

  energies-16-01430




energies-16-01430







Energies 2023, 16(3), 1430; doi:10.3390/en16031430




Article



Life Cycle Assessment of an Integrated PV-ACAES System



Daniele Cocco *[image: Orcid], Lorenzo Lecis and Davide Micheletto





Department of Mechanical, Chemical and Materials Engineering, University of Cagliari, Via Marengo 2, 09123 Cagliari, Italy









*



Correspondence: daniele.cocco@unica.it







Academic Editor: Antonio Calvo Hernández



Received: 9 December 2022 / Revised: 24 January 2023 / Accepted: 24 January 2023 / Published: 1 February 2023



Abstract

:

The aim of this paper is to evaluate the overall life cycle environmental impact of an adiabatic compressed air energy storage (ACAES) system, which is designed to achieve the best match between the power production of a photovoltaic (PV) power plant and the power demand from the final user. The electrical energy demand of a small town, with a maximum power load of about 10 MW, is considered a case study. The ACAES system is designed with a compressor-rated power of about 10 MW and charging and discharging times of 10 and 24 h, respectively. Different sizes of the PV plant, ranging from 20 to 40 MWp, and two different solutions for the compressed air storage, an underground cavern, and a gas pipeline, are analyzed. The aim of this analysis is to compare the impacts on human health, ecosystem quality, climate change, and resource consumption of the PV power generation plant and the integrated PV-ACAES system with those of a reference scenario in which the end user demand is met entirely by the grid. The best results in terms of a reduction in environmental impact in comparison to the reference scenario are obtained for a small PV plant (20 MW) without the ACAES section, with reductions of about 85–95% depending on the category of impact. The integration of the ACAES system improves energy self-consumption but worsens the environmental impact, especially for air storage in gas pipelines. The best configuration in terms of environmental impact is based on a 30 MW PV plant integrated with an ACAES section using an underground cavern for air storage and allows for improvements in the energy self-consumption of between 38% and 61%, with a reduction in the environmental impact compared to the reference scenario of about 80–91% depending on the impact category.
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1. Introduction


As the penetration of renewables into the power system has grown over the years, an increase in the levels of curtailment is expected to compensate for the occasional overproduction of energy. In some regions, and especially in Italy, curtailments of renewable electricity have been recorded for more than 10% of the renewable generation [1]. For this reason, flexible solutions such as energy storage systems are required in order to better utilize the electrical energy produced by renewable energy source (RES) power plants [2]. Numerous technologies are currently available for energy storage, and many others are under development. Each energy storage technology is characterized by specific features in terms of the maximum deliverable power, storage capacity, round-trip efficiency, lifetime, etc. This means that each one is suitable for certain to cover specific applications, as shown by many review studies on the state of the art in this field [3,4,5].



Among energy storage technologies, compressed air energy storage (CAES) systems are some of the most interesting options, as they are potentially more cost-effective than batteries and have performance comparable to that of pumped hydro systems. CAES systems use the excess electrical energy produced by power generation units during periods of low electricity demand to drive a compressor and store this energy as compressed air, which is later used in a turbine during periods of higher electricity demand. Conventional CAES configurations rely on a combustion chamber, usually fed by fossil fuel, to heat up the air before the expansion phase. However, to improve the overall efficiency and eliminate fossil fuel consumption, the most advanced adiabatic CAES (ACAES) configurations include a thermal energy storage section that cools the hot air at the outlet side of the compressor and later heats the air at the inlet side of the turbine [6].



