctional processes was 93% in terms of electricity production and 7% for heat production. The electrical exergy and heat exergy were quantified by applying the corresponding exergy efficiency factors of 25% for heat and 100% for electricity to the net amounts of heat and power that were produced, as shown in Table 1.



	
Cutoff criteria






The cutoff criteria applied in this study considered the relative contributions of mass and energy to the functional unit. The following criteria were applied:



Materials: Flows of less than 1% of the cumulative mass were excluded because their environmental relevance was not a concern. However, it was ensured that the sum of the neglected material flows did not exceed 5% of the mass or environmental relevance.



Energy: Flows of less than 1% of the cumulative energy were excluded from this analysis.



In both cases, it was verified that the total neglected percentage was less than 3% with respect to all of the unit processes that were considered.




2.2.2. Life-Cycle Inventory (LCI)


The LCI involved all of the inputs and outputs (i.e., energy and material) related to the system boundaries represented in Figure 3 for the geothermal power plant. In this work, firstly, an exhaustive review was conducted of previous inventories reported in the literature [13,16,17]. Based on this revision, primary data were initially collected for the three life-cycle stages, i.e., construction, operation and maintenance, and well closure. Secondly, the gathered data were updated to consider all of the improvements made to the geothermal power plant in terms of the wells (i.e., production, reinjection, and makeup), the installed capacity for power and heat production, the capacity factor, and the abatement equipment in recent years. Accordingly, this work presents the most updated data for the Hellisheidi geothermal power plant. Thirdly, all inputs and outputs were normalized according to the functional unit and timescale defined in the Goal and Scope Section. Finally, the generated inventory was then modeled by implementing ecoinvent v3.8—the most updated version of ecoinvent—compared to the previous studies based on ecoinvent v3.4. The most relevant information related to the life-cycle stages is included in the Supplementary Materials. Data concerning the main updated parameters of the wells are also included in this section.



	
Construction






This stage involved several processes related to the production of both power (E) and heat (H); therefore, they were considered as multifunctional processes (M). Other processes were only considered for power (P) or heat production. The processes assessed in this stage comprised the construction of geothermal wells (M), wellhead equipment (M), collection pipelines (M), power plant buildings (E and H), mechanical equipment (E and H), and extraction site land use (M). This stage also involved the construction of the abatement systems applied to both power and heat production.



	
Operation and maintenance






This stage comprised inputs and outputs related to the operation and maintenance of the Hellisheidi geothermal power plant for power and heat production, including abatement processes. In terms of operation, the impacts were related to the consumption of geothermal fluid and groundwater. Concerning maintenance, the assessed inputs and outputs were those related to the makeup of the wells (i.e., the maintenance of the geothermal wells, wellhead equipment, and collection pipelines, as well as extraction site land use) and the chemicals required for maintenance and the replacement of mechanical components. Concerning the latter, 1% mechanical component replacement for power and heat production was assumed.



	
End of life






This stage is a multifunctional process that can be applied for both power and heating production. It was modeled in a simplified way due to the limitations of primary raw data. Accordingly, the inputs (materials) and outputs (wastes) considered in this work were related to the well closure of the geothermal plant (i.e., dismantling) after 30 years of operation. They were modeled by considering the well closure following a standard process of cementing, which was derived from ENEL GP data generated in the GEOENVI project [13].




2.2.3. Life-Cycle Impact Evaluation


In this study, the environmental analysis was developed using SimaPro software version Analyst 9.3.0.3. The ReCiPe 2016 v1.1 midpoint hierarchist method was the selected method of evaluation.



The ReCiPe midpoint method was selected because it is the one of the most recent and harmonized methods available in life-cycle impact assessment. The midpoint approach is considered to be more comprehensive for covering possible environmental interventions. It defines the environmental mechanism throughout the quantification of the impacts in the intermediate stages of the cause–effect chain. This approach allows for the calculation of 18 midpoint impact categories or environmental indicators. A detailed list of the indicators, with short descriptions, names, and acronyms, can be found in previous works [25,26]. This study explored the impacts related to all 18 midpoint impact categories—particularly the global warming potential (GWP, kg CO2 eq.).






