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Abstract

:

High Concentrator Photovoltaic Thermal (HCPV/T) systems produce both electrical and thermal energy and they are efficient in areas with high Direct Normal Irradiance (DNI). This paper estimates the lifecycle environmental impact of the HCPV/T 2000x system for both electrical and thermal functionalities. Process-based attributional method following the guidelines and framework of ISO 14044/40 was used to conduct the Life Cycle Assessment (LCA). The midpoint and endpoint impact categories were studied. It was found that the main hotspots are the production of the thermal energy system contributing with 50% and 55%, respectively, followed by the production of the tracking system with 29% and 32% and the operation and maintenance with 13% and 7%. The main contributor to the lifecycle environmental impact category indicators was found to be the raw materials acquisition/production and manufacturing of the thermal energy and tracking systems. The results indicate that the lifecycle environmental impact of the HCPV/T 2000x system is lower compared to fuel-based Combined Heat and Power (CHP) and non-Renewable Energy Sources (non-RES) systems.
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1. Introduction


One of the main global challenges is the extensive consumption of generated energy from non-Renewable Energy Sources (non-RES) that are considered as main contributors to the harmful environmental impact. As a result, a number of novel alternative energy technologies based on Renewable Energy Sources (RES) that could operate in a more sustainable way are being continuously researched. Solar RES that uses Photovoltaic (PV) cell is one of the RES that is receiving the most attention for further development. One of the most promising methods to further enhance the efficiency of the PV cell is to use optical concentrator (reflective and/or refractive optical device) in order to concentrate incoming solar radiation onto a small area PV cell. The most common concentrator solar energy technologies include Low and High Concentrator Photovoltaic (LCPV and HCPV), Low and High Concentrator Photovoltaic Thermal (LCPV/T and HCPV/T) and Concentrator Solar Power (CSP). LCPV and HCPV are typically characterized with a concentration ratio of less than 100 and 300–1000, respectively. LCPV uses crystalline silicon PV cells to convert Direct Normal Irradiance (DNI) (and a small fraction of diffuse horizontal irradiance) into electrical energy at high efficiency, while HCPV uses Multi-Junction Solar Cell (MJSC) to convert only DNI into electrical energy at higher efficiency than LCPV [1]. LCPV/T and HCPV/T integrates solar thermal technology with LCPV and HCPV respectively, to produce electrical and thermal energy. In a typical solar thermal technology, the heat exchanger, heat sink, Heat Transfer Fluid (HTF) and thermal storage work together to simultaneously cool the PV cells and extract thermal energy [2,3,4]. Additional advantages of LCPV, LCPV/T, HCPV and HCPV/T systems include low Energy Payback Time (EPBT), land use reduction, and the potential increase in power density. CSP converts DNI into electrical and thermal energy by using concentrators and conventional power block such as steam turbines, gas turbines and Stirling engines [5].



Concentrator solar energy technologies could be directly applied to the buildings or utility-scale and potentially contribute to the global electricity requirements with 7 and 25% by 2030 and 2050, respectively [6,7,8]. However, the application of those technologies could be limited in the regions of high DNI such as MENA (Middle East and North Africa), Mediterranean and the Sun Belt (vast areas of the United States and New Mexico) [6]. In terms of environmental impact, those technologies demonstrated much lower Global Warming Potential (GWP) in comparison to the fossil fuels sources [8,9]. Life Cycle Assessment (LCA) as a useful tool for assessing environmental impact has been applied on the LCPV, LCPV/T, HCPV, HCPV/T and CSP [8,9,10,11,12]. It was found that the use of HCPV/T system for domestic application replacing the traditional systems like electric national grid, boiler and electric heat pump, could reduce annual carbon dioxide (CO2) by 3376 kg [10], while LCPV in building application by 93–101 g /kWh with 2.4 years EPBT and less than 142 g/kWh with 0.7 years EPBT [11,12]. The low values of EPBT are mainly as a result of reduced primary energy demand required for production of the HCPV/T and LCPV systems and their increased efficiency during energy production [10,13,14]. The GWP for HCPV was reported to vary between 16 and 45 g CO2-eq/kWh [8,9,15]. The lifecycle CO2 emission of a parabolic trough and CSP power plant was estimated to be 26 g CO2-eq/kWh [16], and 36.3 g CO2-eq/kWh [17], respectively. All those studies carried out an environmental assessment of the electrical functionality of the systems using few environmental impact indicators but did not consider thermal energy extraction, which is an important factor for improving energy and exergy efficiencies of the solar systems [18]. This paper addresses this gap by carrying out an LCA of the HCPV/T 2000x system for both electrical and thermal function for the full range of environmental indicators.



HCPV/T has been used in a number of studies for electricity and thermal generation and it was found that the overall efficiency of the HCPV/T system can be improved to exceed 70% as a result of the increased both electrical and thermal efficiency by 48 and 26%, respectively [19]. The work by Shittu et al. [4], showed that the electrical efficiency of an operational HCPV/T system can reach 30%. However, its environmental impact of the electrical and thermal functionalities has not been conducted. Therefore, the main objectives of this study were to use LCA to estimate lifecycle environmental impacts of the HCPV/T 2000x system for the defined electrical and thermal energy functionalities and compare the new findings with the RES and non-RES electrical and/or thermal energy generation systems as reported in the literature.




2. LCA Case Study in Palermo, Sicily


2.1. Description of Climatic Conditions


The HCPV/T 2000x systems are applicable in the regions with high DNI. Palermo is the capital of Sicily, an island in the Mediterranean Sea, located in the Southern part of Italy. The average annual DNI and ambient temperature of Palermo (coordinates 38°1′ N 13°4′ E) are 218 W/m2 and 19 °C, respectively [20]. The monthly distribution of the radiation and ambient air temperature are shown in Figure 1 for a typical weather year. In Italy, the typical annual household consumption of electricity in 2016 was~2000 kWh/household/year [21], while the typical annual household hot water demand was~2000 kWh/household/year [22].