An in-depth analysis of the environmental impact is essential for any energy storage technology, in addition to an analysis of the energetic and economic performance, as demonstrated in many recent studies. Kapila et al. [3] studied the life cycle greenhouse gas (GHG) emissions of both a conventional CAES and an adiabatic CAES storage system, taking into consideration the emissions arising from construction, operation, and decommissioning. Based on the production of 1 kWh of electricity as a functional unit, they determined that the construction and decommissioning phases had a low impact on the overall emissions, which mostly depended on the operational stage. This was because the input energy supplied to both CAES systems in this study was supplied by the grid, meaning that the emissions were highly dependent on the grid energy mix. Moreover, other damage categories were not considered in their analysis. Abdon et al. [4] demonstrated that medium-sized ACAES storage systems combined with RES plants were characterized by lower GHG emissions than other technologies. Bouman et al. [5] utilized the life cycle assessment (LCA) method to determine the environmental impact of both conventional CAES and adiabatic CAES systems with a rated power of 200 MW and 150 MW, respectively, coupled with a 400 MW offshore wind farm. They reported that combining the CAES system with a wind farm generally increased the environmental impact of the plant. In particular, for the ACAES system, the overall impact mostly depended on the size of the thermal energy storage section. Stougie et al. [6] found that the environmental impact of an ACAES plant was higher than that of comparable storage systems, mainly resulting from the large amounts of steel required for the air storage volume. AlShafi et al. [7] considered an ACAES system with an underwater reservoir with the aim of evaluating its environmental impact in terms of global warming, ozone depletion, acidification, human toxicity, and marine aquatic ecotoxicity potentials, and compared it to vanadium redox flow batteries and molten salt thermal storage. They reported that the CAES system had a significantly lower environmental impact compared to vanadium redox batteries but a higher impact than molten salt systems.



In this context, the aim of this paper is to assess the environmental impact of an ACAES system designed to achieve the best match between the power production of a photovoltaic power plant and the power demand of the end user. In particular, the electrical energy demand of a small town, with a maximum power load of about 10 MW and an annual energy demand of 48.5 GWh, is considered a case study. Different sizes of PV plants, ranging from 20 to 40 MWp, and two different solutions for compressed air storage, an underground cavern, and a gas pipeline, are analyzed. This analysis is carried out by calculating the environmental impact based on the following four categories of damage: human health, ecosystem quality, climate change, and resource consumption of the sole PV system and the integrated PV-ACAES system. The results are compared to a reference scenario in which the end user demand is entirely met by the grid.




2. Materials and Methods


2.1. System Configuration and Assumptions


Figure 1 shows a schematic diagram of the integrated PV-ACAES plant. As a case study, the energy demand of a small town with about 6000 inhabitants is considered. As shown in Figure 1, the energy demand can be directly supplied by the PV power plant, the ACAES system, or the grid. The surplus production of the PV power plant can be stored by the ACAES system or sent to the grid. Obviously, if the energy demand is supplied solely by the PV power plant, the ACAES section is not required.



As shown in Figure 1, the ACAES section includes an air compression train consisting of a low-pressure compressor (LPC), two medium-pressure compressors (MPC1 and MPC2) driven by the motor M1, and a high-pressure compressor (HPC) driven by the motor M2, in order to compress the air to a maximum pressure of 100 bar. All four compressors are multistage centrifugal machines designed with a maximum output temperature of 200 °C. The design and off-design performance of the four compressors were estimated by employing the well-known Casey and Robinson method [8]. When the mass flow rate in the compressors is kept constant, the LPC, MPC1, and MPC2 compressors operate at design conditions throughout the charging phase, while the HPC compressor is responsible for the pressure increase inside the storage cavern from 70 to 100 bar, by varying its rotational speed and hence its pressure ratio. The heat recovered by cooling the compressed air is stored in two different packed bed thermal energy storage (TES) systems. Two additional aftercoolers (AC1 and AC2) are located at the outlet side of TES1 and TES2 to regulate the temperature of the air. Table 1 summarises the characteristics of the two TES systems. Both TES units are filled with gravel, which was chosen due to its low cost and high availability. TES1 exchanges heat directly with the compressed air, while TES2 uses oil (Therminol-66) as a heat transfer fluid, which is heated by two intercoolers (IC1 and IC2). The expansion train includes a high-pressure turbine (HPT), a medium-pressure turbine (MPT), and a low-pressure turbine (LPT) to drive generator G. During the discharging phase, the air leaving the storage section is heated by flowing through the heat exchangers HE1 and HE2, before expanding in the HPT and MPT turbines, respectively. Finally, the air is heated further by flowing through TES1 before expanding to atmospheric pressure in LPT. A throttle valve V1 is used to set the air pressure at the inlet of the expansion train to the design value of 70 bar.



