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Abstract

:

Energy production without destroying the environment has been one of the most crucial issues for people living in today’s world. In order to analyze whole environmental and/or economic impacts of the energy production process, life cycle assessment (LCA) and life cycle cost (LCC) are widely used. In this study, two distinct renewable energy systems are assessed. First, a land-based wind farm, which has been operating in Bozcaada Island since 2000, is compared to a proposed solar photovoltaic power plant in terms of Energy Pay-Back Time (EPBT) periods and greenhouse gas (GHG) emissions and life cycle cost. The energy production process including the recycling phase evaluated “from cradle to grave” using GaBi software for both cases. All scenarios are compared by considering different impact categories such as global warming potential (GWP), acidification potential (AP), and eutrophication potential (EP). Following this, levelized unit cost to produce 1 MWh electricity (LUCE) is calculated for both systems. This study revealed that LCA and LCCA are useful and practical tools that help to determine drawbacks and benefits of different renewable energy systems considering their long-term environmental and economic impacts. Our findings show that onshore wind farms have a number of benefits than proposed photovoltaic power plants in terms of environmental and cost aspects.






Keywords:


LCA; LCC; photovoltaic; onshore wind; renewable energy












1. Introduction


Climate change is one of the most critical issues for the future of the world. One of the major reasons for climate change is greenhouse gas (GHG) emissions. Therefore, reduction in greenhouse gas emissions is recognized as an important step [1] to avoid the devastating effects of climate change. As the focus on reduction in GHGs increases, researchers are seeking ways to mitigate climate change by applying environmentally-friendly solutions such as green technologies, hybrid systems, and renewable energy systems. In this context, a significant amount of research and development activities have been carried out to determine feasible renewable energy systems for a wide range of engineering fields. The International Maritime Organization (IMO) introduced a number of regulations such as maritime pollution (MARPOL) Annex VI (2014). According to MARPOL Annex VI, oil companies and engine manufacturers have to follow stringent rules and guidelines in order to decrease SOx and NOx emissions [2]. Since the regulatory legislation for ship emissions in the maritime industry has brought the need for improving energy efficiency for environmental benefits, organizations, and governments that started to give funds for research and development studies in this field. Recently, three HORIZON2020 Projects (namely Ship Life cycle software solutions (SHIPLYS, HOLISHIP and LINCOLN) are funded by the European Union (EU) [3], which aims to develop the software integration process for ships considering environmental benefits and their outcomes published in References [4,5,6,7,8,9]. Integration of renewable energy technologies to short-route ferries [10] are also carried out in order to emphasize the importance of such systems in reducing the emissions for the countries that currently have no stringent regulation. Similarly, renewable energy sources (RES) are suggested by a number of researchers [11,12,13,14,15] to reduce air pollution and climate change instead of traditional energy production systems where fossil fuels utilize. The integration of renewable systems with the idea of local co-production is considered an excellent way for mitigating climate change [16]. In recent years, sustainable building with the idea of local co-production has been investigated all around the world [17,18,19] in order to follow International Partnership for Energy Efficiency Cooperation (IPEEC) regulations [20] for zero energy building with the aim to decrease in emissions. After successful applications in the construction sector, some governments started to give funds for the integration of renewables for larger-scale construction areas, namely, new cities. In the 21st century, smart city concepts have been developing to integrate renewable technologies [21] into the production of self-electricity requirements of the new cities. One of the main reasons of enormous greenhouse gas emissions are considered as the emissions from the maritime application as well as the self-electricity need of an island, known as hydrogen islands [22], can be one of the solutions for decarbonizing maritime transportation by means of hydrogen refueling stations. In this study, Bozcaada Island is chosen not only to be the potential of a smart city but also to be the first hydrogen island of Turkey, according to the United Nations Industrial Development Organization (UNIDO) project [23]. Bozcaada island has significant solar energy potential, 308.0 cal/cm2 sunshine radiation per day, and 7.5 h sunshine duration per day, as well as wind energy potential with 8.4 m/s average wind speed at 50 m [24]. Although there is an operating wind farm in Bozcaada island, investigation of the photovoltaic power plant should be carried out due to solar energy potential in this region. Two different configurations, namely, existing wind farm and proposed photovoltaic (PV) plant, are compared in terms of environmental and economic aspects by using life cycle assessment (LCA) and life cycle cost analysis (LCCA). Both previously mentioned renewable energy technologies are evaluated in terms of “cradle to grave perspective”. The production processes of raw materials are included throughout the analysis even though transportation of raw materials such as silica in the LCA of the PV system and steel in the LCA of onshore wind farm are excluded.



The introduction starts with research motivation of the study and a review of LCA applications in various industries to determine the applicability of the method. Following this, limited application of solar energy and LCA of the renewable energy systems are summarized. The model structures and assumptions related with renewable energy technologies and lifecycle inventory analyses are presented in Section 3 and Section 4. A sensitivity analysis is carried out for both systems in order to determine the most feasible recycling strategy, which is presented in Section 5.3. However, the end of life approach is considered only as a suggestion in the case of a PV system due to the fact that there is still no strict way to recycle the procedure of photovoltaic technology. Both technologies are modelled and evaluated using GaBi software. Following the evaluation of environmental impacts, life cycle cost analyses are carried out with both renewable systems. LCA and LCCA results are presented in Section 5. Lastly, discussions are made in Section 6 and future directions are mentioned in Section 7.



1.1. Research Motivation


One of the key objectives of this study is carrying out LCA and LCCA of the photovoltaic power plant since there is no specific study published in Turkey. In this study, photovoltaic power is evaluated for the first time in terms of environmental impacts in Turkey.



1.1.1. Review of Life Cycle Assessment (LCA) and Life Cycle Cost (LCC)


LCA methodology can be defined as an evaluation procedure of a product, a process, or a system in terms of environmental characteristics with a “cradle to grave perspective.” By means of this method, the systems, containing extraction or acquisition of raw materials and manufacturing, transportation of raw materials, and construction procedures starting with infrastructure and finishing with the installation of design structure, use process and reuse, recycling, or disposal of waste materials that can be evaluated for an entire life. LCA methodology has a widespread utilization area around the world. For example, LCA in the infrastructure structure [25] is applied for capturing all changes due to the decisions instead of utilization of embodied carbon calculator tools in order to manage emissions of infrastructure projects. As another example from the infrastructure sector, the requirement of integration of disassembly and deconstruction phase into building information systems [26] are shown by means of LCA methodology. Apart from infrastructure, Australian read meat supply chains focusing on Australian beef and lamb exported to USA [27] is evaluated in terms of environmental impacts with the application of LCA. In the case of the energy sector, Atilgan and Azapagic [28] state that the expansion of renewable technologies is essential for Turkey’s electricity from the medium to long term and Atilgan and Azapagic [29] focus not on the sun but on renewable electricity generated with the utilization of hydro, wind, and geothermal sources in Turkey. As another example of the energy sector, the electricity mix of French territories are studied with the cradle-gate electricity production model and Guyana is reported as the lowest GHG emissions than other islands by Rakotoson and Praene [30].



As an economic evaluation procedure, the life cycle cost analysis, which aimed to predict the total cost of a system, a product, or a process throughout the lifespan, is becoming popular around the world. For instance, the analysis of life cycle cost is carried out by Utne [31] for Norwegian fishing fleet whether LCC can be used as a tool to improve sustainability. In automotive manufacturing, the life cycle cost analysis is conducted [32] for a distinct type of composite materials in order to select an appropriate one for the design of a lightweight automotive. Jeong et al. [9] tried to draw a framework for selecting an optimal propulsion system by combining the life cycle and cost assessment for the shipping industry. Life cycle cost analysis of a defense electronic system [33] is utilized to be able to determine end-of-life cost during the early design step. LCA and LCC for the electricity mix of Turkey are carried out as a first time by Yılan [34]. She selected a levelized cost of electricity as an indicator for the future electricity mix.