2.2. Description of HCPV/T 2000x System


The HCPV/T 2000x system comprises of three integrated subsystems, two for production of electrical and thermal energy and the third is the tracking system. Table 1 presents the components of each system. The case-study HCPV/T 2000x system is presented in Figure 2 and Figure 3 while Figure 4 presents a diagram of the electrical and thermal systems. Figure 2 shows the experimental system which comprises of four modules (1–4). Each module is divided into two semi-modules and the electrical energy system (Figure 4) comprises of a parallel electric circuit arrangement of two semi-modules (North-side and South-side, denoted [1a] and [1b] respectively in Figure 2). Each semi-module consists of 10 Indium-Gallium-Phosphide/Indium-Gallium-Arsenide/Germanium (InGaP/InGaAs/Ge) solar cells arranged in series. The electric circuit is connected to a 1 kW smart grid inverter characterized with Maximum Power Point Tracking (MPPT) to continuously generate maximum possible power. The thermal energy system consists of 20 active heat sink and a reverse return system uses flowing demineralized water to produce thermal energy. Each active heat sink contains an Aluminium (Al) heat exchanger plate which is responsible for the heat transfer from the hot InGaP/InGaAs/Ge solar cells to the flowing demineralized water. The active heat sink designed with one inlet pipe and one outlet pipe was assembled in an adjacent position to the InGaP/InGaAs/Ge solar cell. The reverse return system is a type of closed-loop system used in a piping system with multiple inlet and outlet branches in order to maintain a constant flow rate and constant temperature change of the flowing water between the inlet and outlet of each branch [23]. As a result, the same magnitude of heat is extracted from each active heat sink that constitutes part of the thermal energy system. The active heat sink and reverse return system was adopted as an active cooling system needed to maintain the designed flowrate at 1 liter per minute, that is required to operate the InGaP/InGaAs/Ge solar cell at the designed operating temperature of 20 °C to 90 °C (maximum 110 °C) while simultaneously extracting heat that is required for thermal energy production. The tracking system, which is made from hardware and software systems is a 2-axis tracker and is responsible for achieving the solar CR of 2000x. The hardware tracking system is aligned with the North-South (N-S) configuration in order to accurately track the sun via simultaneous rotational motion of the N-S longitudinal axle and East-West (E-W) transverse axle of the HCPV/T 2000x system, enabled by the coaxial rotational and linear motor respectively, and each connected to a magnetic encoder position sensor. The accurate tracking of the sun requires the software tracking system. The software uses the Solar Position Algorithm (SPA) of National Renewable Energy Laboratory (NREL). The tracking accuracy for a visible sunny or clear day is increased with the installed Complementary Metal Oxide Semiconductor (CMOS) webcam which is part of the tracking system.



The experimental HCPV/T 2000x system has a maximum capacity of 1 kW electric power and 2 kW thermal power. Monitored data were available from the system and an analysis was carried out for four months (March-June 2018). Data include current, voltage, temperature, volumetric flow rate, and DNI recorded on average six times per minute; these were used to calculate the electric and thermal power/energy as well as the cell efficiency. Figure 5 presents data for 25 days; these are 16 days (1 March 2018 to 22 May 2018) when the circulating active cooling demineralized water was not bypassed from the 0.2 m3 demineralized water storage tank, and 9 days (23 May 2018 to 25 June 2018) for when it was bypassed. These days include 5 to 10 h of electrical and thermal production between 6 am to 3 pm. Figure 5 (upper) shows that the average daily electric and thermal power follow the pattern of the average daily DNI, as this is the main parameter affecting them. Also Figure 5 shows that the average daily experimental electric InGaP/InGaAs/Ge TJ solar cell efficiency does not follow the pattern of DNI because it is influenced by several additional factors namely InGaP/InGaAs/Ge TJ solar cell temperature and demineralized water temperature. The increase in DNI values increases the demineralized water temperature (hence the cell temperature), leading to a reduction in electric cell efficiency; lower efficiency is achieved when water temperature rises to approximately 53 °C from the optimum water temperature of approximately 30 °C.



Based on the experimental results, the annual electrical and thermal energy production potential was calculated for the 11 m2 to be 1584 kWh/year and 4290 kWh/year, respectively. The average and maximum experimental daily efficiency of the InGaP/InGaAs/Ge solar cell was calculated to be 25% and 30% respectively [4]. The average and maximum experimental daily thermal conversion efficiency of the thermal energy system is 56% and 78% respectively (Figure 5). The thermal efficiency was calculated according to thermal conversion efficiency proposed in [24,25], which is a product of the combined optical device efficiency, 1 minus the cell efficiency, and the ratio of experimental thermal power over the incident radiation power (based on onsite measured DNI) on the reflective mirror. Therefore, the total average daily efficiency to ~80%.



These results indicate that the system studied can provide almost 80% of electricity for a typical house as well as 100% of hot water with further ~2000 kWh/household/year available for space heat and/or other heating requirements depending on thermal energy storage availability between the seasons.





3. LCA Methods and Materials


The LCA study of the HCPV/T 2000x system was conducted using process-based attributional LCA following the guidelines and framework of ISO 14044/40, which included: goal and scope definition, inventory, impact assessment and results interpretation for “compilation and evaluation of the inputs, outputs and the impact category indicators of a product system throughout its life cycle” [26,27,28]. It was assessed using SimaPro v8.2.3.0 software (PRé Sustainability, The Netherlands) with incorporated ReCiPe 2016 environmental impact assessment method, which is the successor of Eco-indicator 99 and CML-IA methods. It integrates the midpoint impact category of Eco-indicator 99 and endpoint impact category of CML-IA in order to make result interpretation (relevant to human health, the ecosystem and resources) easier [28]. The method converts lifecycle inventory emitted substances to 18 midpoint indicators (midpoint impact category) and 3 endpoint indicators (endpoint impact category), by adopting the hierarchist midpoint and endpoint characterization factors at a global scale [29,30,31,32]. The ReCiPe 18 midpoint impact category indicators are presented in nomenclature while the 3 endpoint indicators are:




	
Human Health Potential—HHP (DALY/kWh)



	
Ecosystem Potential—EP (species.yr/kWh)



	
Resources Potential—RP (€/kWh)








3.1. Goal and Scope


The goals of this study were to:




	
estimate the lifecycle environmental impacts of electrical and thermal energy generation from HCPV/T 2000x system;



	
critically evaluate the magnitude and significance of the lifecycle environmental impacts of electrical and thermal energy generation from HCPV/T 2000x system.








The scope of the study is from cradle to grave, within the LCA system boundary (Figure 6) that envelopes raw materials acquisition and production, component manufacturing, transportation components to installation site, installation of HCPV/T 2000x system, operation and maintenance over service life, and end of life waste management (recycling and landfilling).




3.2. Functional Unit


The functional units (units of analysis) for this study are:




	
1 kWh of electrical energy generated for a service life of 25 years;



	
1 kWh of thermal energy generated for a service life of 25 years.








The unit of measurements (kWh) for the defined functional units is in accordance with the European Commission (EC) [33].



The estimated lifecycle environmental impacts were allocated based on the energy production of the 11 m2 HCPV/T 2000x system with the electrical energy production potential of 1584 kWh/year (39,600 kWh for the service life of 25 years) and thermal energy production potential of 4290 kWh/year (107,250 kWh for the service life of 25 years). Consequently, the energy-based fraction of the lifecycle environmental impacts attributed to electrical and thermal energy are 0.37 and 0.63, respectively.




3.3. System Boundary Description and Inventory


The assumptions, compilation and analysis of Life Cycle Inventory (LCI) data (Table 1) used for this study are based on the system boundary (Figure 6) for the HCPV/T 2000x system. LCI data collection for the HCPV/T 2000x system was classified, as follows:




	
The Foreground data—describe the HCPV/T 2000x system that were sourced directly from the company who designed and built the system (Table 1);



	
The Background generic data—describe the materials, energy, transport and waste management related to the HCPV/T 2000x system. Those data were sourced from Ecoinvent via the SimaPro v8.2.3.0 software used in assessing the LCA of the HCPV/T 2000x system [32,34].








