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Abstract

:

Austria is committed to the net-zero climate goal along with the European Union. This requires all sectors to be decarbonized. Hereby, hydrogen plays a vital role as stated in the national hydrogen strategy. A report commissioned by the Austrian government predicts a minimum hydrogen demand of 16 TWh per year in Austria in 2040. Besides hydrogen imports, domestic production can ensure supply. Hence, this study analyses the levelized cost of hydrogen for an off-grid production plant including a proton exchange membrane electrolyzer, wind power and solar photovoltaics in Austria. In the first step, the capacity factors of the renewable electricity sources are determined by conducting a geographic information system analysis. Secondly, the levelized cost of electricity for wind power and solarphotovoltaics plants in Austria is calculated. Thirdly, the most cost-efficient portfolio of wind power and solar photovoltaics plants is determined using electricity generation profiles with a 10-min granularity. The modelled system variants differ among location, capacity factors of the renewable electricity sources and the full load hours of the electrolyzer. Finally, selected variables are tested for their sensitivities. With the applied model, the hydrogen production cost for decentralized production plants can be calculated for any specific location. The levelized cost of hydrogen estimates range from 3.08 EUR/kg to 13.12 EUR/kg of hydrogen, whereas it was found that the costs are most sensitive to the capacity factors of the renewable electricity sources and the full load hours of the electrolyzer. The novelty of the paper stems from the model applied that calculates the levelized cost of renewable hydrogen in an off-grid hydrogen production system. The model finds a cost-efficient portfolio of directly coupled wind power and solar photovoltaics systems for 80 different variants in an Austria-specific context.
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1. Introduction


Austria aims to become climate-neutral by 2040. To reach this target, it is necessary to decarbonize all sectors. Hereby, the production of renewable hydrogen is considered to be essential as stated in the national hydrogen strategy along with the European Commission (EC) [1,2]. Therefore, the Austrian government has set an intermediate goal to replace 80% of the consumption of fossil-generated hydrogen in the energy-intensive industry (energy and non-energy use) with climate-neutral hydrogen by 2030. Theoretically, this can be accomplished using a total installed capacity of 1 GW electrolysis. Assuming an operation of around 5000 full-load hours per year, this electrolysis capacity can largely cover the current industrial demand for hydrogen in Austria [1]. Additionally, a report that has been commissioned by the Austrian government predicts a minimum hydrogen demand of 16 TWh per year in Austria in 2040, which emphasizes the need for future domestic hydrogen production [3].



In view of the statements above, this study analyses the levelized cost of renewable hydrogen produced in decentralized small-scale systems with directly coupled wind power (WP) and solar photovoltaics (PV). The results of this study serve as a prefeasibility analysis to support the investment decisions of public and private companies that demand renewable hydrogen now and in future scenarios. For investors, such systems pose advantages such as the flexibility in the choice of location and therefore the option to build the system close to where hydrogen is demanded in order to reduce transportation as well as storage costs [4]. Furthermore, island systems confront fewer obstacles in project realization in terms of regulation and the proposed system can be installed in areas where infrastructure and, hence, grid connection (electrical grid and/or gas grid) is not available [1].



In principle, the analysis includes four steps:




	
The determination of the capacity factors (Cf) of WP (Cf-WP) and Cf of PV (Cf-PV) in Austria by conducting a geographic information system (GIS) analysis;



	
The analysis of the levelized cost of electricity (LCOE) for these two renewable electricity (REL) sources;



	
The analysis of the levelized cost of hydrogen (LCOH) for the predefined system design using electrical feed-in profiles based on real weather data;



	
A sensitivity analysis of the techno-economic input parameters for the calculation of the LCOH.








The model is applied for 80 different system variants, which vary among capacity factors of the renewable electricity sources (REL-Cf), the full load hours (PEM-FLH) of the proton exchange membrane (PEM) electrolyzer as well as location and thus electricity generation profiles (EGP). The model finds the most cost-efficient addition of REL-plants based on the assumptions made. These three variables, as well as selected economic input parameters, are further analyzed in a sensitivity analysis that shows how a change in variables impacts the present cost as well as the potential future price of renewable hydrogen.



The results of this paper ought to be interpreted as one option to provide hydrogen to decarbonize processes and should therefore be compared to other options such as a change in production routes, hydrogen imports or alternative energy sources. Hence, this paper addresses the following questions:




	
What is the levelized cost of renewable hydrogen in Austria given the proposed system design?



	
What are the levelized costs of electricity for WP and PV in Austria and how are the qualities of sites distributed throughout the country?



	
How do changes in techno-economic input parameters affect the cost for renewable hydrogen?








The paper’s novelty lies in its use of a model that computes the LCOH in an off-grid hydrogen production system, which incorporates a cost-effective portfolio of WP and PV systems that are directly coupled to an electrolyzer. The REL-Cf are calculated by a thorough GIS analysis in an Austria-specific context. The model computes results for 80 system variants that vary in terms of their electricity generation profile, the capacity factors of the connected REL sources and the yearly output of hydrogen from the production facility.