The following two different solutions are considered for the storage of the compressed air: the first is an underground cavern converted from a decommissioned mining tunnel, and the second is a gas pipeline. The characteristics of these two systems are given in Table 2.




2.2. End User Energy Demand


Figure 2a shows the power load profiles for both a typical weekday (continuous line) and a weekend day (dashed line) for the town. The load changes during the day, with three peaks at around 7:00, 13:00, and 21:00. Figure 2b shows the monthly energy demand, and it can be seen that the minimum energy consumption is around 3.4 GWh in September, while the maximum is about 4.78 GWh in January. Overall, the peak load is 10.3 MW, while the annual energy demand is 48.5 GWh. In the reference scenario, this annual energy demand is entirely supplied by the grid.




2.3. Performance of the PV Power Plant


The PV power plant was designed using 650 Wp single-crystalline Si modules with 20.9% efficiency [9]. The production profile was determined by applying System Advisor Model (SAM) software to data from Nuraxi Figus (Sardinia, Italy), obtained from the NREL database, for PV modules oriented towards the south and with a tilt of 30°. The site is characterized by a total annual solar irradiance of 1655 kWh/m2 and an average temperature during the year of about 18.5 °C, with a minimum of 6.7 °C and a maximum of 33.6 °C in January and July, respectively. Figure 3a shows the typical daily power production profile of the PV module for the summer months (continuous line) and the winter months (dashed line), while Figure 3b shows the monthly electrical energy production. Overall, the yearly energy production of a 1 MWp plant is about 1598 MWh, with a capacity factor of about 18%.



To meet the annual energy demand, different sizes of the PV plant were considered. In particular, five different sizes, ranging from 20 to 40 MWp, were analyzed. As can be seen from Table 3, only a fraction of the energy produced every year by the PV power plant can be directly consumed by the end users. This causes a significant surplus in production from the PV power plant, which is particularly noticeable during summer when the energy demand is low and solar energy is very high. Depending on the configuration, the PV plant can directly supply between 38.6% (C1) and 43.5% (C5) of the energy demand. Increasing the size of the PV plant from C1 to C5 also increases the overproduction of PV energy in comparison to the energy demand (41.4% of the PV energy production for configuration C1, and 67% for configuration C5). Some of the overproduced energy can be stored by the ACAES system for use during hours of low solar energy availability.



The ACAES plant was designed by varying the three main design variables (i.e., the mass flow rate of the compressors, the charge time, and the discharge time) in order to maximize the total energy produced and supplied to the end user by the PV-ACAES plant in configuration C3. Solving the optimization problem led to a mass flow rate of 18 kg/s, a charge time of 10 h, and a discharge time of 24 h. All of the simulations were carried out with a time step of 15 min for a full year.



The main energy flows of the five different PV-ACAES solutions considered here are summarized in Table 4.



As mentioned above, increasing the size of the PV plant from C1 to C5 increases the share of the PV production that cannot be directly supplied to the end user, which is then available to be stored by the ACAES system. This stored energy can be released later to provide power to the end user during times of low solar energy availability. The ACAES system considered here can store about 10.4% of the PV overproduction in configuration C1 and up to 41.2% in configuration C5. Hence, the self-consumption rate of the integrated PV-ACAES plant can be increased by up to 40.4% in configuration C1, and up to 66.7% in configuration C5, with a significant reduction in the amount of energy supplied to the end user by the grid. Table 4 also shows that even with the integration of the ACAES section, a significant amount of the PV energy produced cannot be stored and must be sold to the grid. However, owing to transmission constraints and/or an excess of power production in comparison to grid demand, a curtailment of this PV generation may be required. As the penetration of renewables increases, it is expected that only a small fraction of this overproduction will actually be able to be sold to the grid.