3. Results and Discussion


3.1. Assessment of Global Results


Figure 4 corresponds to the impacts related to the global process involving all of the life-cycle stages, based on the exergy allocation factor in terms of the normalized percentages of the 18 indicators that were studied. According to these results, electricity production (blue bars) represented the highest impact for almost all of the impact categories, except for water depletion. For this category, the orange bar (representing the impact fraction that was retraceable to heat production) was large (i.e., around 80%) due to the groundwater consumed for district heating production. This result was confirmed by performing a network analysis (see Figure 5).



In terms of the GWP, a total impact of 17.1 g CO2 eq. was attributed to the production of 1 kWhe of electricity, whereas 3.8 g CO2 eq. was related to the production of 1 kWht of heat, i.e., almost four times lower than the impact attributed to 1 kWhe of electricity production. This result for the GWP indicator is consistent with those presented by Karlsdottir et al. [17], who applied exergy allocation and the CML-IA baseline method. Karlsdottir et al. [17] determined that 1 kWh of electricity has an impact of ~20 g CO2 eq, whereas 1 kWh of heat generates ~5 g CO2 eq., i.e., 20% of the total impact in terms of the GHG emissions. The results for the combined production of heat and power indicated a total impact of 21 g CO2 eq/kWh, which was in the range of the results reported by Paulillo et al. [18], i.e., ~24 g CO2 eq. According to a study conducted by Paulillo et al. [18], the results for the Hellisheidi geothermal power plant were similar to those for other binary-cycle geothermal plants, as well as solar (photovoltaic) and hydropower plants; lower than those for other geothermal technologies and fossil-based technologies; and higher than those for nuclear and onshore wind. They also support the advantage of the LCA approach as a methodology to compare geothermal energy conversion with other renewable energy technologies, as reported by Zuffi et al. [10].




3.2. Assessment of Impacts in Terms of the Three Main Life-Cycle Stages


A more detailed comparison of the production processes was performed by considering the three life-cycle stages: construction, operation and maintenance, and end of life. The results presented in Figure 6 correspond to the related impacts based on the exergy allocation factor in terms of the normalized percentages for the 18 indicators that were studied. In this case, a similar tendency was identified for the two functional units, i.e., 1 kWhe of electricity production and 1 kWht of heat production.



The construction stage had a more significant environmental burden, with shares of around 60–70% and 70–80% for electricity and heat production, respectively, for almost all of the 18 indicators (see Figure 6a,b). An exception was found for GWP and WCP—the indicators where the construction stage had a rather low impact compared to the other two production processes. The impacts on these two indicators were mostly attributed to the OMA stage, with shares above 90% for both electricity and heat production. In particular, the stage of EoL was the one that had the lowest impact among all of the assessed indicators. The same trends can be seen in the work by A. Paulillo et al. [18], although the results were analyzed by taking into account the combination of both productions (i.e., heat and power).



To gain more insight into the GWP indicator results, a deeper analysis was carried out for the OMA stage by considering a network analysis with a node cutoff of 1% to produce 1 kWe and 1 kWt. As depicted in Figure 7 and Figure 8, similar trends were found for both processes. The abatement unit had benefits for CO2 reduction, although the impact of the CO2 emitted during the operation (i.e., geothermal fluid consumption) most affected the final result. Additional impacts on the GWP indicator were due to the consumption of steel related to the makeup of the wells. The results attained for the WCP indicator were mostly affected by the water consumption during the operation of the Hellisheidi geothermal power plant.




3.3. Environmental Impacts Related to Construction


Figure 9 is included to assess the environmental burden attained for the construction stage in terms of each impact category. The results are depicted for the 18 indicators, which were studied as normalized percentages. In this case, there were differences among the environmental burdens obtained for the two functional units defined in the production processes. On the one hand, in terms of electricity production, the mechanical equipment, geothermal wells, and power plant building had more significant impacts. In particular, the mechanical equipment exhibited a share of around 30–40% for indicators related to eutrophication and ecotoxicity. In addition, the geothermal wells generally had the highest contributions in the other impact categories, with estimates around 30%—particularly for those related to global warming and resource scarcity.