The HCPV/T 2000x system boundary consists of five subsystems: production and installation, operation and maintenance, and waste management (Figure 6). The production and installation subsystem involves raw materials acquisition and production, components manufacturing, components transportation to the installation site and assembly/installation of the HCPV/T 2000x system. The operation and maintenance subsystem involves the generation of electrical and thermal energy, replacement of degraded HCPV/T 2000x system component, cleaning and greasing. Finally, the waste management subsystem involves recycling and landfilling according to the waste management policy and regulation of the case study location. Specific information on the five systems and sources of data are given below.



Production: Electrical energy system: The electrical energy system comprises of InGaP/InGaAs/Ge solar cells, 1 kW variable load inverter, Lithium (Li) ion battery and electric wire connections. Although a Li ion battery is not installed as part of the HCPV/T/2000x system at the case study location, it was assumed that it is part of the HCPV/T/2000x system. The background LCI data of InGaP/InGaAs/Ge solar cell were sourced from commercially available company/literature data, and adapted Silicon (Si) wafer and Czochralski processes from Ecoinvent; these processes were adapted by substituting element/process data related Si with In, Ga, P, As and Ge [32,34].



Production: Thermal energy system: The thermal energy system comprises of active heat sinks and a reverse return system.



Production: Tracking system: The tracking system comprises of structural support, axle, CMOS webcam, electronic and software connection, reflective mirrors, optical receiver, rotational and linear motor.



Transport: The transportation phase of the LCA assesses the transportation impact during the supply of system components to the case-study location site. The transportation impact during raw materials acquisition and component production is not included in the phase, instead it is embedded in the environmental impact at the raw materials acquisition and component production. The transportation modes and distances are summarized in Table 2. It was assumed that all the system components (except the InGaP/InGaAs/Ge solar cell) were manufactured and supplied from the industrial area of Italy (the north). The InGaP/InGaAs/Ge solar cells were manufactured and supplied from Taiwan to Palermo, Sicily, Italy. It was assumed that the InGaP/InGaAs/Ge solar cells were transported by road from the manufacturer to the port of Kaohsiung, Taiwan then by sea to the port of Palermo, Italy. It was also assumed that the components from the north of Italy were transported by road to the port of Genova then by sea to the port of Palermo.



Installation: The installation phase of the LCA assesses the potential land use and electricity consumption of installing 11 m2 HCPV/T 2000x system.



Operation and maintenance: The current challenge facing the deployment of the CPV and CPV/T (or HCPV/T) systems is the lack of procedures and regulatory standards for the development and maintenance gates of the system product lifecycle. Currently, the only available information are the findings published by [35] based on theoretical aspects of the different elements to identify the critical components of the CPV system. The elaboration of those findings, which are related to the identified critical components based on the CPV system operation and maintenance data were collected from 2009 to 2016 [36]. The identified critical components accounting for 85% of the operational and maintenance incidences are tracker, control software and electrical connections, of which the tracker accounts for more than 50% of the operational and maintenance incidence [35]. The findings published by [36] shows a significant reduction in operational and maintenance incidences from 2009 to 2016, which resulted with increasing the reliability and availability of the system to 99.5%. Therefore, it was assumed that the HCPV/T 2000x systems reliability and maintenance is 99.5% and that the required operation and maintenance were based on replacement of degraded components and yearly maintenance of structural components (Table 3). A state-of-the-art Li-ion battery available in MWh(s) nominal capacity was adopted as part of the HCPV/T 2000x system. Li-ion batteries have a long lifetime depending on their management and depth of discharge. They are recommended for home systems with PV electricity generation in hot climates [37]; although costs are still high their environmental impact is lower than acid-lead batteries [38]. We propose a Lithium Ferro Phosphate battery with claimed discharge cycles of 10,000 at 80% depth of discharge [39] complemented by a management system to minimize cycles and depth of discharge. Therefore, the battery will not be replaced during the HCPV/T 2000x system service life of 25 years.



Waste management: This case study assumes that after 25 years of service, the HCPV/T 2000x system components, which include the components replaced during maintenance and their different material types/parts (Table 4) will be recycled and landfilled (Figure 6). Italy as a member of the European Union (EU) is obliged to follow the EU’s waste policy and legislation set up by the EC [41].





4. Results and Discussion


4.1. Midpoint and Endpoint Environmental Impact Category Indicators and Identification of Hotspots


The results of midpoint and endpoint environmental impacts are presented in Table 5 (presented numerically in the first two columns) and Figure 7 respectively. Figure 8 presents the percentage contribution by the subsystem boundaries presented in Figure 6. The results are presented separately for the Electrical Energy Impact Allocation (EEIA) and Thermal Energy Impact Allocation (TEIA) for the defined functional units of 1 kWh for the electrical energy and 1 kWh for the thermal energy. At the midpoint level as shown in Figure 8, the production: thermal energy and tracking systems are the main contributors to the following 13 impact category indicators: GWP, ODP, TAP, FEP, MEP, HTP, POFP, PMFP, FETP, IRP and FDP. The main contributors to TETP, WDP and ALOP are the operation and maintenance and production: thermal energy system. The main contributors to METP are production: thermal and electrical energy and tracking systems. Finally, the main contributors to NLTP are operation and maintenance and installation.



At the endpoint level as shown in Figure 7, the main contributors to HHP and RP are the production: thermal energy and tracking systems while the main contributors to EP are the production: thermal energy system and operation and maintenance. The production: thermal energy system contribution to the environmental impacts are mostly due to the raw materials acquisition/production and manufacturing of the demineralized water storage tank that are mostly accounted for by metalworking (mainly hot steel alloy rolling), welding and glass wool manufacturing process. Also, the production: tracking system contribution is mostly due to the raw materials acquisition/product and manufacturing of the structural support and axle that are mostly accounted for by metalworking (mainly hot steel alloy rolling). The production: electrical energy system contribution can be traced to the raw materials acquisition/production and manufacturing of the electrical wire connections. The contribution towards operation and maintenance was due to the use of on-site land, demineralized water for thermal energy extraction and cleaning of reflective mirror, and lithium for greasing the metallic structural support while installation was due to the use of on-site land and energy consumed by during the installation of the HCPV/T 2000x system.



These results were used to identify the hotspots within the system boundary in accordance to the EC [50,51], which state that the most relevant lifecycle stages are those that contribute over 80% (before normalization and weighting) to any of the baseline impact category indicators. Figure 8 shows that at the midpoint level, the production: thermal energy system, production: tracking system, operation and maintenance subsystem boundaries are the identified hotspots, because on average across the 18 environmental impact category indicators, they are responsible for 92% of the environmental impacts (50%, 29% and 13% respectively). However, Figure 7 shows that at the endpoint level, the production: thermal energy system and production: tracking system subsystem boundaries are the identified hotspots, because on average across the 3 environmental impact category indicators, they are responsible for 87% of the environmental impacts (55% and 32% respectively). The identification of production: tracking system as a hotspot and its cause is in agreement with [15,52] who reported that the LCA study of HCPV system identify the tracking system as a hotspot.