2.4. LCA Methodology and Assumptions


An environmental impact analysis of the integrated PV-ACAES system was carried out using the LCA methodology. This methodology is based on the ISO 14040 and 14044 guidelines and allows for an assessment of the overall environmental impact (i.e., the use of energy and materials, as well as the polluting emissions) of a product throughout its overall life cycle, from raw material extraction to production, use, and final disposal [10,11]. The goal and scope of this study, the system boundaries, and the assumptions made are described below.



2.4.1. Definition of Goal and Scope


The aim of this analysis is to compare the impacts on human health, ecosystem quality, climate change, and resource consumption of an integrated PV-ACAES system, a PV power plant without energy storage, and a reference scenario in which the energy required by the end users is entirely supplied by the grid. In particular, the goal of the study is to evaluate whether and to what extent the implementation of the ACAES system is beneficial from an environmental point of view. The PV system, with or without the ACAES section, is specifically designed to produce the electrical energy needed to meet the demand of the end users. Hence, the functional unit chosen for this LCA study is 1 kWh of electrical energy supplied by the PV or the PV-ACAES system to the end users. The system is analyzed over 25 years of useful life, and the environmental impacts in the reference scenario are evaluated based on the current energy mix in Italy.



An attributional LCA was carried out using data from the literature and the Ecoinvent 3.7 database and was implemented using SimaPro 9 software [12].




2.4.2. Boundaries of the System


Figure 4 shows the boundaries of the system considered here. As described above, the PV solar plant supplies energy directly to the end users, and to the ACAES system in the case of overproduction. In the reference scenario, the electrical energy is entirely supplied by the grid. The environmental impact associated with electricity not supplied by the grid is assumed to be an avoided impact and is, therefore, negative.



As mentioned previously, with the expected growth of renewables in the coming years, an increase in the levels of curtailment is also expected due to overproduction by PV and wind power plants in comparison to the grid demand. Since the ultimate goal of a PV-ACAES system is to increase the energy self-sufficiency of the end users, the surplus PV production was assumed to be entirely curtailed. Hence, the avoided impact that could be obtained from this PV surplus production was not considered. This is obviously a conservative assumption, and the environmental impact will improve if a portion of the surplus PV production can be sold to the grid.




2.4.3. Life Cycle Inventory (LCI) Analysis


In order to evaluate the environmental impact of the system, the material and energy flow related to the entire lifecycle of all the components were defined. The life cycle starts with the extraction of raw materials and ends with the disposal of the components. Materials recycling was assumed for the most common metals, such as steel, aluminium, and copper. In addition, the impact of the transport phase was taken into account for the PV solar plant and for the air storage system (which are by far the most important components in terms of mass).



The PV plant in this study is based on the 2020 IEA-PVPS Task 12 report [13], with additions from the same 2011 report [14], while the construction of the ACAES plant is based on the work of Bouman et al. [5]. The compressors, turbines, and motor generators are modeled based on the work by Kapila [3]. The impact of the heat exchangers is considerably lower than that of the other components and is therefore neglected. The thermal storage systems are taken from the work of Nandi et al. [15]. The underground cavern is based on a decommissioned mining tunnel located about 500 m below ground level, and the entire cavern is assumed to be sealed with a state-of-the-art lining in order to minimize air leakage and to be able to withstand a maximum operating pressure of 100 bar. The lining consists of a 50-cm-thick layer of reinforced concrete, while the inner surface directly exposed to the compressed air is sealed with 2 cm of fiber-resin reinforced plastic and 2 cm of steel. The general structure, except for the steel layer, is taken from work by Jiang et al. [16]. The gas pipeline is adapted from the paper by Wulf et al. [17]. The recycling of metallic materials is modeled using the “avoided impact” approach, in which 1 kg of recycled material replaces a defined amount of an equivalent raw material. The recycled steel replaces a similar amount of cast iron, and the aluminium waste is assumed to be melted to produce a similar amount of secondary aluminium. The copper waste is refined (via “fire refining” and “electrolytic refining”) to remove impurities and to produce secondary copper, as described by Chen et al. [18].