On the other hand, in terms of heating production, the heating station building yielded the highest environmental burden for the 18 categories, with an estimate of around 60% of the total impact. The geothermal well construction also had relevance compared to the remaining processes in the heat production stage. These results indicated trends similar to those presented in the literature by Colucci et al. [19] based on the inventories of 2015 and 2017 (older raw data).



A detailed assessment of the results was performed to elucidate the environmental burden attained for the GWP indicator. In this vein, a network analysis was performed with a node cutoff of 9% for the production of 1 kWe and 1 kWt in terms of the impact category that was explored.



According to Figure 10, the steel consumed during the geothermal well construction and the concrete associated with the power plant building were materials that substantially affected the environmental burden attained in the construction stage. A similar analysis for the other indicators was useful to elucidate the materials causing the related impacts.



Concerning 1 kWt, the results for the GWP indicator yielded similar trends. The impacts were substantially affected by the consumption of steel that was required for the construction of the heating station (see Figure 11).




3.4. Influence of Mechanical Equipment on the Environmental Impact of the Plant


In this section, special attention was devoted to assessing the environmental burden attributed to the mechanical equipment components of the plant. The results are depicted in Figure 12.



According to Figure 12, in terms of electricity production, the HPTG (turbine generator) was the equipment with the most significant estimate for the environmental burden of the plant. Other equipment of relevance included the HP_CT (cooling tower) and the HP_HPC (condenser). These results are consistent with the results reported by Colucci et al. [19] based on the inventories of 2015 and 2017 (older raw data).



Regarding heating production, the DHHX (heat exchanger for district water heating) was the equipment with the most relevant effect on the environmental impact of the heating production. Other relevant equipment included the HP_HPC (condenser) and DA (deaerator). Similar trends were reported by Colucci et al. [19] based on inventories that were older than those applied in this study for the Hellisheidi CHP plant.



These results imply that improvements should be focused on the eco-design of the mentioned equipment to improve the sustainability of this geothermal power plant.





4. Conclusions


This work was dedicated to an environmental assessment of the Hellisheidi power plant. This study aimed to elucidate the environmental impacts of electricity and heat production at this double-flash geothermal power plant. In this vein, firstly, the most updated inventory of the plant was generated. Primary raw data concerning the geothermal wells and different technical parameters, along with secondary data from the database used for the LCA modeling, were updated.



Secondly, the LCI data were allocated based on the exergy approach, and the material and energy burdens were normalized per functional unit of 1 kWh of net electricity and 1 kWt of net heat produced. A cradle-to-grave approach was used; therefore, the life-cycle stages that were included were the (i) construction, (ii) operation (including abatement operations and maintenance), and (iii) well closure of the geothermal plant. All of the life-cycle stages from construction to dismantling were considered.



Based on the application of the exergy allocation method, the results highlighted that that the production of electricity represents most of the environmental impact of the Hellisheidi geothermal power plant, and that district heating, for almost all categories, represents a share of around 20%. In particular, in terms of the GWP, a total impact of 17.1 g CO2 eq. was attributed to the production of 1 kWhe of electricity, whereas 3.8 g CO2 eq. was related to the production of 1 kWht of heat, i.e., almost four times lower than the impact attributed to 1 kWhe of electricity production, as expected for this type of geothermal power plant based on previous reports.



The results in terms of the three life-cycle stages determined that the construction stage was the main contributor to the global environmental burden of the entire system for 16 of the 18 indicators, with shares of around 60–70% and 70–80% for electricity and heat production, respectively. For the other two indicators, i.e., GWP and WCP, the OMA stage was the dominant one, with a share above 90% for electricity and heat production. The impacts on these two indicators were due to the GHGs emitted and the water consumed during the plant’s operation, respectively. A positive effect was elucidated for the abatement units, which were also recognized to provide credits for minimizing CO2 emissions, as expected. The EoL stage was the one that had the lowest impact for all of the assessed indicators.