4.2. Comparison of Midpoint Results with Literature


The midpoint environmental impact indicators of the HCPV/T 2000x system from this study were compared with the results reported in the literature that investigated the midpoint environment impact of the cogeneration systems for the case studies in Italy, Mexico and the UK (Table 5 and Table 6). In addition, Table 7 and Figure 9 show the comparison of the lifecycle environmental impacts of this study in comparison to RES and non-RES technologies in six world regions (China, OECD Europe, OECD North America, Latin America, Africa and Middle East), and the global scale. The median values of the literature case studies were reported in Table 5 and Table 7 and Figure 9 because different scenarios (SC) or types of energy system technology were studied and it was less affected by outliers. In order to maintain consistency, the impact indicator units of MWh were converted to kWh.



The following paragraphs discuss the results presented in Table 5, Table 6 and Table 7 and Figure 9 in more detail.



Comparison presented in Table 5.



Table 5 presents several system boundary environmental EEIA of the HCPV/T 2000x system compared with the cradle to grave of the Wood Biomass-Combined Heat and Power (WB-CHP) [46] and Anaerobic Digestion-Combined Heat and Power-Organic Rankine Cycle CHP (AD-CHP-ORC) [47] systems located in Italy. The WB-CHP system uses wood-based biomass from the forest and agricultural activities as a source of heat to produce electrical energy. The analyzed WB-CHP considered four alternative SC of biomass sources: “residues from natural regeneration forestry and industrial activities as feedstock” (SC1), rotation forestry of poplar (SC2), rotation forestry of willow (SC3) and “residues from natural forests and from traditional poplar plantations” (SC4). It was found that the GWP, TAP, FDP, POFP and MEP of the HCPV/T 2000x system were 8–585% lower than the WB-CHP system. In opposite, the remaining impact indicators were 6–89% higher than WB-CHP system. The main reason for the higher environmental impacts seems to be the processes that include: biomass transportation from forest stands to power plant site, biomass combustion in CHP system and diesel consumption in forest machinery for the production of biomass feedstock used in SC2, SC3 and SC4, all of which contributes to the emission of substances; mainly nitrogen oxides (NOx), CO2 and Particulate matter (PM) [46]. The AD-CHP-ORC system uses the AD process as a source of low-grade heat to produce electrical energy. The FDP, TAP, GWP, and MEP of the HCPV/T 2000x system were 30–4224% lower while the remaining impact indicators were 8–94% higher than the AD-CHP-ORC system. The main reason for increasing of the environmental impacts of the AD-CHP-ORC system is probably as a result diesel consumption for feedstock production and transport (resulting in the emission of NOx, CO2, PM), and methane (CH4) and nitrogen dioxide (NO2) emissions from digestate during storage [46,47].



Table 5 also presents system boundary GWP and/or TAP for EEIA and TEIA of the HCPV/T 2000x system compared with the cradle to grave of the Stirling Engine micro-CHP (SE-micro-CHP) [48] and industrial CHP systems [49] for the case studies in the UK. The SE-micro-CHP system is similar in shape and size to a residential domestic gas boiler while the industrial CHP plant is an operational plant that both produces electrical and thermal energy. The system boundary of GWP for EEIA and TEIA of the HCPV/T 2000x system showed to be lower for 182% and 183% respectively while the TAP higher for 90% and 108% comparing to the SE-micro-CHP system. The system boundary GWP for EEIA of the of the HCPV/T 2000x system showed to be 49% lower comparing to the industrial CHP. The main reason for the higher GWP of SE-micro-CHP system is probably as a result of fuel (natural gas) combustion [48,49].



Comparison presented in Table 6.



Table 6 presents several operation and maintenance subsystem boundary environmental EEIA and TEIA of the HCPV/T 2000x system compared with the operational lifecycle stage of the Steam Turbine-CHP (ST-CHP), Gas Turbine- Heat Recovery Steam Generator-CHP (GT-HRSG-CHP), Gas Turbine-Post Combustion Carbon Capture-CHP and (GT-PCC-HRSG-CHP) systems for the case studies in Mexico [54]. The ST-SHP system is a conventional plant, which uses high-pressure steam, while the GT-HRSG-CHP and GT-PCC-HRSG-CHP systems retrofitted from the ST-SHP system are gas turbine systems incorporated with HRSG, and PCC-HRSG respectively. It was found that the HCPV/T 2000x system operation and maintenance subsystem boundary EEIA and TEIA GWP, TAP, POFP, PMFP and FDP were 707–15474% lower than the ST-CHP and GT-HRSG-CHP systems. In addition, the HCPV/T 2000x system operation and maintenance subsystem boundary EEIA and TEIA TAP, HTP, POFP, PMFP, FETP, METP and FDP were 24–6577% lower than GT-PCC-HRSG-CHP system. The main reason for the higher environmental impacts of ST-CHP, GT-HRSG-CHP and GT-PCC-HRSG-CHP systems is probably as a result of fuel (natural gas) combustion, which contributes to the emission of substances; mainly NOx, CO2, carbon monoxide (CO), PM, CH4, and Volatile Organic Compounds (VOC). The ST-CHP and GT-PCC-HRSG-CHP systems have highest and lowest environmental impacts respectively, because of the reduction in fuel (natural gas) for combustion by the GT-PCC-HRSG-CHP systems [54].



Comparison presented in Table 7.



Table 7 presents several system boundary environmental EEIA of the HCPV/T 2000x system compared with the lifecycle environmental impacts of RES (PV, CSP, Hydropower and Wind power) and non-RES (Coal and Natural gas) systems respectively, for six world regions; China—Coal and Natural gas systems, OECD Europe—Wind power systems, OECD North America—PV systems, Latin America—Hydropower systems, and Africa and Middle East—CSP systems. It can be seen that for all impacts, the PV systems are 50%–96%, CSP systems 60%–96%, hydropower systems 43%–98% and wind systems 60%–98% lower than the HCPV/T 2000x system. The higher environmental impact of the HCPV/T 2000x system is probably as a result of higher input of raw materials, energy and heating processes during the production of the thermal energy and tracking systems. The non-RES systems in comparison with HCPV/T 2000x system presented different values for the different EEIA, as follows: the GWP, FEP and POFP of Coal systems were 13%–306% lower while TAP, HTP, PMFP and FDP of the HCPV/T 2000x system 34%–97% higher; the GWP and TAP of Natural gas systems 27%–198% lower while FEP, HTP, POFP, PMFP and FDP of the HCPV/T 2000x system 5%–99% higher [53]. The environmental impact of the HCPV/T 2000x system is higher probably as a result of the higher primary energy demand required during raw materials acquisition/production and manufacturing of the thermal energy and tracking systems.



Comparison presented in Figure 9.