The leading software products, which are GaBi and SimaPro, are utilized in the market more than 20 years [35] as life cycle assessments tool. Although there are few studies related with the compassion of LCA software tools, the comparison between GaBi and SimaPro was conducted for the packaging system [36] and continued with simplified systems [37] for the creation and disposal of four basic materials, which are aluminum, polyethylene terephthalate, glass, and corrugated board. All of these are 1 kilogram. Despite the fact that the comparison of the simplified systems concluded that the differences of impact analysis, which is greater than 20%, are caused by the differences in the characterization factors used by the two programs, it is reported that [38] there is no difference between using SimaPro and GaBi for ordinary and even skilled LCA software users in terms of the capability to detect potential errors. GaBi software is presented as the best one [39] in terms of user-friendliness, service, and functionality whereas the best specification for SimaPro is determined to be the cost. Due to a user-friendly specification, GaBi is utilized for the modelling and evaluation procedure of this study.




1.1.2. LCA Applications of Renewable Technologies


Since two distinct renewable systems to generate electricity in Bozcaada Island are investigated in this study. Previous LCA studies of solar panels and onshore wind farm applications are presented in the following.



LCA of Solar Panels


Application of life cycle assessments methodology for the open ground mounting is very rare in the literature since the grid connection of photovoltaic technology and its application is relatively newer than the grid connection of wind power. For example, the installation of photovoltaic power plant composed of multi-Si solar panels is recommended Fu et al. [40] without taking into account therecycling phase of plants even though multi-Si production leads the highest contribution to environmental impacts. Although there are a lot of LCA studies in the literature, they differ from each other by either one aspect or more since there are a lot of classifications of photovoltaic electricity. Classification type of photovoltaic technology can be summarized as the type selection of solar modules and installation styles of solar panels basically. Solar cells produced a multi-Si wafer has the most widespread application than other type of solar cells, including mono-crystalline, thin-film layer, CdTe, and CIS. In the case of installation styles, ground mount installation, namely land-based application, and roof-top installation, which can be categorized as slanted-roof and flat-roof installation, can be regarded. In addition to this, photovoltaic systems are divided into two basic groups as stand-alone (independent, off-grid) PV systems and network connected (grid-connected, on-grid, grid-tied) systems. In order to make a meaningful classification, LCA studies about photovoltaic electricity especially based on crystalline-cell type tabulated in Table 1 by noting the results of energy pay-back time and GHGs. In Table 1, the first row of phases shows the onset of the life cycle analysis as the second row demonstrates end phases of the research studies listed.



Since LCA of PV systems considering the “cradle to grave” perspective are limited, as indicated by Nugent and Sovacool [41].



Table 1 presents publicly available studies for different locations in the world.




LCA of the Onshore Wind Farm


Applications of life cycle assessment methodology for onshore wind farm is widespread around the world as opposed to a land-based photovoltaic power plant. For example, in the European region, the climate change impacts during the life cycle and energy payback time (EPBT) of the onshore wind plant are reported as less than 7 g CO2-eq./kWh and 7 years, respectively [42]. In the case of Texas [43], GHG emissions are classified for different turbine sizes. Global warming potential of 1 MW is 7.35 g CO2-eq. GWPs of 2MW and 2.3 MW turbines are found as 7.09 g CO2-eq. and 5.84 g CO2-eq., respectively. The comparison between the model type of wind turbines is conducted [44] and EPBTs are calculated as 0.43 and 0.53 years for the selected turbine models. As a result, the LCA application of wind energy is more common than the photovoltaic system since wind power technology is older than photovoltaic technology.




LCA of Photovoltaic vs. Wind Systems


To the author’s best knowledge, research on the selection of appropriate systems for the selected region is limited. Schmidt, et al. [45] used a functional unit in order to adopt the amount of electricity required for 10,000 citizens in Toronto. The existing photovoltaic system and proposed wind farm are compared in terms of environmental impacts and damage assessment. Although the PV plant demonstrates less damage to human health than the wind system, the wind farm shows lower impact to ecosystems than the PV plant for the Canadian region.







2. System Boundaries and Methodology


This section introduces the approach of LCA including the framework, assumptions, and related activities. The formulas associated with the LCC are given to demonstrate the calculation part of the life cycle cost section of all technologies.



2.1. System Boundaries


In this study, two different configurations of power plants have been selected. As a general assumption, transportations of primary raw materials such as silica and steel are not considered, since the wafer is produced in Taiwan in the case of a photovoltaic power plant and nacelle, rotor, and tower are produced in Germany for the wind farm case. Relevant processes for production of primary raw materials are included, but transportations of related materials, which is necessary for their production, are excluded throughout this study. GaBi is used to establish LCA modelling and assessments. Furthermore, the circular economy approach is applied for scrapping materials for both systems. Other assumptions related to the technologies are listed in Section 3.1 and Section 4.1 which are model structure parts for the PV system and wind farm, respectively.



A normalization procedure is applied in order to present the results as a single emission type. In other words, different emissions like acidification potential and eutrophication potential convert into an equivalent quantity of CO2 by means of the normalization process. In this study, CML2001-Jan 2016 database [56] is used from GaBi. For example, the emissions caused by global warming potential are represented as kg CO2-equivalent. The functional unit of LCA is taken as the unit of power, MWh. Additionally, kg CO2-eq./MWh is the measure parameter for global warming potential, MJ/MWh is the parameter for cumulative energy demand (CED), year for energy pay-back time, and money for the lifecycle cost.



The main purpose of the study is the comparison of different renewable systems for Bozcaada Island in order to select the most sustainable option. Therefore, the selection of energy mixes is based on the location where the materials are produced, bought, and transported, which is carried out separately for each system and summarized in related assumption tables in the model structure and assumption sections. Section 3.1 for the photovoltaic power plant and Section 4.1 for the onshore wind farm.




2.2. Life Cycle Assessment (LCA) and Life Cycle Cost (LCC)


Life cycle assessment can be defined as a method to evaluate environmental characteristics of a system, product or processes [57] and [58].



2.2.1. Life Cycle Assessment (LCA)


Life cycle stages are divided into four main phases (namely production, construction, operation and maintenance, and decommissioning and recycling) following the statement in the International Agency Report Methodology Guidelines on Life Cycle Assessment of Photovoltaic Electricity [59].



Production Phase


It starts with raw material extraction, which includes manufacturing all the components including infrastructure materials and transmission materials utilized to the grid.




Construction Phase


It starts with transportation of all materials to the operation site. It includes the test procedure for initialization as well as commissioning of the system together with the foundation and supporting structures.




Operation and Maintenance Phase


It starts with electricity production and it consists of dusting and cleaning and periodic controls of the power plant as a maintenance procedure.




Decommissioning and Recycling (or Disposal) Phase


It includes disassembly of plant parts and decomposition and separation of them for recycling or disposal.





2.2.2. Life Cycle Cost (LCC)


The life cycle cost (LCC) is a technique to evaluate all costs during the life cycle [60]. For the case of life cycle costs, design costs containing feasibility and improvements of projects are not considered. In terms of feasibility costs, both systems are renewable and the selected region has high potential for each case, according to the UNIDO project [23]. Project costs might be considered approximately the same for both technologies since the same land is selected for their applications. Since the purpose of the study is to create the framework of the selection between two distinct renewable technologies in terms of life cycle specifications, life cycle costs are divided into three categories. During the procedure, labor costs is not included in LCC calculations since labor costs are expected to be the same due to the requirement of qualified workers for both systems. In this study, the costs of material flows are only considered and are divided into three parts as follows.



Initial Investment Costs


All costs like materials of the systems and construction period are included. Construction costs such as infrastructure for the investments are evaluated in this section for both cases. Costs of material transportation to construction site are included in the initial investment costs.




Operation and Maintenance Costs


Materials required during the operation procedure like lubricants for wind farm and maintenance procedure like tap water for the cleaning of the PV system are considered. The cost of the replacements of components is another item that is included in operation and maintenance costs. The cost of transportations of either the replacements of components or transportation of necessary materials for the maintenance procedure are considered in the operation and maintenance costs even though they have minor effects as opposed to costs of transportation in the initial investment process.




Disposal or Recycling Costs


Costs for decomposition of the plants and transportation costs for the decomposed materials are included. Decomposed materials are transported to either the recycling facility or to the landfill area for treatment.