This paper continues with the justification of the research gap and a literature review in the upcoming paragraphs/subsections. It includes an outlook for a hydrogen market in Austria and the European Union (EU) as well as a description of the renewable hydrogen production system modelled. Further on, findings of previous research in the field of renewable hydrogen are presented. In continuation, a study about the projected hydrogen demand up until 2040 is introduced. This is followed by the materials/method section. Afterward, the results and the sensitivity analysis are presented and discussed. The paper finishes with a conclusion and an outlook for future studies.



1.1. Hydrogen Prospects in Austria and the European Union


Globally, 90% of the hydrogen consumed is used as industrial feedstock. Hereby, the ammonia industry, the petrol industry (for the production of methanol and for the refining of crude oil) as well as new applications in the low-carbon steel industry make up the biggest share of hydrogen consumption [5]. In order to decarbonize these processes, the EC set the goal of 40 GW of electrolysis capacity by 2030 [2]; at the same time, some member states have stated national goals (Germany 5 GW [6], France 6.5 GW [7], Netherlands 3 to 4 GW [8], Italy 5 GW [9]). The production of hydrogen is closely related to the creation of a hydrogen market. Hereby, the EC plans as part of the Green Deal Industrial Plan to simplify the regulatory environment for permission for strategic projects, speed up access to funding, invest in relevant education and open the trade network for resilient supply chains [10]. Additionally, policymakers have set goals and a regulatory framework on a national level, as 17 member states of the EU have already introduced a national hydrogen strategy [11]. The strategic positioning of European countries in the context of a hydrogen market differs. Poland states in course of its national hydrogen strategy to integrate hydrogen technologies in the energy sector, use it as a viable alternative fuel in transportation and seeks to support the decarbonization of the industry. Other key initiatives include the establishment of new hydrogen production facilities, the development of efficient and safe transportation methods and the creation of a stable regulatory environment to facilitate market growth [12,13]. Germany secures bilateral partnerships for hydrogen imports as it does not hold the renewable resources to cover its domestic demand but wants to become an exporter of hydrogen technology. For use application, the emphasis is on chemical, petrochemical and steelmaking industries together with heavy transport [6,14]. The strategy of the UK focuses on increasing the production, distribution and use of low-carbon hydrogen across various sectors, including industry, transport and heating. The government is also investing in research and development, infrastructure and regulatory framework to support the deployment of hydrogen technology [15]. Italy identifies public transportation, chemical and refining as crucial sectors for the use and development of hydrogen. In addition, due to its strategic location in the Mediterranean, the country has the potential to serve as a pivotal point for the hydrogen market, positioned between potential major exporters in Africa and the Middle East and consumers in Northern Europe. Hence, Italy is fostering research and development in blending hydrogen into the existing natural gas pipeline network [9,16]. Ireland, on the other hand, is still in the process of publishing a hydrogen strategy. The application of hydrogen is primarily targeted toward hard-to-abate areas, which include electricity production, industry (including industrial heating) and transportation sectors (such as heavy-duty vehicles, maritime vessels and aviation) [17]. In terms of supply, stakeholders suggest supplying the electrolyzers with a mix of curtailed WP and power drawn from the grid [18]. On a business level, industries foster hydrogen projects individually and in economic compounds, in particular the European Hydrogen Backbone that involves Austrian companies and that invests in research and development of a hydrogen infrastructure throughout Europe [19]. Utility scale applications for renewable hydrogen hold potential for a market ramp-up [20], whereas Austria intends to focus on processes that go beyond the foreseeable economically and technically achievable capacities of battery systems and possibilities for direct electrification, such as energy-intensive industries that demand hydrogen as a chemical compound and energy carrier, injection in the existing natural gas grid as well as heavy transport [1,21]. Furthermore, according to the national hydrogen strategy, Austria wants to investigate the application of decentralized complete solutions for regions where alternatives are not available due to a lack of grid infrastructure [1]. However, these applications confront obstacles such as the still-high investment costs of system components, the technical implementation, the regulatory framework as well as the capacity of the electrical grid [1,20,21].



Today, the hydrogen supply in Austria is almost exclusively provided by fossil-based production [1]. In Ref. [3], the authors quantify the demand for natural gas and renewable gas, respectively, in Austria up until 2040. Hereby, the study distinguishes among methane demand that is not substitutable, gas demand that can be covered by hydrogen or methane and, finally, demand for hydrogen only. The “Infrastructure Utilization” scenario represents a continuation of current gas use to the greatest possible extent. Differently to that, the development of the industry in the “Exergy Efficiency” scenario can be described by ambitious technological progress and the consistent use of new exergy-efficient technologies that are optimally adapted to the required temperature and process parameters in the respective sectors [3]. As illustrated in Figure 1, the predicted hydrogen demand of 16 TWh to 25 TWh per year highlights the need to exploit the possibilities of domestic hydrogen production. The authors conclude that the sole supply of biogenic gases will not cover the demand for green gases in 2040 for the sectors examined (even without the building sector, without motorized private transport and without grid reserve). The further demand must therefore be met by domestically produced renewable hydrogen and synthetic methane based on it, as well as by imports [3].