Figure 9 presents the system boundary GWP for EEIA compared with commercially available RES and non-RES systems based on the global average of lifecycle GWP. The RES technologies are wind offshore, solar PV—rooftop, wind onshore, CSP geothermal and solar PV—utility while the non-RES technologies are nuclear, coal power plant (pulverized plant), gas power plant (combined cycle), biomass power plant (co-firing), biomass power plant and hydropower. The GWP of the RES systems is 63–92% lower than the HCPV/T 2000x system. The GWP of the non-RES technologies (except for nuclear) is 77%–532% higher than the HCPV/T 2000x system while the GWP of the nuclear is 91% lower. The main reason for the higher GWP of the non-RES systems is probably as a result of fossil fuel combustion [53] while for the RES systems, it is as a result of the higher primary energy demand required during raw materials acquisition/production and manufacturing of the thermal energy and tracking systems [15,52].



Summary of comparison.



The system boundary (including the operation and maintenance subsystem boundary) environmental impacts (including GWP) of the HCPV/T 2000x system is lower than lifecycle environmental impacts of the non-RES systems (including fuel-based CHP systems). This is mainly due to the fuel (natural gas and diesel) combustion/consumption by the CHP system. However, comparison with RES systems shows higher environmental impacts in most categories. In many cases there are explanations why and need to be looked at system by system.



As an example, the system boundary GWP of HCPV/T 2000x system for EEIA (estimated at 130 g CO2-eq/kWh) was compared with the literature findings. The estimated GWP for HCPV systems was found to be no more than 50 g CO2-eq/kWh [8]. It should be noted that those literature case studies did not include a reverse return system, which is the most significant contributor to the thermal energy system of the HCPV/T 2000x system. As mentioned in Table 1, the reverse return system consists of several components that include active heat sink, and pipes with supply and return connection to the demineralized water storage tank. The demineralized water storage tank is the main contributor to the reverse return system due to the raw materials acquisition/production and manufacturing of the demineralized water storage tank; that are mostly accounted for by metalworking (mainly hot steel alloy rolling), welding and glass wool manufacturing process. The discontinuation of the GWP by the reverse return system (82 g CO2-eq/kWh) leads to the reduced GWP of 48 g CO2-eq/kWh which is similar to CPV/HCPV systems [8].




4.3. Energy and Environmental Impact Performance Gap


One of the problems with commercial grade silicon PV cell is the reduction in efficiency as the cell temperature increases due to the lack of effective cooling of the cells in order to maintain its optimum operating temperature. The temperature coefficient is used to quantify the degree to which the cell temperature influences its efficiency. The review by Dubey et al. [56], estimated the average temperature coefficient of the commercial-grade silicon PV cell to be ~0.45%/°C. The issue of the relatively high temperature coefficient can be overcome by using MJSC with relatively low temperature coefficient. For instance, the temperature coefficient of InGaP/InGaAs/Ge solar cell is 0.04%/°C [57]. However, high concentration ratio increases solar radiation flux density required by the MJSC, which has an influence on the MJSC efficiency. The study by Chen et al. [19], shows an initial increase in electrical and thermal efficiency at low concentration ratio but decreases and increases respectively, at high concentration ratio. Therefore, HCPV/T systems that receive high solar radiation flux requires cooling technology in order to minimize the reduction in electrical efficiency. In this study, the HCPV/T 2000x system has an active cooling system (which consists of active heat sink and reverse return system) that simultaneously cools the InGaP/InGaAs/Ge solar cell, extracts thermal energy and produce electrical energy. As a result, the overall efficiency of the HCPV/T 2000x system is ~80%. The extraction of thermal energy replaces the need for traditional system such as a boiler [10]. In addition to the high efficiency of the HCPV/T 2000x system, the combined lifecycle environmental impact for EEIA and TEIA is lower than fuel-based CHP, traditional non-RES, and potentially lower than RES if the defined thermal energy functionality unit of 1 kWh is met by fuel-based CHP and/or traditional non-RES.



The theoretical study of an HCPV/T system by Renno and Petito [58], showed that the system can be used to satisfy electric, heating and cooling demand for domestic application in the south of Italy. In Italy, the typical annual household electricity and hot water demand in 2016 were ~2000 kWh/household/year each [21,22]. Therefore, the operational HCPV/T 2000x system located in Palermo, Sicily (south of Italy) can be applied as a stand-alone system used to satisfy almost 80% of electricity for a typical residential house as well as 100% of hot water demand. The application of the HCPV/T 2000x system as a stand-alone system instead of grid-connected eliminates the infrastructural challenges of grid connection (including its associated environmental impacts) and replaces the need for traditional system non-RES [58].



The limitation of using HCPV/T systems in regions of high DNI can be mitigated by adopting the prospect highlighted by Islam et al. [6], which is the electricity generation and exportation from desert regions of the MENA to Europe. Therefore, HCPV/T 2000x system can be potentially centralized at a large scale in the regions of MENA, Mediterranean and the Sun Belt, in order to supply electricity to neighboring regions with low DNI. The environmental impact associated with the power transmission from those regions can be potentially mitigated by displacing traditional non-RES systems.





5. Conclusions


The use of LCA to estimate lifecycle environmental impact category indicators of the HCPV/T 2000x system shows that the “production: thermal energy system”, “production: tracking system”, “operation and maintenance” subsystem boundaries are the main hotspots responsible for most environmental impacts at both midpoint (with 50%, 29% and 13% contribution respectively) and endpoint (with 55%, 32% and 7% contribution respectively) categories. The contribution to the environmental impacts are mostly due to the raw materials acquisition/production and manufacturing of the thermal energy and tracking systems.



The findings of this study were compared with some results reported in the literature. It was found that the estimated GWP of HCPV/T 2000x system for EEIA was below the threshold of 50 g CO2-eq/kWh [8]. Also, it was found that the lifecycle environmental impacts (including GWP) of the HCPV/T 2000x system are lower than non-RES (including CHP) systems. Although the lifecycle environmental impact for EEIA of the HCPV/T 2000x system is higher than RES systems, the combined lifecycle environmental impact for EEIA and TEIA is potentially lower if the defined thermal energy functional unit of 1 kWh is met by CHP or non-RES system.



The potential for further research is the improvement of HCPV/T 2000x system environmental impacts via detailed waste management LCA at the raw materials acquisition/production and manufacturing lifecycle stage and end of life, in order to recover materials used for the production of thermal energy and tracking systems.
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Nomenclature




	
Abbreviation

	

	
WB-CHP

	
Wood Biomass-Combined Heat and Power




	
HCPV/T

	
High Concentrator Photovoltaic Thermal

	
AD-CHP-ORC

	
Anaerobic Digestion-Combined Heat and Power-Organic Rankine Cycle




	
DNI

	
Direct Normal Irradiance (W/m2)