In part of the life cycle cost, there is an assumption related to the cost calculation that is the difference between the costs of the projects of two renewable systems, which can be neglected due to the fact that the same land area is selected for both cases. Therefore, Equation (1) is developed for the life cycle cost of renewable energy technologies in the light of the explanations for three cost categories in order to make the comparison possible between two configurations.


LCC=Cinv+CO&M+CDorR,



(1)




where CO&M indicates operation and maintenance costs, Cinv. and CDorR show initial investment costs, and costs of the phase of disposal or recycling, respectively. Cinv. can be utilized as the initial investment cost with the shortage of IIC shown, especially in tables in the rest of the study.



Details of the costs for the configurations are classified in the associated sections for both the photovoltaic power plant and the wind farm.







3. Ground-Mounted Photovoltaic Plant


3.1. Model Structure and Assumptions


In this section, a ground mounted photovoltaic system is proposed on the site that is currently the location of Bozcaada wind farm (see Figure 1). The total area of wind farm is taken as 20,560 m2 based on discussions with experts from the operating company. Since this study aims to compare two configurations, the total area of the PV system should be considered close to this area. Moreover, land-use requirement of fixed-tilt PV system is estimated by Denholm and Margolis [61] as 3.8 acres/MWac in the United States. The land use requirement is calculated as 17,391 m2/MW for the Konya Plain Region [62] even though there is no information for the Bozcaada region. The PV system capacity can be estimated to be approximately 1.2 MW for the same land area of wind farm since land occupation for 1 MW photovoltaic plant is around 16,400 m2, which was calculated by taking the average of land use requirements stated for the U.S. and Turkey.



Due to long exposure time of environmental conditions, the efficiency of solar panels decreases. This is called degradation. The main factors of degradation are regarded as temperature differences and humidity conditions and soiling of solar panels. Total energy production should be estimated correctly with appropriate degradation ratio. Therefore, the overall system degradation ratio for the photovoltaic system based on polycrystalline cells are assumed to be 0.6% per year for this study [64].



The lifetime of the photovoltaic power plant is assumed to be 30 years, according to the list, which is in the part of lifetime [65].



The performance ratio is another important factor in order to predict total energy production of the proposed photovoltaic system throughout its life. The performance ratio can be defined as the ratio of actual output and theoretical output for an ideal case. In other words, in real life, actual electricity production of a PV system is less than the calculated one for an ideal case. For this purpose, the appropriate performance ratio is substantial for predicting total energy production. According to Karadogan et al. [66], on-grid applications of the photovoltaic system was started in 2012 in Turkey. Therefore, actual data for electricity production of these systems is not sufficient to estimate a reliable performance ratio in Turkey. In the previously mentioned study [66], it has been found that the deviation between the real energy production and the estimated values for electricity production for seven PV power plants in different sites of Turkey is around 5.54% and, in most of the cases in the study, the Photovoltaic Geographical Information System (PVGIS) database demonstrates closer results. Therefore, the PVGIS calculator is utilized for the expected electricity production of the proposed PV power plant for this study. The performance ratio of the photovoltaic system is determined to be 0.80 by the PVGIS calculator. This performance ratio is also recommended for a ground mounted system [67]. In the PVGIS calculator, the optimum design is selected for the array of solar panels with 32° slope and 3°azimuth angles for Bozcaada Island.



Assumptions based on the photovoltaic system are listed in Table 2.



In this study, the Eco-Invent database is used for components and processes for the life cycle inventory of the photovoltaic power plant.




3.2. Life Cycle Inventory (LCI) of the Photovoltaic System


All components in order to establish the 1.2 MW photovoltaic power plant are listed in Table 3.



They include solar panels consisting of multi-crystalline cells, inverters, support structures, containing foundation and fence equipment, and are named as an open ground mounting structure in the rest of the study, and electrical components are comprised of cables, low and medium voltage switchboards.



Multi-crystalline solar cells can be produced in Turkey after raw material extraction, which is silicon wafer. Solar cells are made from metallurgical grade silicon. The Bulgarian grid mix is used to produce solar cells since there is no available data for the Turkish grid mix. In addition to this, raw materials are obtained from Taiwan for multi-Si technologies by the selected local company. The Chinese grid mix is used until solar cell production due to the fact that there is no data available for the Taiwanese grid mix. In the production phase, silicon wafers from Taiwan transported by an ocean-going ship and transportation distance is assumed as 8689 nautical miles. Inverter and open ground mounting structure are transported to the site in the construction phase.



The infrastructure requires cleaning of the area and construction of the building, which is necessary for the operation stage. Additionally, it requires roads between arrays due to the requirement of the maintenance period including cleaning solar cells with acetone and changing broken ones. Therefore, in the production stage, necessary materials for infrastructure are added to the open ground mounting structure process to be transported to the site area. The open ground mounting structure process is created as a unit process. Material and energy flows are added to the related process in GaBi. Fence and foundation parts are considered by means of relevant flows inside this process.



For construction, first, the raw material extraction phase excluding transportation is completed. Following this, solar modules, open ground mounting structure, and inverters are transported to the site for assembling the power plant. The transportation distance for solar modules produced in Tekirdag is 291 km. The distance between the city and Kilitbahir ferry dock is 228 km. After 2 km by ferry, the distance between Geyikli and Çanakkale ferry docks is 54 km by truck. Lastly, the distance along the Bozcaada ferry dock up to the construction site is 9 km. Distances for transportation are shown in Table 4 in the section of the life cycle cost.



As the initialization procedure, a unit process is first generated in GaBi and named as electric installation with the extrapolation from 570 kWp photovoltaic plant in the database [68] in order to observe mass and energy flows related lightning protection, cabling in the module area, cabling from the module to the inverter, cabling from the inverter to the electric meter, and the weight of the fuse box. In order to finalize the construction phase, a unit process named as the PV plant installation is created. Additionally, the Greek electricity mix is used to initiate electricity production on this process.



Operation and maintenance stages are considered in the third phase. The utilization of tap water for the cleaning of the solar cell is assumed as the main maintenance procedure of solar modules. In the case of cleaning procedure (throughout the whole life), the transportation distance of truck carrying tap water is assumed to be 80 km. Another procedure for the maintenance is the change of 15 solar modules, which are assumed to break during the lifespan of the plant. In addition, all inverters are changed once since their lifetime is accepted as 15 years, according to the list for the PV system component [65] during the operation phase. Total transportation distance for square parts containing the inverters and 15 broken solar cells is assumed to be 80 km. Total electricity production throughout the whole life of a power plant is estimated to be 52.31 GWh with a 0.6% annual degradation rate and an 80% performance ratio, which are shown in Figure 2.



Lastly, as the fourth phase, which is the deconstruction and recycling stage, two distinct recycling procedures are investigated. For the first case, with the end of life approach, on-site basic deconstruction is assumed. A unit process is created in the software for the recycling procedure. Aluminum, copper, and steel scrap from frames and inverters coming from the balance of the system components are evaluated as recycling materials, and their weights are calculated separately, and solar panels are added to the previously mentioned unit process, which is named as the total weight of solar panels. The rest of the material are added as municipal waste to the structural scrap materials process. Scrap materials and solar modules called structural scrap materials are transported to İzmir, which is 300 km far away from the construction site for the recycling procedure. In the Izmir region, aluminum, copper, and steel scraps from the balance of system can be recycled. However, there is no recycling technology for solar panels in Turkey. The end-of-life approach is applied for solar panels by creating a takeback and recycling unit process and avoid the burden form solar module unit process. According to Frischknect et al. [59], the end-of-life approach is based on the recycling of glass from solar modules. In this approach, there is no exact information related to the recycling process for other materials such as silicon wafer and metallization pastes. The unit process is defined based on the recycling technology for glass in the end-of life approach.



As the second case, named as the real recycling plant case, like in the similar case study [47] deconstruction and recycling or disposal stage, disposed solar panels are transferred to the Deutsche Solar AG recycling plant [69] by a cargo plane and only recycled solar modules, with 3.48% mass fraction of total solar panels, are transferred back to the construction site by a truck since there is no recycling plant for solar cells in Turkey. During the first transfer part of the second case, transportation by ferry and truck are neglected due to the fact that a cargo plane is considered for the main transportation vehicle.