2.4.4. Life Cycle Impact Assessment (LCIA)


An impact evaluation was carried out using the Impact 2002+ method [19], with an intermediate subdivision (midpoint) into 15 impact categories, which can be summarized in the following four damage indicators: human health (carcinogens, non-carcinogens, respiratory organics, respiratory inorganics, ionizing radiation, ozone layer depletion); ecosystem quality (aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/eutrophication, aquatic acidification, aquatic eutrophication, land occupation); climate change (global warming); resources (non-renewable energy, mineral extraction).






3. Results and Discussion


In this section, the results of an analysis of the five different configurations of the PV-ACAES system, based on both air storage solutions, are reported and discussed. The results achieved for the integrated PV-ACAES system are compared with those of an energy supply configuration based on a PV power plant with no energy storage section.



3.1. LCA Analysis of the PV System without Energy Storage


The use of RES power generation plants with no energy storage section are the simplest option for improving the energy self-consumption of the end users. For this reason, the initial scenario considered in this study is represented by the five configurations of PV power plants with no energy storage (Table 3). As previously discussed, only a fraction of the energy produced each year by the PV power plant can be directly consumed by the end users, and the remainder is assumed to be curtailed. Figure 5 shows the results of the LCA analysis. For each impact category, Figure 5 gives the values of the impact category indicators and the avoided impact due to the substitution of the electrical energy (E.E.) supplied by the grid. The E.E. avoided impact is the same for all configurations since it is referred to as the functional unit of 1 kWh of electrical energy. The bar graph shows the reduction in the impact of the PV plant in comparison with that of the reference scenario.



In terms of damage indicators, the benefits arising from the avoided impact far outweigh the harmful impact of the PV power plant for all configurations. The impact reduction is around 91–95% for climate change and resource consumption, 81–89% for human health, and 72–84% for ecosystem quality. Overall, the best configuration in terms of avoided impact is C1 (20 MW). Moreover, increasing the size of the plant leads to only a minor improvement in the share of energy directly supplied to the end users while the overproduction greatly increases; in fact, the energy supplied to the end users by the PV plant in configuration C5 (40 MW) is only 2.36 GWh/year higher than that of configuration C1, while the overproduction rises from 13.2 GWh/year to 42.8 GWh/year.



The environmental benefits from the substitution of grid energy are also positive if midpoint indicators are taken into consideration, with the exception of mineral extraction. In this case, the avoided impact does not compensate for the large amounts of metals (steel, copper, aluminium, tin) required for the construction of the PV power plant. Nevertheless, the resources category shows a very favorable result, thanks to its great advantage in terms of non-renewable energy consumption. Figure 6 shows the midpoint indicators for the PV power plant of configuration C1 and the corresponding avoided impact due to the substitution of the electrical energy (E.E.). The figures for the other four configurations are similar.




3.2. LCA Analysis of the PV-ACAES System with Underground Air Storage


The introduction of an ACAES section allows for a proportion of the PV overproduction to be stored, thereby further improving the RES self-consumption of the end user, even if it worsens the environmental impact due to the construction, operation, dismantling, and final disposal of the plant components. Figure 7 shows the results of an LCA for the five PV-ACAES configurations in which the compressed air is stored in a decommissioned mining tunnel. For all damage categories and for all configurations, the energy supply from the PV-ACAES system allows for a reduction in the environmental impact in comparison to the reference scenario (in which the energy is entirely supplied by the grid). In fact, the overall avoided impact arising from the substitution of the energy grid (E.E. avoided impact) far outweighs the environmental impact of the system components. The impact reductions are around 89–91% for climate change and resource consumption, 76–81% for human health, and 77–80% for ecosystem quality. Figure 7 also shows that the best option in terms of avoided impact is configuration C3, which is characterized by a medium-sized PV power plant (30 MW). In this configuration, about 52% of the PV overproduction can be used to power the ACAES compressors. In contrast, in configuration C1, only about 10% of the overproduction can be utilized by the ACAES system, thus offering very few benefits in terms of improvements in RES self-consumption. The other configurations (especially C2 and C4) are very close to C3 in terms of their environmental impacts. A comparison between Figure 5 and Figure 7 for configuration C3 shows that the impact per kWh for the PV-ACAES system is slightly worse in three out of four damage categories; the sole exception is the ecosystem quality, which is slightly better. Finally, configuration C3 with the ACAES section is worse in every impact category compared with configuration C1 without the ACAES section.