	
NOx

	
Nitrogen oxides




	
LCA

	
Life Cycle Assessment

	
PM

	
Particulate Matter




	
CHP

	
Combined Heat and Power

	
CH4

	
Methane




	
non-RES

	
non-Renewable Energy Sources

	
NO2

	
Nitrogen dioxides




	
RES

	
Renewable Energy Sources

	
SE-micro-CHP

	
Stirling Engine-micro-Combined Heat and Power




	
PV

	
Photovoltaic

	
ST-CHP

	
Steam Turbine- Combined Heat and Power




	
LCPV

	
Low Concentrator Photovoltaic

	
GT-HRSG-CHP

	
Gas Turbine-Heat Recovery Steam Generator- Combined Heat and Power




	
HCPV

	
High Concentrator Photovoltaic

	
GT-PCC-HRSG-CHP

	
Gas Turbine-Post Combustion Carbon Capture- Combined Heat and Power




	
LCPV/T

	
Low Concentrator Photovoltaic Thermal

	
CO

	
Carbon monoxide




	
HCPV/T

	
High Concentrator Photovoltaic Thermal

	
VOC

	
Volatile Organic Compounds




	
CSP

	
Concentrator Solar Power

	

	




	
MJSC

	
Multi-Junction Solar Cell

	

	




	
HTF

	
Heat Transfer Fluid

	
Midpoint Impact categories




	
EPBT

	
Energy Payback Time

	
GWP

	
Global Warming Potential (kg CO2-eq/kWh)




	
MENA

	
Middle East and North Africa

	
ODP

	
Ozone Depletion Potential (kg CFC-11-eq/kWh)




	
CO2

	
Carbon dioxide

	
TAP

	
Terrestrial Acidification Potential (kg SO2-eq/kWh)




	
InGaP/InGaAs/Ge

	
Indium-Gallium-Phosphide/Indium-Gallium-Arsenide/Germanium

	
FEP

	
Freshwater Eutrophication Potential (kg P-eq/kWh)




	
MPPT

	
Maximum Power Point Tracking

	
MEP

	
Marine Eutrophication Potential (kg N-eq/kWh)




	
Al

	
Aluminium

	
HTP

	
Human Toxicity Potential (1,4 DB-eq /kWh)




	
N-S

	
North-South

	
POFP

	
Photochemical Oxidant Formation Potential (kg NMVOC-eq/kWh)




	
E-W

	
East-West

	
PMFP

	
Particulate Matter Formation Potential (kg PM10-eq/kWh)




	
SPA

	
Solar Position Algorithm

	
TETP

	
Terrestrial Ecotoxicity Potential (kg 1,4 DB-eq/kWh)




	
NREL

	
National Renewable Energy Laboratory

	
FETP

	
Freshwater Ecotoxicity Potential (1,4 DB-eq /kWh)




	
CMOS

	
Complementary Metal Oxide Semiconductor

	
METP

	
Marine Ecotoxicity Potential (kg 1,4 DB-eq/kWh)




	
CAD

	
Computer Aided Design

	
IRP

	
Ionising Radiation Potential (kBq U235-eq/kWh)




	
EC

	
European Commission

	
ALOP

	
Agricultural Land Occupation Potential (m2a/kWh)




	
LCI

	
Life Cycle Inventory

	
ULOP

	
Urban Land Occupation Potential (m2a/kWh




	
Li

	
Lithium

	
NLTP

	
Natural Land Transformation Potential (m2/kWh)




	
Si

	
Silicon

	
WDP

	
Water Depletion Potential (m3/kWh)




	
EU

	
European Union

	
MDP

	
Metal Depletion Potential (kg Fe-eq/kWh)




	
EEIA

	
Electrical Energy Impact Allocation

	
FDP

	
Fossil Depletion Potential (kg oil-eq/kWh)




	
TEIA

	
Thermal Energy Impact Allocation

	
HHP

	
Human Health Potential (DALY/kWh)




	
OECD

	
Organisation for Economic Cooperation and Development

	
EP

	
Ecosystem Potential (species.yr/kWh)




	
SC

	
Scenario

	
RP

	
Resources Potential (€/kWh)
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Figure 1. Typical monthly average global horizontal, direct normal, diffuse horizontal radiations and air temperature (from Meteonorm weather file) in Palermo, Sicily, Italy. 
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Figure 2. Pictorial description of the operating HCPV/T 2000x system; 1–4 are the HCPV/T 2000x system modules (number 2 was the experimentally study module), (a)—reflective mirror, (b)—BK7 frustum optical receiver (integrated with InGaP/InGaAs/Ge solar cell), (c)—2 inlet pipes (it leads to 1 outlet pipe), (d)—2 YF-SF01 volumetric flowmeter, (e)—flow separation point with PT100 platinum thermometer sensor and pipe that leads to the 2 inlet pipes, (f)—close loop pipe, (g)—structural foot support, (h)—demineralized water storage and (i)—2 pressure sensors (1 before and after the Priux master 25–90 circulating pump) [4]. 
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Figure 3. HCPV/T 2000x system Computer Aided Design (CAD) model; 11 m2 footprint in area. 
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Figure 4. Electrical and thermal system schematic of the HCPV/T 2000x system. 
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Figure 5. Electrical and thermal power production (upper) and efficiencies (lower) of the HCPV/T 2000 system calculated based on experimental data. 
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Figure 6. The LCA system boundary for HCPV/T 2000x system. 
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Figure 7. Endpoint system boundary EEIA and TEIA of the HCPV 2000x system. The units of the endpoint impacts are; HHP (DALY/kWh), EP (species.yr/kWh) and RP ($/kWh). 
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Figure 8. Midpoint EEIA and TEIA percentage contribution by the subsystem boundaries of the HCPV/T 2000x system. 
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Figure 9. System boundary GWP (kg CO2-eq/kWh) for EEIA comparison with commercially available RES and non-RES systems; based on the global average of lifecycle GWP [53]. The abbreviations CC and PC means Combined Cycles and Pulverized Coal respectively. 
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Table 1. Foreground inventory data for the electrical energy system, thermal energy system and tracking system.
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Component (No of Components)

	
Value

	
Material






	
Thermal energy system




	
Heat sink (x20)




	
Top, bottom and side covers

	
1.72 kg

	
Aluminium alloy




	
Internal supporting structure

	
0.17 kg

	
Aluminium alloy




	
Countersunk fasteners (x80)

	
0.0040 kg

	
Steel




	
Internal and external rings (x40)

	
0.0062 kg

	
Synthetic rubber




	
G1-8 I-FESTO and G1-8 L-FESTO connectors (x40)

	
0.1700 kg

	
Steel




	
Reverse return system (1)




	
12.7 mm and 38.1 mm cylindrical pipes, and 3.2 mm square pipe

	
8.83 kg

	
Steel




	
6 mm pipe

	
81.65 kg

	
Perfluoroalkoxy (vinyl ether) (PFA)




	
22 mm corrugated hose

	
0.6243 kg

	
Polyvinyl chloride (PVC)




	
Circulating pump (x1)

	
5.30 kg

	
Various: mainly iron, steel and copper




	
0.2 m3 demineralized water storage tank (x1)

	
86 kg

	
Various: mainly steel and glass wool




	
Aignep 1120 fitting (x46)

	
0.8200 kg

	
Nickel-plated brass




	
PT100 platinum thermometer sensor (x4)

	
0.2500 kg

	
Various; mainly steel and wiring components (Polytetrafluoroethylene (PTFE) insulated screened lead)




	
0.2 m3 demineralized water (x1)