Open loop recycling is applied for other parts except solar panels.



In the rest of the study, the first case is mentioned as recycling with the end-of life approach and the second case is named as the real recycling plant case.



In the comparison part of the technologies, which is Section 5, a real recycling plant case is utilized for the photovoltaic power plant in order to make a realistic comparison between the technologies since recycling with the end-of-life approach is an imaginary scenario based on the imaginary recycling plant in İzmir.




3.3. Life Cycle Cost (LCC) of the Photovoltaic System


The LCC model of the PV plant is applied, according to Equation (2), which is adopted with the aid of the LCC equation in the article of Abu-Rumman et al. [70] and the LCC equation, Equation (1), which is developed for this study. Therefore, Equation (2) is utilized for the calculation of the life cycle cost of PV configurations.


LCCPV=Cpanels+CPelec+CPinf+CPO&M+CPtr,



(2)




where


CPinv=Cpanels+CPinf+CPelec+CPt1,



(3)




and


CPtr=CPt1+CPt2+CPt3,



(4)







In the above equations, CPtr is the total transportation costs from cradle to grave. In addition to this, CPt1, CPt2, and CPt3 are the transportation costs of three categories. In other words, transportation costs for the initial investment is CPt1, CPt2 is transportation costs for the operation and maintenance procedure, and, lastly, CPt3 is the transportation cost for disposal or recycling. Therefore,


CPO&M=Ctap water+Cspare panels+CPt2,



(5)




and


CPDorR=CPt3,…



(6)







Details for transportation costs are summarized in Table 4.



The costs of solar panels are calculated with the price of solar panels for the selected company in Tekirdag.



Infrastructure costs for a photovoltaic system requires site preparation initially. However, there is no need for the selected area, as seen in Figure 1 since the selected region has no meaningful slope and there is no vegetation that prevents the application. During site clearance for the infrastructure of the PV system, general cleaning will be sufficient. Therefore, no material flows are considered for general cleaning of the infrastructure. Furthermore, there is the assumption of the elimination of labor costs to make the comparison easier between the renewable configurations with the estimation of approximately equal labor costs for both systems. Therefore, the open ground mounting structure cost can be regarded as one of the sources of the costs for the infrastructure of the photovoltaic power plant. For the costs of open ground mounting structure, the costs of settings, wiring etc. [71] for 1 kW is extrapolated with the inflation rate of Turkey [72] since the production of all other materials except the wafer is assumed to be produced in Turkey. Another source of the infrastructure is the costs of the building and landscape. The working area, which will be used for the operation procedure, is assumed to be 100 m2 and its costs is assumed to be $34,180 as in the wind farm case. CPelec consists of the costs of inverters and 9 km-cables either between solar panels or the transmission line to the grid. The Turkish inflation rate is applied to the cost of the grid tie inverter price [71] to obtain the costs of an electrical apparatus containing cables for this study.



The costs of operation and maintenance are based on costs of the replacements of spare parts and cost of cleaning the solar panels. Throughout the life of the photovoltaic plant, 46.6 tons tap water is utilized and its transportation distance is assumed to be 80 km similar to the replacement distance for the inverters and spare parts, which are broken solar panels, as seen in Table 4. Spare solar panels and spare inverters are not allocated initially due to the difficulty of their protection. Hence, their transportation distances are added to the transportation distances of the original parts.



Transportation costs as seen in Table 4 are related to the weight of materials and distances of the materials and are calculated based on the consumption of diesel. Diesel consumptions are taken from GaBi and the price of diesel is found in the archived list of the BP company [73]. Ultimate diesel price for Istanbul is utilized for the calculation procedure. Solar panels for recycling are transferred with a cargo plane. Kerosene price [74] is taken from the Alibaba website as $300/tons.



Results of the life cycle costs of not only the PV system but also the wind farm are compared in the life cycle cost analysis part.





4. Onshore Wind Farm


4.1. Model Structure and Assumptions


As seen in Figure 1, there is a wind farm consisting of 17 wind turbines with a linear arrangement. The wind farm has 10.2 MW installed capacity with Enercon E-40 (600 kW) wind turbines [75]. It covers 20,560 m2 and it is located on the west-side of Bozcaada Island. Tower height is taken as 44 m based on discussions with the experts from the operating company. Considering environmental impacts, the company decided to paint the wind farm using an earth color and to connect turbines by underground wiring which is 9 km long to the central transformer of the island in order to preserve the natural appearance of the island.



Assumptions for the wind farm and the basic characteristics of the wind farm are listed in Table 5 and Table 6, respectively.



Enercon E-40 type wind turbines were used in Bozcaada Island. However, there are no detail data for the case of specific tower height on the manufacturer’s website. Therefore, tower weight is utilized from the work [76] since tower height is 46 m in that work and it is 44 m in Table 5.



There is no production line for this kind of turbine in Turkey when this wind farm was installed to operate. Therefore, wind turbines are transported from Enercon Company in Germany by truck in the modelling procedure. Transportation distances between Bozcaada Island and Enercon Company in Germany are measured using google maps as 2640 km by truck and 8 km by inland ship to reach Bozcaada Island.



Cables and an inverter for electric installation of the farm were brought from the company’s own cable factory in Bilecik. Hence, transportation distance for them was 441 km by truck and 8 km by ferry.



There is no information about acquisition of concrete materials. Hence, transportation distance of concrete is assumed to be 305 km.



In GaBi, cables and inverter, nacelle, foundations and roads, tower, and rotor are created as a unit process. However, transportation of primary raw material such as cast iron is not considered since the production line for basic components of wind turbine is in Germany. Although other components such as foundations, roads, cables and inverters are produced in Turkey. Transportation distance for their raw materials are neglected in this study.




4.2. Life Cycle Inventory (LCI) of Onshore Wind Farm


Specifications of Enercon E-40 (600 kW) wind turbines are demonstrated in Table 7. Tower weight is reduced by means of linear interpolation technique to correct material flows. Furthermore, the total weight is decreased for material requirement calculations.



As a beginning, the wind farm is divided into two parts as a fixed part of the wind turbine and moving parts of the wind turbine, which are compatible with GaBi flows. Moving parts of the wind power plant compromises of cables, inverters, nacelle, and rotor.



4.2.1. Moving Parts of the Wind Turbine


Moving parts of the wind turbine contains nacelle, rotor, cable, and an inverter for this study. The transportation distance assumed as 441 km for cables. In GaBi, a unit process is created to mimic cables and the inverter.



Nacelle


It was the main parts of the wind turbine for housing the generator, gearbox, and brakes. It was produced in Germany. It contains steel and a cast-iron part. As a process, the metal roll forming process [79] was applied for its production in GaBi. Nacelle is transported to the construction site by ferry.




Rotor


The rotor contains a hub and blades. Glass fiber, epoxy resin, and cast iron are the materials for its production. It is another component from the moving parts of the turbine.





4.2.2. Moving Parts of the Wind Turbine


It includes tower and foundations as well as access roads requiring to not only construct but also to maintain the wind farm.



Tower


It is a painted steel tube. The main function of it is carrying the rotor and nacelle. As a process, metal roll forming [79] applied for its production in GaBi is similar to nacelle production. The energy requirement of the process and cast-iron parts Deutsch grid mix is selected due to the production of it in Germany when the plant was established.




Foundations and Roads


The foundation is necessary for assembling a wind turbine on it. Access roads are constructed to carry out maintenance in order to unite whole turbine components. Concrete and steel are the main materials to model its production. In the disposal procedure, foundations and roads are left on the plant site in order to construct a new plant in the future.



The lifespan of the wind farm is assumed to be 20 years [43] for this study.



When extraction of the raw materials phase is finalized, in the construction phase, which is the second phase for the life cycle assessment, moving parts of the wind turbine and the fixed part of wind turbine are connected to turbine assembly by means of the excavator for construction since there is no crane or lifter in GaBi. This is one of the limitations of this study.