Figure 8 shows the results of the LCA analysis in more detail for the integrated PV-ACAES system in configuration C3. It can be observed that the harmful impact of the PV-ACAES system mainly arises from the PV power plant, especially for the category of ecosystem quality, and is due to the land occupied by the modules. The impact of the ACAES system is mainly caused by the use of the underground storage cavern. In particular, the harmful contribution of the air storage section to the human health, climate change, and resources categories is roughly half that of the PV power plant. This is due to the considerable amounts of steel, reinforced plastic, and reinforced concrete needed for the tunnel lining. In comparison, the impact of the other components is negligible. Figure 9 shows the midpoint indicators for the same configuration and highlights the impact arising from mineral extraction.




3.3. LCA of the PV-ACAES System with Air Storage in Gas Pipelines


Figure 10 shows the results of the LCA analysis for the integrated PV-ACAES plant with compressed air storage based on a gas pipeline. Once again, for all damage categories and all configurations, the energy produced by the PV-ACAES system allows for a reduction in the environmental impact compared to the reference scenario (E.E. avoided impact). However, in comparison to underground air storage, the use of gas pipelines gives a lower impact reduction, especially for human health and ecosystem quality. It can be seen from Figure 10 that the impact reductions are around 86–90% for climate change and resource consumption, 56–67% for human health, and 60–67% for ecosystem quality. The best configuration is again C3, except for the human health category, in which configuration C4 has a slight advantage. Configurations C2, C4, and C5 are again very close to C3 in terms of overall environmental impact. In this case, however, the large amounts of steel required for the construction of the gas pipeline give rise to a considerably higher impact than that of the underground cavern.



Figure 11 shows the results of the LCA in more detail for configuration C3, in which the compressed air is stored in a gas pipeline, and highlights the impact arising from the large amounts of steel required for the construction of the gas pipeline. The impact of the gas pipeline is considerably higher than that of the PV power plant for the human health category, whereas the impacts are roughly comparable for the remaining categories. The role of the gas pipeline can be seen in Figure 12, which shows the midpoint indicators for configuration C3.



Table 5 compares the overall results for the best configurations, i.e., C1 for the PV power plant without energy storage and C3 for the PV-ACAES system. For all damage indicators, Table 5 shows the benefits arising from the replacement of grid energy with PV energy. As previously discussed, the integration of the ACAES section allows for an increase in self-consumption from 38.6% to 61.4%. However, the impact arising from the construction, operation, dismantling, and final disposal of the ACAES components worsens the environmental impact for all four damage categories, and this is particularly true if air storage solutions based on gas pipelines are used. The best results in terms of environmental impact reduction are found for the C3 configuration with air storage in a decommissioned mining tunnel. In comparison to the reference scenario, this configuration reduces the environmental impact by about 80–91%, depending on the impact category considered.



A direct comparison with the results of other LCA studies is hampered by the differences in terms of the functional units and RES sources used. Moreover, most LCAs of ACAES systems focus only on GHG emissions and do not consider other impact categories. For example, as shown in Table 5, the GHG emissions calculated for the two integrated PV-ACAES systems are 36 and 46 g CO2-eq/kWh, values that are lower than those calculated in other studies. For a 118 MW ACAES system, Kapila et al. [3] estimated GHG emissions of 232 g CO2-eq/kWh, while for a 100 MW system, Abdon et al. [4] estimated GHG emissions of between 161 and 247 g CO2-eq/kWh. For a 400 MW wind farm integrated with a CAES system, Bouman et al. [5] calculated GHG emissions of about 118 g CO2-eq/kWh. However, these LCA studies compare the GHG emissions to the electrical energy produced by a single ACAES section, whereas the GHG emissions calculated here refer to the electrical energy supplied by the overall PV-ACAES system (68% of this energy is directly supplied by the PV plant, while 32% is supplied by the ACAES system).