	
200 kg

	
Demineralized water




	
Tracking energy system




	
Axle




	
Rotational longitudinal axle (2)

	
42.76 kg

	
Iron-base superalloy




	
Upper (x10) and lower (x10) tilting transverse axles

	
15.20 kg

	
Iron-base superalloy




	
Internal (x2) and external (x2) longitudinal transmission rods

	
24.17 kg

	
Iron-base superalloy




	
Longitudinal transmission rod connector (1)

	
1.68 kg

	
Iron-base superalloy




	
CMOS webcam

	
0.0590 kg

	
Various (including glass filter)




	
Electronic and software connections

	

	
Various




	
Reflective mirror and optical receiver




	
Optical receiver (20)

	
0.38 kg

	
BK7 frustum




	
Reflective mirror (20)

	
23.30 kg

	
Ultraclean glass with a silver coating




	
Rotational and linear motor

	

	




	
Rotational motor

	
0.1600 kg

	
Various (including steel)




	
Linear motor

	
0.1500 kg

	
Various (including steel)




	
Gearbox

	
1.4400 kg

	
Various (including steel)




	
AN8 magnet

	
0.0051 kg

	
Various (including iron)




	
Structural support




	
Axle support

	
17.41 kg

	
Iron-base superalloy, nylon and steel




	
Central, north and south side foot supports

	
122.95 kg

	
Iron-base superalloy and steel




	
CMOS webcam support

	
0.54 kg

	
Iron-base superalloy and steel




	
Electronic connection support

	
11.23 kg

	
Iron-base superalloy and steel




	
Reflective mirror and optical receiver support

	
129.96 kg

	
Iron-base superalloy, nylon and steel




	
Rotational and linear motor support

	
0.7974 kg

	
Iron-base superalloy




	
Electrical energy system




	
InGaP/InGaAs/Ge solar cell (x20)




	
Area of one InGaP/InGaAs/Ge solar cell

	
107.90 mm2

	




	
Mass of one InGaP/InGaAs/Ge solar cell

	
7.80 × 10−3 kg

	




	
Inverter (x1)




	
Electrical capacity

	
1 kW

	




	
Mass

	
2.30 kg

	




	
1 Li-ion battery (x1) − 26 kg
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Table 2. Transportation modes and distances in the supply of all HCPV/T 2000x system components.






Table 2. Transportation modes and distances in the supply of all HCPV/T 2000x system components.










	Components
	Value
	Transport Mode





	InGaP/InGaAs/Ge solar cells
	325 km
	Lorry (3.5–7.5 t)



	
	16433 km
	Transoceanic ship



	The rest of the system components
	100 km
	Lorry (3.5–7.5 t)



	
	963 km
	Transoceanic ship
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Table 3. Operational and maintenance of the HCPV/T 2000x system for a service life of 25 years.






Table 3. Operational and maintenance of the HCPV/T 2000x system for a service life of 25 years.





	Components
	Value
	Assumption





	InGaP/InGaAs/Ge solar cells
	0.0096 kg
	Replacement of one cell per year caused failure or damaged due to the high CR (=2000) from the reflective mirror



	Demineralized water
	5000 kg
	Assuming 200 kg of water is used for cleaning the reflective mirror, and for refilling the thermal storage tank



	Optical receiver
	0.38 kg
	Replacement of all the optical receiver halfway through the service life [40]



	Reflective mirror
	23.3 kg
	Replacement of all the reflective mirror halfway through the service life



	Structural support
	125 kg
	Assuming 5 kg of lithium grease is used to grease structural components



	Li-ion battery
	26 kg
	The battery is assumed to function for the 25 years of system’s life equipped by a management system to minimise cycles and depth of discharge.
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Table 4. Waste management of HCPV/T 2000x system. Due to lack of data, waste treatment of InGaP/InGaAs/Ge solar cell was not assessed.






Table 4. Waste management of HCPV/T 2000x system. Due to lack of data, waste treatment of InGaP/InGaAs/Ge solar cell was not assessed.





	
Components/Material Type

	
Value






	
Ferrous metal; waste management




	
Recycling

	
80% [42]




	
Landfilling

	
20%




	
Non-ferrous metal; waste management




	
Recycling

	
90% [43]




	
Landfilling

	
10%




	
Glass; waste management




	
Recycling

	
73% [44]




	
Landfilling

	
27%




	
Plastic, PFA and synthetic rubber; waste management




	
Recycling

	
30% [45]




	
Landfilling

	
70%




	
Li-ion battery, inverter, pump, circulating pump and demineralized water storage tank; waste management




	
Recycling

	
These components were made of different types of material. However, recycling/landfilling was assessed based on main material type and Ecoinvent database.




	
Landfilling
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Table 5. Midpoint system boundary environmental EEIA and/or TEIA comparison with the cradle to grave of the WB-CHP [46] and AD-CHP-ORC [47] systems in Italy and SE-micro-CHP [48] and industrial CHP [49] systems conducted in UK.






Table 5. Midpoint system boundary environmental EEIA and/or TEIA comparison with the cradle to grave of the WB-CHP [46] and AD-CHP-ORC [47] systems in Italy and SE-micro-CHP [48] and industrial CHP [49] systems conducted in UK.





	
Midpoint Impact Indicator

	
HCPV/T 2000x System

	
WB-CHP

	
AD-CHP-ORC

	
SE-Micro-CHP

	
Industrial CHP




	

	
EEIA

	
TEIA

	
EEIA

	
EEIA

	
EEIA

	
TEIA

	
EEIA






	
GWP (kg CO2-eq/kWh)

	
1.30E-01

	
8.19E-02

	
1.41E-01

	
2.02E-01

	
3.66E-01

	
2.32E-01

	
1.93E-01




	
ODP (kg CFC-11-eq/kWh)

	
3.04E-08

	
1.92E-08

	

	
1.31E-08

	

	

	




	
TAP (kg SO2-eq/kWh)

	
3.32E-03

	
2.09E-03

	
3.64E-03

	
4.91E-03

	
3.44E-04

	
−1.59E-04

	




	
FEP (kg P-eq/kWh)

	
1.13E-04

	
7.10E-05

	
1.27E-05

	
3.46E-05

	

	

	




	
MEP (kg N-eq/kWh)

	
5.38E-05

	
3.39E-05

	
3.69E-04

	
2.33E-03

	

	

	




	
HTP (kg 1,4 DB-eq/kWh)

	
1.78E-01

	
1.12E-01

	
4.38E-02

	
2.81E-02

	

	

	




	
POFP (kg NMVOC-eq/kWh)

	
7.26E-04

	
4.58E-04

	
2.31E-03

	
6.70E-04

	

	

	




	
PMFP (kg PM10-eq/kWh)

	
1.07E-03

	
6.75E-04

	
1.01E-03

	
7.90E-04

	

	

	




	
TETP (kg 1,4 DB-eq/kWh)

	
1.08E-04

	
6.84E-05

	

	

	

	

	




	
FETP (kg 1,4 DB-eq/kWh)