As a third phase, operation and maintenance procedures are defined as the use phase above. Energy production from the wind farm is calculated as 680 GWh for the entire life cycle. Furthermore, the wind farm requires four types of periodic controls based on discussions with the operator of the plant. Visual controls are one of the periodic controls, but there is no material flow for it. Second type of periodic control is oiling of the parts. Therefore, lubricants are required for the maintenance stage. The lubricant requirement for the power plant calculated as 3400 kg throughout the 20-year life of the plant, according to the report [77], and its transportation distance is assumed to be 300 km. According to a discussion with the operator, there are failures of moving parts especially electronic devices. For spare parts, replacement of 1% of moving parts of the wind turbine is assumed and added to material flow as spare parts. In addition to information taken from the operators, wind turbines require mechanical maintenance twice a year [80]. Site maintenance is neglected since spare parts allocated initially and there is no requirement for access roads due to the fact that the area has no traffic except a maintenance procedure.



In the fourth phase, which is deconstruction and disposal or recycling phase, onshore wind plant decomposed into the main production components including tower, nacelle, rotor, foundation, and decomposition of electronic parts coming from cables and inverters. The end of-life treatment for foundation is 100% landfill as in the DTU International Energy Report [81] and Haapala and Prempreeda [44] advised. Decomposition of electronic parts is sorted as waste for disposal and aluminum scrap. The landfill process is applied for a decomposed rotor since recycling of the composite is not an easy task for the current technology [81]. Nacelle and tower are decomposed as decomposition for iron sorting and its end-of life treatment is applied as 90% recycling materials and 10% landfill. In the recycling phase, open loop recycling is applied since recycling strategies are beyond the aim of the study. Recycling of electronic parts is assumed to be 95% recycling and 5% landfill.



Treatment of materials and material quantities is demonstrated in Table 8. For open loop recycling, transportation distances utilized during the end of-life treatment are seen in Table 9 in the life cycle cost of the wind farm.






4.3. Life Cycle Cost (LCC) of Onshore Wind Farm


The LCC model of the wind farm is applied according to Equation (7), which is adopted with the aid of the LCC equation in the article [82] and developed the LCC equation for this study, which is Equation (1). Therefore, for this study, Equation (7) is utilized for calculating the life cycle cost of the wind farm.


LCCONW=Cturbines+CWelec+CWinf+CWO&M+CWtr,



(7)




where


CWinv=Cturbines+CWinf+CWelec+CWt1,



(8)




and


CWtr=CWt1+CWt2+CWt3,



(9)







In the above equations, CWtr is the total transportation costs from cradle to grave. In addition to this, CWt1, CWt2 and CWt3 are transportation costs of three categories. In other words, transportation costs for the initial investment is CWt1, CWt2 is transportation costs for the operation and maintenance procedure, and, lastly, CWt3 is the transportation cost for disposal or recycling. Therefore,


CWO&M=CWM+CWt2,



(10)




and


CWDorR=CWt3,



(11)




where CWM is the material costs in the operation and maintenance phase.



During the calculation of costs for infrastructure and costs of electrical apparatus are extrapolated from the cost [83] and [84]. For example, the costs of foundation and roads is calculated to be $136,724 by means of the previously mentioned study [84] for the year 2015. The building and landscape area is assumed to be 100 m2 and its cost is taken as $34,180. CWinf is determined as $170,904, which is the sum of the costs of foundation and roads and the costs of the building and landscape area. Following that, the Turkish inflation rate is applied to the costs to reach the infrastructure costs for 2019 with the aid of the inflation calculator [72] for Turkish Republic in order to be able to make a comparison between two renewable configurations.



The same procedure is conducted for CWelec since cables and inverters are also assumed to be produced in Turkey. In the case of Cturbines, first, one of the Enercon E-40 turbine cost is found from the article [85] in the year 2006.



Total turbine costs are calculated and extrapolated with the producer price indices [86] by using Germany’s price indicator.



The operation and maintenance costs consist of the costs of lubricants, transportation costs of spare parts for the necessary replacements, and transportation cost of lubricants when labor costs are excluded from operation and maintenance costs based on the assumptions made in the beginning of the life cycle cost section. The costs of spare parts are considered in the initial investment costs since the allocation of them is conducted before the initialization of the wind farm. The cost of the maintenance procedure, which is basically independent of size [87] and includes replacements of spare parts and lubricants is found in the article [88] as $5770.77 for the Enercon E-40 turbine. It is extrapolated with the quarterly producer price indices [86] by using Germany’s price indicator since the prices of lubricants and other consumables are increased between 2008 and 2019.



Costs of transportation due to scrap materials are calculated by means of the weights and hauls of scrap materials. They are calculated based on the consumption of diesel. Diesel consumptions of the transportation process for all scrap materials are taken from GaBi and the price of diesel is calculated by means of the archived list of the BP company like in the life cycle cost of the photovoltaic plant. The ultimate diesel price for Istanbul is utilized for the calculation procedure. The procedure mentioned above and results are listed in Table 9.



Results of life cycle costs of the wind farm are compared with the cost of the PV plant in a life cycle cost analysis.





5. Results


In this section, environmental quantities of both the onshore wind farm and the photovoltaic power plant are described and compared.



Average annual electricity production is 34 GWh/year for the wind farm and 1.74 GWh/year for the PV plant, respectively.



5.1. Life Cycle Impact Assessment (LCIA)


Primary energy demands from renewable and non-renewable resources (net calorific value) for onshore wind farm and photovoltaic power plant are 71,160,356.64 MJ and 12,268,381.46 MJ, respectively.



Cumulative energy demand values are calculated for each system by using the primary energy requirement values as in the study [89]. The ratio of the total energy embedded in the system as the primary energy [90] and average annual electricity production is defined as energy payback time for this study. Energy pay-back time values for not only onshore wind farm but also the photovoltaic power plant can be seen in Table 10.



The CML2001-Jan 2016 [56] method is utilized for all environmental quantities including global warming potential, acidification potential and eutrophication potential.



Air pollution is caused by acid rain and it leads to air pollution [91]. Air pollution and eutrophication are the major reasons for water pollution. Both acidification and eutrophication are considered as other environmental impact categories for this study due to the selection of the location, which is an island to be established as the renewable energy generation systems.



Acidification potential of the PV system is shown in Figure 3 and acidification potential of onshore wind farm is shown in Figure 4 whereas eutrophication potential of PV system is shown in Figure 5 and eutrophication potential of the onshore wind farm is shown in Figure 6. In the case of the PV system, the production phase leads to the highest acidification level as expected due to extensive energy requirements from different sources such as thermal energy and electricity. Similar to the production phase of the PV plant, the disposal or recycling phase causes a high acidification level due to the need of fuel for transportation of scrap materials. As seen in Figure 3 and Figure 4, the construction phase for the onshore wind farm demonstrates a higher acidification level than the photovoltaic power plant. During the production process for the wind turbine, the unit process of aluminum ingot mix is the main contributor of acidification in the case of onshore wind farm. In the production phase of the photovoltaic power plant, the energy requirement processes either thermal energy or electricity and the unit process of float flat glass can be regarded as the major cause for the acidification. As seen in Figure 4, the acidification potential of the disposal or recycling phase of the PV system is another highest share due to the airline transport of the scrap materials to the real recycling plant.



In terms of eutrophication level, the disposal or recycling phase of onshore wind farm demonstrates the highest one due to a disposal or recycling phase. The unit process of municipal solid waste on landfill which derived from the disposal of foundation and roads, is the major reason of high eutrophication. Furthermore, the result of the production phase of onshore wind farm does not indicate the specific unit process like in the case of disposal or recycling phase of the wind farm when the results are examined in detail. In the case of eutrophication, the production of multi-Si wafer can be regarded as another cause as well as the energy requirement of the processes and the unit process of float flat glass for the first phase of the PV system. The unit process of the cargo plane has the biggest share in the disposal or recycling phase of the photovoltaic plant in terms of the eutrophication level like in the acidification potential.



Global warming potential of the photovoltaic power plant and the onshore wind farm are shown in Figure 7 and Figure 8, respectively. While total GWP of the PV system is 958,858.26 kg CO2-eq., total GWP of the onshore wind farm is 7,194,780.48 kg CO2-eq.