4. Conclusions


An LCA of a PV-ACAES system designed to meet the energy demand of a small town was carried out in this study. For five different sizes of the PV plant, ranging from 20 to 40 MW, the environmental impact of the power plant was determined based on the following three scenarios: (1) a standalone PV plant that was directly connected to the end user; (2) an integrated PV-ACAES plant where an underground decommissioned mining tunnel was used for compressed air storage; (3) an integrated PV-ACAES plant using a gas pipeline for air storage. The environmental impacts of these three scenarios were compared with that of a reference scenario in which the electrical energy was fully supplied to the end user from the grid.



This study demonstrated that substituting grid energy with PV energy leads to benefits in all four damage categories (human health, ecosystem quality, climate change, and resources) and in 14 out of the 15 midpoint indicators, with the sole exception of mineral extraction. However, although integrating a PV power plant with an ACAES system improves energy self-consumption, it worsens the environmental impact. This is due to the environmental impacts arising from the construction, operation, and final decommissioning of the ACAES section. Apart from the gas pipeline and the underground storage, the impacts of the ACAES components are negligible in comparison to those of the PV power plant.



The best overall results were obtained for a small PV power plant (20 MW, configuration C1) without energy storage. Of the configurations that included the ACAES system, the best was C3 (30 MW) for both of the scenarios analyzed. In particular, greater advantages were obtained when the compressed air was stored in the underground cavern rather than in the gas pipeline. This was due to the harmful contributions arising from the steel production needed for the construction of the 12 km pipeline.



In summary, substituting the energy supplied by the grid with energy produced by a PV power plant always gives a reduction in the environmental impact in comparison to the reference scenario. In the best configuration, the use of a PV power plant without energy storage gives an energy self-consumption of about 38% and an environmental impact reduction of about 85–95%, depending on the impact category considered. The integration of an ACAES system improves energy self-consumption but worsens the environmental impact, especially when air is stored in gas pipelines. In the best PV-ACAES configuration, the energy self-consumption increases by up to 61%, but the environmental impact reduction is about 80–91%, depending on the impact category considered.



As mentioned previously, the surplus PV production was assumed to be entirely curtailed, and hence, the avoided impact that could be obtained from this PV surplus production was not considered. Therefore, the environmental impact will improve if a portion of the surplus PV production can be sold to the grid. Anyhow, additional research efforts are therefore required to increase the efficiency of energy storage systems and to reduce their environmental impact.
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Figure 1. Schematic diagram of the PV-ACAES system. 
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Figure 2. (a) Load profiles during week and weekend days; (b) monthly energy demand. 
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Figure 3. (a) Power production profiles of a PV module during a summer day and a winter day; (b) monthly energy production of the PV module. 
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Figure 4. Boundaries of the system. 
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Figure 5. Impact category indicators for PV power plants without energy storage. The bar graph shows the impact reduction in comparison with the reference scenario. 
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Figure 6. Midpoint indicators for configuration C1 without energy storage. 
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Figure 7. Impact category indicators for the PV-ACAES plants with underground air storage. The bar graph shows the impact reduction in comparison with the reference scenario. 
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Figure 8. Impact categories for the main components of the PV-ACAES plant with underground air storage, for configuration C3. 
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Figure 9. Midpoint indicators for configuration C3 with underground air storage. 
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Figure 10. Impact category indicators for the PV-ACAES plants with air storage in a gas pipeline. The bar graph shows the impact reduction in comparison to the reference scenario. 
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Figure 11. Impact categories for the main components of the PV-ACAES plant with air storage in a gas pipeline, for configuration C3. 
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Figure 12. Midpoint indicators for configuration C3 with air storage in a gas pipeline. 
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Table 1. Main characteristics of the two TES systems.
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	Volume

[m3]
	Height

[m]
	Diameter

[m]
	Gravel Mass [kg]
	Oil Mass

[kg]





	TES 1
	673.5
	17.50
	7.0
	   1    . 296   ×   10   6    
	-



	TES 2
	1206.0
	21.25
	8.5
	   2    . 321   ×   10   6    
	   7    . 55   ×   10   5    
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Table 2. Main characteristics of the two compressed air storage reservoirs.