A deeper assessment of the construction stage showed that in terms of electricity production, the impacts were mostly attributed to the mechanical equipment, geothermal wells, and power plant building. In particular, the mechanical equipment exhibited a share of around 30–40% for indicators related to eutrophication and ecotoxicity. The geothermal wells generally had the highest contributions in the other impact categories, with an estimate of around 30% of the total impact in the construction stage—particularly for categories related to global warming and resource scarcity. In terms of the heating production, the heating station building yielded the highest environmental burden, with an estimate of around 60% of the total impact. For both electricity and heating production, the results were mostly related to the consumption of materials such as steel and concrete.



Finally, in terms of equipment, it was shown that the HPTG (turbine generator) most affected the environmental performance of the electricity production process. Furthermore, the DHHX (heat exchanger for district water heating) was the equipment with the most relevant effect on the environmental impact of the heating production.



Accordingly, improvements in equipment construction could provide better performance in terms of the environmental burden of the Hellisheidi geothermal power plant.
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Nomenclature




	EoL
	End of life



	EOFP
	Ozone formation (terrestrial ecosystems)



	Ex_electric
	Work exergy



	Ex_Thermal
	Heat exergy



	FEP
	Freshwater eutrophication



	FETP
	Freshwater ecotoxicity



	FFP
	Fossil resource scarcity



	GWP
	Global warming



	HOFP
	Ozone formation (human health)



	HTPc
	Human carcinogenic toxicity



	HTPnc
	Human non-carcinogenic toxicity



	IRP
	Ionizing radiation



	LCA
	Life-cycle analysis or assessment



	LCI
	Life-cycle inventory



	LOP
	Land use



	MEP
	Marine eutrophication



	METP
	Marine ecotoxicity



	ODP
	Stratospheric ozone depletion



	OMA
	Operation, maintenance, and abatement operation



	PMFP
	Fine particulate matter formation



	Q
	Heat (W)



	RES
	Renewable energy systems



	SOP
	Mineral resource scarcity



	T
	Temperature of the system (° K)



	T_env
	Temperature of environment



	TAP
	Terrestrial acidification



	TETP
	Terrestrial ecotoxicity



	WCP
	Water consumption



	W_el
	Power (electricity) (W)



	θ
	Carnot factor
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Figure 1. Schematic representation of the Hellisheidi power plant. 
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Figure 2. Interrelated LCA phases. 
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Figure 3. System boundaries defined for the environmental assessment (LCA) of the Hellisheidi geothermal power plant. M: multifunctional process; E: process applied to electricity production; H: process applied to heat production. 
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Figure 4. Environmental impacts related to production of 1 kWe and 1 kWt. 
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Figure 5. Network analysis of water consumption indicator related to production of 1 kWt. 
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Figure 6. Environmental impacts related to each life-cycle stage: (a) Results of production of 1 kWe. (b) Results of production of 1 kWt. 
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Figure 7. Network analysis of the OMA stage for the global warming indicator, with a node cutoff of 1%. The results refer to the production of 1 kWe. 
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Figure 8. Network analysis of the OMA stage for the global warming indicator, with a node cutoff of 1%. The results refer to the production of 1 kWt. 
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Figure 9. Environmental impacts related to the construction stage: (a) Results of the production of 1 kWe. (b) Results of the production of 1 kWt. 
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Figure 10. Network analysis of the construction stage for the production of 1 kWe. The results refer to the global warming indicator, with a node cutoff of 9%. 
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Figure 11. Network analysis of the construction stage for the production of 1 kWe. The results refer to the global warming indicator, with a node cutoff of 6%. 
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Figure 12. Environmental impacts related to the mechanical equipment: (a) Results of the production of 1 kWe. (b) Results of the production of 1 kWt. 
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Table 1. Main characteristics of the Hellisheidi power plant.
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	Power Plant
	Electricity Production
	Heat Production





	Installed capacity (MW)
	303
	133



	Capacity factor (dimensionless)
	0.87
	0.55



	Net electricity in 30 years (GWh)
	65963
	---



	Net heat in 30 years (GWh)
	---
	1922
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