As seen in Figure 9, the ratio of energy demand of the production phase for the PV power plant is 91.738% whereas the second most energy required phase is disposal or recycling with the ratio of 7.923%. The least energy requirement phase is operation and maintenance. The construction phase needs 0.333% of total energy demand in the case of the photovoltaic power plant.



In the case of the onshore wind farm (Figure 10), the most energy required, which is, 92.208%, is the production phase like in the case of the PV system. However, the construction phase of the wind farm, which is, 4.104%, needs more than the disposal or recycling of the onshore wind farm, which is, 3.493%, unlike in the photovoltaic power plant. The energy requirement of the operation and maintenance phase for the onshore wind farm, which is, 0.195%, shows a similar trend like in the case of the PV system.




5.2. Life Cycle Cost Analysis (LCCA)


The results of life cycle calculations based on the prices of 2019 are summarized in Table 11. As seen in Table 11, LCCONW is $23,949,194.42 and LCCPV is $2,826,759.22. Ratios of transportation cost during the phases are shown in Table 11 for each configuration. The ratio of the transportation cost of the third phase for each system is equal to 1 since disposal or recycling phase costs for each configuration are based on the transportation costs from Equation (6) and Equation (11). The transportation costs are not crucial since the material costs for each phase are more dominant than the transportation costs for each case, as seen in Table 11. However, whether LCC is a useful tool or not for decision-making between distinct renewable configurations for a selected region, Bozcaada Island, cannot be understood from these cost results. Hence, levelized unit costs for producing 1 MWh electricity are calculated to make a comparison. In other words, the required cost during their lifecycle is measured with a levelized unit cost to produce 1MWh electricity. The levelized unit cost for electricity is shown as LUCE in the rest of the study and Equation (12) shows its calculation methodology.


LUCE=Lifecycle cost of the system [$]Expected electricty generation from the system [MWh]



(12)








5.3. Sensitivity Analysis


Sensitivity analysis of each system are conducted separately for the photovoltaic power plant and the onshore wind farm.



5.3.1. Sensitivity Analysis for the PV System


Sensitivity analysis of the PV system include three cases. For the first and second case, recycling strategies of the photovoltaic power plant are changed, as seen in Table 12. A detailed description of recycling with the end of-life approach and real recycling plant case are conducted in the disposal or recycling phase of the photovoltaic system. In addition to this, the transportation distance for all scrap materials is indicated in Table 4 by a 300 km truck and an 8 km ferry. The difference between the second and the third case is applied for the recycling ratios for aluminum scraps in the open loop recycling. In the second case, the ratio is taken as 0.7 and 0.9 is the selected value for the third case. The results are also presented in Table 12.



The results of them are compared as the sensitivity analysis of the PV plant. The LCIA results for environmental characteristics of the recycling strategies are demonstrated in Figure 11 and Figure 12, respectively.



As seen in Figure 11 and Figure 12, greenhouse gas emissions for the real recycling plant case are higher than greenhouse gas emissions for recycling with the end-of-life approach. The major reason is the difference between transportation distances in order to reach recycling plants. In this respect, with the recycling with end-of-life approach, which is based on glass recycling, is more meaningful for the recycling of the photovoltaic power plant system. Recycling of glass from solar panels in İzmir prevents greenhouse gas emission required to produce glass from sand.




5.3.2. Sensitivity Analysis for Wind Farm


In the case of the wind farm, scraps containing iron from the decompositions of nacelle and tower, composite from the decomposition of rotor blades, and aluminum from the decomposition of cables and inverters, are focused materials for the sensitivity analysis of the onshore wind farm. Sensitivity analyses are divided into two parts and named as Case A and Case B. Transfer procedures of scrap materials to the distribution center are excluded from the life cycle analysis of the wind plant in Case A. In other words, open loop recycling is applied to scrap materials without considering transportations of them for Case A. On the other hand, scrap materials are transferred to the distribution center for the application of open loop recycling procedure by a 15km ferry and a 100km truck in the second option of sensitivity analysis of the wind plant and it is called Case B, as summarized in Table 13. Results of the cases are also demonstrated in the table.



Transfer procedure of scrap materials to the distribution center increased global warming potential, energy pay-back time of the plant, and cumulative energy demand as expected. However, a difference between the cases are not significant. For example, transportation of scrap materials causes 1.6% (approximately four days) increase in the energy pay-back time for the onshore wind farm. As concrete from foundations and tower are left in the construction site for future investments, other scraps, which are iron, aluminum, and composite, should be transferred the distribution center for a cleaner environment after disposal of the plant.






6. Discussion


In this section, results presented in Section 5 are evaluated for two distinct renewable systems.



It can be seen in Figure 3 and Figure 4 that a total acidification potential of the PV system and total acidification potential of the onshore wind farm throughout the lifecycle are higher than the photovoltaic power plant.



Acidification potential of the onshore wind farm is 523.1 kg SO2-eq./year while acidification potential of the photovoltaic power plant is 171.2 kg SO2-eq./year, annually. However, acidification potential of the onshore wind farm is lower than the photovoltaic power plant in terms of levelized characteristics, which are found by dividing with a functional unit of LCA and are shown in Table 10. As a result, the photovoltaic power plant is less advantageous than the onshore wind farm in terms of acidification potential.



Although eutrophication potential of the wind farm, which is annually 222.4 kg phosphate-eq./year, is higher than the eutrophication potential of the photovoltaic power plant, which is annually 13.8 kg phosphate-eq./year. The onshore wind farm shows a better trend than the photovoltaic power plant in terms of levelized characteristics of eutrophication potential based on a functional unit, as indicated in Table 10, in the case of eutrophication potential throughout life cycle analyses of different technologies.



In the case of energy pay-back time, photovoltaic technology requires approximately 25 months to produce primary energy which is initially embedded, whereas the onshore wind farm needs 7.5 months. It can be explained by the primary energy requirements of each technology and the power production capacity for the technologies. The energy requirement of production technologies can be clarified by a cumulative energy demand. As seen in Table 10, cumulative energy requirement of onshore wind farm is less than cumulative energy demand of photovoltaic power plant to be invested in Bozcaada. Onshore wind farm with 34 GWh average annual electricity production has higher potential than photovoltaic power plant in terms of power production capacity on the selected area which is approximately the same for both technologies.



When annual greenhouse gas emissions of both configurations are examined, onshore wind farm emits 359,739.0 kg CO2-eq. per a year and PV system emits 31,961.9 kg CO2-eq. per a year. However, onshore wind farm emits less greenhouse gases than photovoltaic power plant to produce 1 MWh electricity as seen in Table 10 by means of levelized characteristics of global warming potential.



Figure 9 and Figure 10 indicate that operation and maintenance phase shows the least primary energy demand for both renewable systems as expected. Production phase leads to the highest value of greenhouse gas emissions not only for onshore wind farm but also for photovoltaic power plant. Decommissioning and recycling phase is the second most energy required phases for both technologies. The construction phase of power plant demonstrates a lower ratio than the construction phase of onshore wind farm as expected since there is no requirement of utilization of construction machines in order to establish a power plant unlike in the case of the establishment of wind farm. Moreover, the construction of infrastructure is simpler for the power plant than the onshore wind farm.



In terms of levelized unit cost to produce 1 MWh electricity, onshore wind farm is more logical investment than photovoltaic technology for Bozcaada Island although the initial investment cost of onshore wind plant configuration is approximately 11 times of the initial investment cost of photovoltaic power plant configurations. When the life cycle costs of both technologies are considered, transportation costs of the material are insignificant not only PV system but also onshore wind farm as seen Table 11. However, the transportation cost in initial investment is higher for onshore wind farm than photovoltaic technology due the fact that the total weight of wind turbines is higher than the weight of solar panels.



In the case of sensitivity analysis of PV plant, the increase in the recycling ratio for aluminum scraps leads to 0.02% change in the cumulative energy demand, change in the EPBT and GWP are insignificant as seen Table 12 while change in the recycling strategies causes approximately 11.7 % decrease in the global warming potential. In terms of environment, recycling with end-of life approach is more logical for the PV plant. For the sensitivity analysis of wind farm, the changes between Case A and Case B are insignificant.