Table 2. Main characteristics of the two compressed air storage reservoirs.












	
	Volume

[m3]
	Length

[m]
	Diameter

[m]
	Air Mass

[kg]





	Mining tunnel
	19,103
	973
	5
	   2    . 160   ×   10   6    



	Gas pipeline
	19,103
	12,409
	1.4
	   2    . 160   ×   10   6    
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Table 3. PV plant characteristics and energy production in the five cases considered.
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	C1
	C2
	C3
	C4
	C5





	Rated power (MW)
	20
	25
	30
	35
	40



	Number of modules
	30,744
	38,444
	46,900
	53,816
	61,488



	Energy production (MWh/year)
	31,931
	39,961
	48,740
	55,903
	63,907



	PV energy to the user (MWh/year)
	18,726
	19,593
	20,272
	20,698
	21,082



	Share of energy directly supplied by the PV plant (%)
	38.61
	40.4
	41.8
	42.7
	43.47



	PV energy to the grid (MWh/year)
	13,205
	20,368
	28,468
	35,205
	42,825
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Table 4. Main performance parameters of the integrated PV-ACAES configurations.
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	C1
	C2
	C3
	C4
	C5





	Compressor train power (MW)
	10.85
	10.85
	10.85
	10.85
	10.85



	Turbine train power (MW)
	3.13
	3.13
	3.13
	3.13
	3.13



	End user energy demand (MWh/year)
	48,500
	48,500
	48,500
	48,500
	48,500



	PV direct energy supply to the end user (MWh/year)
	18,726
	19,593
	20,272
	20,698
	21,082



	PV plant overproduction (MWh/year)
	13,204
	20,367
	28,458
	35,202
	42,818



	Compression energy (MWh/year)
	1375.5
	9512
	14,721
	16,518
	17,651



	ACAES electrical energy production (MWh/year)
	1002.7
	6883
	10,491
	11,683
	12,426



	ACAES energy supplied to the end user (MWh/year)
	860.94
	6239
	9515
	10,626
	11,333



	ACAES energy flow to the grid (MWh/year)
	141.15
	649
	975
	1056
	1092



	ACAES round trip efficiency (%)
	72.9
	72.4
	71.3
	70.7
	70.4



	Energy directly supplied by the PV plant (%)
	38.61
	40.4
	41.8
	42.7
	43.47



	Energy supplied by the ACAES section (%)
	1.78
	12.9
	19.6
	21.9
	23.37



	Energy supplied by the PV-ACAES plant (%)
	40.39
	53.3
	61.4
	64.4
	66.74
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Table 5. Results for the best configurations.
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Damage Category

	
Unit

	
C1 w/o ACAES

	
C3 w/Underground Storage

	
C3 w/Pipeline Storage






	
Human health

	
DALY/kWh

	
   2    . 371   ×   10    − 8     

	
   4    . 163   ×   10    − 8     

	
   7    . 117   ×   10    − 8     




	
% Reduction

	
89.22

	
81.10

	
67.68




	
Ecosystem quality

	
PDF *m2 *year/kWh

	
   4    . 016   ×   10    − 2     

	
   5    . 103   ×   10    − 2     

	
   8    . 057   ×   10    − 2     




	
% Reduction

	
84.46

	
80.21

	
68.75




	
Climate change

	
kg CO2 eq/kWh

	
   2.100 ×   10   − 2     

	
   3.626 ×   10   − 2     

	
   4.566 ×   10   − 2     




	
% Reduction

	
95.01

	
91.37

	
89.14




	
Resources

	
MJ primary/kWh

	
   3    . 503   ×   10    − 1     

	
   6    . 177   ×   10    − 1     

	
   6    . 983   ×   10    − 1     




	
% Reduction

	
95.18

	
91.48

	
90.37
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