	
8.96E-03

	
5.65E-03

	

	

	

	

	




	
METP (kg 1,4 DCB-eq/kWh)

	
8.59E-03

	
5.42E-03

	

	

	

	

	




	
IRP (kBq U235-eq/kWh)

	
9.48E-03

	
5.98E-03

	

	

	

	

	




	
ALOP (m2a/kWh)

	
2.59E-02

	
1.64E-02

	

	

	

	

	




	
ULOP (m2a/kWh)

	
2.59E-03

	
1.63E-03

	

	

	

	

	




	
NLTP (m2/kWh)

	
1.14E-04

	
7.19E-05

	

	

	

	

	




	
WDP (m3/kWh)

	
2.55E-03

	
1.61E-03

	

	

	

	

	




	
MDP (kg Fe-eq/kWh)

	
2.02E-01

	
1.27E-01

	

	
1.13E-02

	

	

	




	
FDP (kg oil-eq/kWh)

	
2.89E-02

	
1.82E-02

	
3.34E-02

	
3.76E-02
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Table 6. Midpoint operation and maintenance subsystem boundary environmental EEIA and TEIA with operational lifecycle stage of the ST-CHP, GT-HRSG-CHP and GT-PCC-HRSG-CHP systems case studies conducted in Mexico [54].






Table 6. Midpoint operation and maintenance subsystem boundary environmental EEIA and TEIA with operational lifecycle stage of the ST-CHP, GT-HRSG-CHP and GT-PCC-HRSG-CHP systems case studies conducted in Mexico [54].





	
Midpoint Impact Indicator

	
HCPV/T 2000x System

	
ST-CHP

	
GT-HRSG-CHP

	
GT-PCC-HRSG-CHP




	

	
EEIA

	
TEIA

	
EEIA

	
TEIA

	
EEIA

	
TEIA

	
EEIA

	
TEIA






	
GWP (kg CO2-eq/kWh)

	
8.27E-03

	
5.22E-03

	
1.09E-01

	
5.17E-01

	
8.03E-02

	
3.80E-01

	
5.95E-03

	
3.07E-02




	
ODP (kg CFC-11-eq/kWh)

	
5.50E-10

	
3.47E-10

	

	

	

	

	

	




	
TAP (kg SO2-eq/kWh)

	
3.81E-05

	
2.40E-05

	
9.74E-04

	
4.61E-03

	
6.30E-04

	
2.98E-03

	
2.55E-04

	
1.32E-03




	
FEP (kg P-eq/kWh)

	
3.51E-06

	
2.21E-06

	

	

	

	

	
7.09E-06

	
3.65E-05




	
MEP (kg N-eq/kWh)

	
1.88E-05

	
1.19E-05

	
8.73E-06

	
4.13E-05

	
5.24E-06

	
2.48E-05

	
4.25E-06

	
2.19E-05




	
HTP (kg 1,4 DB-eq/kWh)

	
2.61E-03

	
1.65E-03

	
1.17E-04

	
5.53E-04

	
5.24E-05

	
2.48E-04

	
5.37E-03

	
2.77E-02




	
POFP (kg NMVOC-eq/kWh)

	
2.49E-05

	
1.57E-05

	
5.17E-04

	
2.44E-03

	
3.35E-04

	
1.58E-03

	
3.54E-05

	
1.83E-04




	
PMFP (kg PM10-eq/kWh)

	
1.75E-05

	
1.11E-05

	
2.18E-04

	
1.03E-03

	
1.41E-04

	
6.68E-04

	
5.67E-05

	
2.92E-04




	
TETP (kg 1,4 DB-eq/kWh)

	
8.32E-05

	
5.25E-05

	

	

	
1.75E-06

	
8.25E-06

	
5.67E-06

	
2.92E-05




	
FETP (kg 1,4 DB-eq/kWh)

	
1.09E-04

	
6.87E-05

	
1.57E-05

	
7.43E-05

	

	

	
3.83E-04

	
1.97E-03




	
METP (kg 1,4 DCB-eq/kWh)

	
9.11E-05

	
5.75E-05

	
1.40E-05

	
6.60E-05

	

	

	
1.13E-04

	
5.84E-04




	
IRP (kBq U235-eq/kWh)

	
4.60E-04

	
2.90E-04

	
4.54E-05

	
2.15E-04

	

	

	
7.09E-05

	
3.65E-04




	
ALOP (m2a/kWh)

	
3.02E-03

	
1.90E-03

	

	

	

	

	

	




	
ULOP (m2a/kWh)

	
2.02E-04

	
1.27E-04

	

	

	

	

	
1.42E-05

	
7.31E-05




	
NLTP (m2/kWh)

	
6.33E-05

	
3.99E-05

	

	

	

	

	

	




	
WDP (m3/kWh)

	
4.67E-04

	
2.94E-04

	
1.89E-04

	
8.91E-04

	
7.16E-05

	
3.38E-04

	
1.70E-04

	
8.77E-04




	
MDP (kg Fe-eq/kWh)

	
4.70E-04

	
2.96E-04

	
8.73E-06

	
4.13E-05

	

	

	
9.92E-05

	
5.11E-04




	
FDP (kg oil-eq/kWh)

	
1.45E-03

	
9.12E-04

	
2.82E-02

	
1.33E-01

	
1.82E-02

	
8.61E-02

	
1.18E-02

	
6.09E-02
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Table 7. Midpoint system boundary environmental EEIA comparison with lifecycle environmental impacts of RES and non-RES systems [55].






Table 7. Midpoint system boundary environmental EEIA comparison with lifecycle environmental impacts of RES and non-RES systems [55].





	Midpoint Impact Indicator
	HCPV/T 2000x System
	PV
	CSP
	Hydropower
	Wind
	Coal
	Natural Gas





	GWP (kg CO2-eq/kWh)
	1.30E-01
	2.25E-02
	2.79E-02
	4.22E-02
	1.11E-02
	5.27E-01
	3.87E-01



	TAP (kg SO2-eq/kWh)
	3.32E-03
	1.40E-04
	1.39E-04
	2.39E-04
	7.23E-05
	1.08E-03
	4.23E-03



	FEP (kg P-eq/kWh)
	1.13E-04
	1.84E-05
	9.04E-06
	2.06E-06
	8.32E-06
	5.30E-04
	7.75E-06



	HTP (kg 1,4 DB-eq/kWh)
	1.78E-01
	2.84E-02
	9.21E-03
	4.32E-03
	1.70E-02
	1.18E-01
	1.00E-01



	POFP (kg NMVOC-eq/kWh)
	7.26E-04
	7.99E-05
	1.14E-04
	4.16E-04
	6.17E-05
	8.21E-04
	6.93E-04



	PMFP (kg PM10-eq/kWh)
	1.07E-03
	4.12E-05
	4.80E-05
	1.13E-04
	3.96E-05
	3.25E-04
	8.37E-04



	FDP (kg oil-eq/kWh)
	2.89E-02
	1.44E-02
	1.17E-02
	2.44E-03
	1.16E-02
	9.60E-04
	3.89E-04
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