As seen in Table 14, phases up to disposal or recycling phases of each technology require less energy and less costs than the entire life cycles of each configurations as expected. In fact, the levelized unit cost of electricity should be lower with open loop recycling procedure in the real life. In other words, in real life, it should be less than the costs calculated in this study when scraps are sold. However, it can be utilized for the comparison between the systems. In addition to this, operation and maintenance procedure of the PV system is approximately 25% of total cost of photovoltaic power plant due to mainly replacement of inverters even though it is almost insignificant for the case of onshore wind farm disposal or recycling cost is less dominant in the case of wind technology than in the PV system. It can be explained by both developed recycling in the wind sector and large amount of landfill treatment which has no cost.



The production phase of both configurations requires extensive energy than other phases. Although the PV system causes enormous GHGs in the production phase, both production and disposal or the recycling phase are the main cause in the wind energy. It can be said that both configurations lead to almost zero global warming potential during their operation.



In terms of energy pay-back time, recycling of the wind farm is more efficient than recycling of the photovoltaic power plant. Furthermore, the disposal or recycling phase of the onshore wind farm requires less primary energy than disposal or recycling phase of the PV system by means of the comparison between the values of cumulative energy demand in Table 14 found. However, disposal or the recycling procedure of onshore wind farm leads to higher greenhouse emissions than the procedure of disposal or recycling for the photovoltaic power plant. It can be explained that recycling strategies of wind farm is cleaner than the photovoltaic power plant in terms of process chain in the production phase of wind turbine.



In the case of the life cycle cost calculations, LUCEONW, 35.2194 $/MWh, and LUCEPV, 54.0386 $/MWh are validated. The costs calculated in this study is lower than costs in Reference [34], as expected, because the main assumption of this study was not including insurance costs, labor costs and project costs.




7. Conclusions


This paper investigated the environmental and economic impacts of two renewable energy systems for a selected region, which is Bozcaada Island. Our findings indicate that the onshore wind farm is more appropriate for the selected region. All of the environmental specifications show a better trend for the onshore wind farm than the photovoltaic power plant. In terms of costs, establishment of wind farm is more meaningful for the generation of electricity than the establishment of the PV system even though annual parameters of global warming potential indicate that the onshore wind farm emits more greenhouse emissions than the land-based photovoltaic plant. In other words, the wind farm is cleaner to generate 1 MWh electricity than PV technology when the lifespans of systems are considered in terms of selected environmental quantities. In the comparison of levelized unit cost, the onshore wind farm is more economic than the PV system for Bozcaada Island to generate electricity. This study shows that the LCA and LCCA of wind and solar energy systems will contribute to investment decision-making by considering environmental impacts and economic analysis.



This study indicates that LCA and LCCA should be used to determine the most feasible option for a selected region (i.e., Bozcaada Island), which has many renewable energy potentials like wind and solar. As is mentioned in Section 1, Bozcaada Island has 308.0 cal/cm2 sunshine radiation per day and 7.5 hours sunshine duration per day, as well as wind energy potential with 8.4 m/s average wind speed at 50 m [24].



During this study, the life spans of the proposed the PV system and existing wind farm are considered like in the other studies suggested for each system. In other words, the life of the photovoltaic power plant is accepted 30 years and the useful life of the existing wind farm is determined to be 20 years. However, there is a still a requirement to investigate about real lifespans of the systems by means of the sensitivity analysis including either change of the life spans or a fixed economic life. Issues like risk have a significant importance for solar panel system applications as well as wind turbines. Therefore, a future study should also include life cycle impacts of risks to determine a more comprehensive LCA study for evaluating renewable energy systems.



Decommissioning and the recycling phase with the current technology causes enormous greenhouse gas emissions not only in PV plant configurations but also the onshore wind farm. The main reasons can be decommissioning and disposal of the plant as well as the transportation of waste and recycling materials. Undeveloped recycling technologies especially in the case of photovoltaic power plant can be another reason for the extensive global warming potential of the fourth phase of photovoltaic technology. There is an urgent requirement of recycling strategies of solar panels.



In the case of land-based photovoltaic technology, selection of system boundaries affects results significantly. For example, up to the disposal and recycling phase, the PV system emits 16.12 kg CO2-eq. for the generation of 1 MWh electricity. The disposal and recycling phase of the PV plant leads to approximately 13.7% increase in the greenhouse emissions, according to the boundaries defined as from the production to the disposal phase. However, disposal and recycling of the onshore wind farm causes almost a 65% increase in GWP, according to its assessment from production to the disposal phase. With the aid of EPBT and CED in Table 14, the reason a 65% increase for the wind plant can be claimed as landfill processes for concrete and composite materials since there is no significant increase in energy requirements which is required for the transportation of waste materials for the fourth stage of the wind farm. For the photovoltaic power plant, its fourth phase needs extensive primary energy. This can be related with utilization of cargo plane for the transfer of solar panels waste since there is no other energy embedded procedure during the modelling part of the fourth phase of the photovoltaic power plant. As mentioned in fourth phase of the PV system in Section 3.2, recycling of solar panels investigations including energy flows are not well-defined in the literature so far. It can be suggested that recycling technologies of the PV system should be improved in the near future.



Results of this study indicate that wind farm is cleaner than photovoltaic power plant in terms of greenhouse gas emission, acidification potential and eutrophication potential for Bozcaada island similar to Canadian case study without the adoption procedure which includes normalization, weighting and single score [45]. It is critical to be able to determine whether the wind system is cleaner than PV system for any location. However, there is still a need to carry out further research to demonstrate cleanness of wind technology compared to photovoltaic technology.
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Nomenclature




	IMO
	International Maritime Organisation



	MARPOL
	Maritime Pollution



	LCA
	Life cycle assessment



	LCC
	Life cycle cost



	LCCA
	Life cycle cost analysis



	LCI
	Life cycle inventory



	LCIA
	Life cycle impact analysis



	EPBT
	Energy-payback time



	GHGs
	Greenhouse emissions



	GWP
	Global warming potential



	AP
	Acidification potential



	EP
	Eutrophication potential



	RES
	Renewable energy sources



	CO2
	Carbon dioxide



	CO2 eq
	Carbon dioxide equivalent



	PV
	Photovoltaic



	O&M
	Operation and maintenance



	DorR
	Disposal or recycling



	Cinv
	Investment cost



	CO&M
	Operation and maintenance costs



	CDorR
	Disposal or recycling costs



	PVGIS
	Solar radiation database



	LCCPV
	Life cycle cost of photovoltaic power plant



	LCCONW
	Life cycle cost of wind farm



	Cpanels
	Cost of solar panels



	CPelec
	Cost of electrical apparatus for PV plant



	CPinf
	Cost of infrastructure of PV plant



	CPO&M
	Cost of operation and maintenance procedure of PV system



	CPtr
	Total transportation cost of PV plant throughout lifespan



	CPt1
	Transportation costs of PV plant during initial investment phase



	CPt2
	Transportation costs of PV plant for operation and maintenance phase



	CPt3
	Transportation costs of PV plant during disposal or recycling phase



	Ctap water
	Cost of tap water



	Cspare panels
	Cost of spare solar panels



	CPDorR
	Cost of disposal or recycling of photovoltaic power plant



	BP
	British Petrol



	Cturbines
	Cost of turbines



	CWelec
	Cost of electrical apparatus for wind farm



	CWinf
	Cost of infrastructure of wind farm



	CWO&M
	Cost of operation and maintenance procedure of wind farm



	CWtr
	Total transportation cost of wind farm throughout lifespan



	CWt1
	Transportation costs of wind farm during initial investment phase



	CWt2
	Transportation costs of wind farm for operation and maintenance phase



	CWt3
	Transportation costs of wind farm during disposal or recycling phase



	CWM
	Cost of maintenance procedure of wind farm in terms of material costs



	CWDorR
	Cost of disposal or recycling of wind farm



	OECD
	Organization for Economic Co-operation and Development



	IIC
	Initial investment cost



	LUCE
	Levelized unit cost to produce 1 MWh electricity



	LUCEONW
	Levelized unit cost to produce 1 MWh electricity for wind farm



	LUCEPV
	Levelized unit cost to produce 1 MWh electricity for photovoltaic power plant
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Figure 1. Selected site on Bozcaada Island [63]. 
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Figure 2. Prediction of electricity production from the PV plant during its life cycle. 






Figure 2. Prediction of electricity production from the PV plant during its life cycle.



[image: Sustainability 11 04098 g002]







[image: Sustainability 11 04098 g003 550]





Figure 3. Acidification potential for the photovoltaic power plant with a real recycling plant case. 
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Figure 4. Acidification potential for the onshore wind farm. 
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Figure 5. Eutrophication potential for the photovoltaic power plant with a real recycling plant case. 
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Figure 6. Eutrophication potential for the onshore wind farm. 






Figure 6. Eutrophication potential for the onshore wind farm.



[image: Sustainability 11 04098 g006]







[image: Sustainability 11 04098 g007 550]





Figure 7. Global warming potential of photovoltaic power plant with real recycling plant case. 
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Figure 8. Global warming potential of onshore wind farm. 
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Figure 9. Energy requirement ratios for the phases of the photovoltaic power plant. 
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Figure 10. The energy requirement ratios for the phases of the onshore wind farm. 
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Figure 11. Quantities of recycling in a real recycling plant. 
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Figure 12. Environmental quantities of recycling with end-of-life approach. 
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Table 1. Summary of LCA studies about photovoltaic electricity.
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Phases

	
Installation

	
Solar Cells

	
PV System

	
GHGs [kg/MWh]

	
EPBT [years]

	

	




	
Onset

	
Final

	
Roof

	
Ground

	
Module Efficiency

	
Cell Type

	
On-Grid

	
Off-Grid

	
Location

	
References






	
Material choices

	
Recycling

	
√

	
√

	
-

	
All

	
√

	
√

	
-

	
-

	
Indonesia

	
[46]




	
Extraction of raw materials

	
Recycling

	
-

	
√

	
14.4%

	
mc-Si

	
√

	
-

	
106

	
4.17

	
Perugia, Italy

	
[47]




	
Production

	
O&M

	
-

	
√

	
12.8%

	
multi-Si

	
-

	
-

	
12.0

	
1.9

	
Gobi Desert

	
[48]




	
Production

	
O&M

	
√

	
-

	
-

	
multi-si

	
-

	
-

	
20.9–30.2

	
1.01–1.08

	
Singapore

	
[49]




	
Production

	
Recycling (BOS)

	
√

	
-

	
14.2%

	
mono-si

	
-

	
√

	
0.053

	
2.5

	
Copenhagen, Denmark

	
[50]




	
Production

	
O&M

	
√

	
-

	
14.7%

	
multi-si

	
√

	
-

	
-

	
2.33

	
Australia

	
[51]




	
Production

	
Recycling or disposal

	
-

	
√

	
-

	
multi-Si

	
√

	
-

	
-

	
2.3

	
China

	
[52]




	
Production

	
O&M

	
-

	
√

	
12.8%

	
multi-si

	
√

	
-

	
13.9–14.9

	
2.2–2.3

	
Gobi Desert

	
[53]




	
Production

	
Disposal

	
-

	
√

	
-

	
multi-si

	
√

	
-

	
with ReCiPe method

	
Toronto

	
[45]




	
-

	
Disposal or recycling

	
-

	
-

	
-

	
multi-si

	
-

	
√

	
-

	
-

	
-

	
[54]




	
Production

	
Disposal

	
-

	
√

	
12.2%

	
BOS (multi-si)

	
√

	
-

	
29/m2

	
0.21–0.37

	
Springerville, USA

	
[55]
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Table 2. Assumptions for the proposed PV system.
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PV system Assumptions and Specifications

	
Comments




	
Nominal power of photovoltaic plant

	
1.2 MW

	
Extrapolation with land–use for 1 MW




	
Area of plant for infrastructure

	
20,560 m2

	
Established wind farm area




	
Plant area

	
16,400 m2

	
Land requirement for 1MW




	
Performance ratio

	
0.80

	
PVGIS database and Reference [67]




	
Degradation ratio

	
0.6%

	
[64]




	
Lifetime of the plant

	
30 years

	
[65]




	
Lifetime of the inverters

	
15 years

	
[65]




	
Lifecycle inventory assumptions

	




	
Production up to wafer

	
In Taiwan

	
Including processes excluding transportation




	
Electricity mix

	
Chinese

	
No Taiwanese grid mix in GaBi




	
Transportation of wafers

	
By ocean-going ship

	
8689 nautical miles as shortest route




	
Production of solar cell

	
In Turkey

	
Assembly with metallization pastes and wafers




	
Production of other parts

	
In Turkey

	
Ground mounting structures (aluminum frames)




	
Electricity mix

	
Bulgarian mix

	
No Turkish grid mix and production in Tekirdag




	
Transportation to site

	
By truck and ferry

	
By ferry to island




	
Initialization

	
Greek mix

	
No Turkish grid mix (for installation)




	
Operation and Maintenance

	
By truck

	
Carrying waterand replacements of broken panels and inverters
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Table 3. Configurations of the proposed PV system.
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List of Materials for Solar Cells




	
Nominal power of the solar module

	
265 Wp




	
Number of solar module

	
4615 + 15




	
Number of solar cell in a module

	
60




	
Number of solar cell

	
277,800




	
Area of one solar cell

	
243 cm2




	
Area of photovoltaic modules

	
6855 m2




	
List of materials used for the support structure (open ground mounting structure)




	
Steel, zinc coated

	
3909 kg




	
Aluminum

	
3111 kg
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Table 4. Transportation costs for the materials of the photovoltaic power plant.
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Materials

	
Weight (kg)

	
By Truck (km)

	
By Ferry (km)

	
Transportation Costs

	
Cost Categories






	
Solar panels

	
77,840

	
291

	
10

	
$171.56

	
IIC




	
Open ground mounting structure

	
8990

	
390

	
8

	
$135.50

	
IIC




	
Inverters

	
9849

	
451

	
8

	
$878.01

	
IIC




	
Spare inverters

	
9849

	
451 + 80

	
8

	
$1032.60

	
O&M




	
Spare solar panels

	
252

	
291 + 80

	
10

	
$218.72

	
O&M




	
Tap water

	
46,593

	
80

	
-

	
$372.20

	
O&M




	
Solar panels for recycling

	
77,776

	
Without ferry and truck (with cargo plane)

	
$8525.77

	
DorR




	
Aluminum scrap

	
3111

	
300

	
8

	
$71.70

	
DorR




	
Copper scrap

	
1100

	
300

	
8

	
$33.04

	
DorR




	
Steel scrap

	
8636

	
300

	
8

	
$111.44

	
DorR
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Table 5. Assumptions for the wind farm.
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Wind Farm Assumptions and Specifications

	
Comments






	
Nominal power of photovoltaic plant

	
10.2 MW

	
Established wind farm capacity




	
Area of plant for infrastructure

	
20,560 m2

	
Established wind farm area




	
Average produced electricity per year

	
34 GWh

	
From the discussion with operating company




	
Lifetime of the plant

	
20 years

	
[43]




	
Lifecycle inventory assumptions

	




	
Production up to wind turbine

	
In Germany

	
Including processes excluding transportation




	
Electricity mix

	
Deutch

	
Production in Germany




	
Transportation of wind turbines

	
By truck

	
2640 km




	
Production of other parts

	
In Turkey

	
Concrete, cables, and inverters




	
Electricity mix

	
Bulgarian mix

	
No Turkish grid mix and production in Turkey




	
Transportation of other parts

	
By truck

	
305 and441 km for concrete and cables and inverters




	
Transportation to site

	
By truck and ferry

	
By ferry to the island




	
Initialization

	
Greek mix

	
No Turkish grid mix (for installation)




	
Operation and Maintenance

	
By truck

	
3400 kg lubricant [77]
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Table 6. Basic characteristics of wind farm.
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Onshore Wind Farm on Bozcaada Island






	
Location of the wind farm

	
West side of the island




	
Number of turbines

	
17




	
Nominal power of turbine

	
600 kW




	
Underground wiring between turbines

	
9 km




	
Rotor diameter *

	
43.7 m




	
Tower height

	
44 m








Note: *: It is taken from [78].
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