1.2. Definition of Renewable Hydrogen and the Followed System Design


The EC has published a draft for a delegated regulation on the production of renewable transport fuels and the required share of renewable electricity [22]. In this draft, the EC distinguishes among ways to produce renewable hydrogen, whereas the present study analyzes a system according to the “Rules for counting electricity sourced from directly connected installations as fully renewable”. According to the EC [22], the following evidence must be provided by the producer:




	
Direct coupling: “the installations generating renewable electricity are connected to the installation producing renewable liquid and gaseous transport fuel of non-biological origin via a direct line, or the renewable electricity production and production of renewable liquid and gaseous transport fuel of non-biological origin take place within the same installation” [22];



	
Additionality: “the installations generating renewable electricity came into operation not earlier than 36 months before the installation producing renewable liquid and gaseous transport fuel of non-biological. Where additional production capacity is added to an existing installation producing renewable liquid and gaseous transport fuel of non-biological origin, the added capacity shall be considered to be part of the existing installation, provided that the capacity is added at the same site and the addition takes place no later than 24 months after the initial installation came into operation” [22];



	
No grid connection: “the installation producing electricity is not connected to the grid, or the installation producing electricity is connected to the grid but a smart metering system that measures all electricity flows from the grid shows that no electricity has been taken from the grid to produce renewable liquid and gaseous transport fuel of nonbiological origin” [22].








Therefore, this study models an off-grid system with the REL-sources directly coupled to the electrolyzer that meets all above-mentioned criteria. The modelled hydrogen production system is aligned with the EC criteria of declaring the hydrogen as renewable [22], it follows the goal of the Austrian hydrogen strategy in investigating the application of off-grid systems [1] and follows the targets of the Renewable Energy Expansion Act (EAG) [23]; as for the connected REL-sources, WP and PV are considered, which the Austrian government focuses on for future REL-capacities as part of the EAG. With this legislation, the country plans to cover 100% of the domestic electricity demand with REL-sources in 2030. This implies an additional production capacity of 27 TWh by 2030, whereas 11 TWh ought to be covered from PV, 10 TWh are planned for WP, 5 TWh will be covered by additional hydropower and the remaining 1 TWh from biomass [23]. As it is planned that WP and PV plants will cover 77.7% of the newly installed capacities by 2030, these two technologies are predestined to fulfill the additionality criteria for renewable hydrogen required by the EC [22], as it is assumed that WP and PV are more accessible for investors of small-scale off-grid hydrogen production systems than hydropower [24]. Furthermore, the analysis only considers a PEM electrolyzer, as it can be integrated into a system with volatile REL sources such as WP and PV due to its capability to operate under flexible load [25]. For the hydrogen production plant, the installed capacity of the PEM electrolyzer is fixed to an output capacity of 5 MW. The input capacity—which results from the division of the output capacity by the efficiency of the electrolyzer of 70%—is roughly 7.14 MW. The electrolyzer is directly coupled to WP and/or PV systems depending on the variant modelled. The cost for the produced hydrogen is calculated at the nozzle with a pressure of 30 bar. Figure 2 shows a scheme of the production plant.



For directly coupled systems, the operating mode is determined by the full load hours of the connected REL-plant and can therefore be defined as a supply-oriented operation [21]. The applied model is adding WP and PV capacities, respectively, to each system variant most cost-efficient to reach a predefined amount of PEM-FLH. A lack of electricity cannot be balanced by other sources of electricity (absorption of electricity from the public grid, participation in congestion management, participation in the balancing energy market) as the system is off-grid. The excess energy generated, i.e., electrical energy that exceeds the input capacity of the electrolyzer, is not used in this system [21].




1.3. Current Research Status


As the results of this study are compared to that of the current research in this field, there seem to be large differences in the LCOH. This is due to the differing assumptions authors take when calculating the LCOH. Table 1 lists selected recent literature, its fundamental assumptions and system design, the calculated LCOH as well as the geographic region and the year for which the respective LCOH is found. Hereby, as the current study analyses the LCOH for renewable hydrogen only, studies or results with a focus on fossil-based hydrogen are not considered in this literature research. The values found range from a minimum of 1.8 EUR/kg hydrogen to a maximum of 57.61 EUR/kg hydrogen.



While LCOH analysis for both off-grid systems [4,21,26,31,33,34] as well as grid-connected systems [4,21,27,28,29,30] has been conducted in other studies, little research is available for the optimal REL-portfolio in a hydrogen production system that includes PV and WP in Austria. Tang et al. [32] carried out a similar analysis for Sweden. However, the authors in [32] conducted the analysis with EGPs with a granularity of 1 h, as opposed to this study that includes a 10-min granularity. Further on, the current study determines the REL-Cf using climate data as part of a GIS-analysis, rather than using recent yearly averages and includes a range of REL-Cf and its effect on the REL-portfolio as well as the impact on the LCOH. Additionally, the GIS-analysis allows the detection of feasible sites within the study area. Finally, the present study compares various generation profiles and hence the compatibility of PV and WP in decentralized hydrogen production systems.





2. Materials and Methods


The main target of this work is the calculation of the LCOH of a proposed decentralized renewable hydrogen production plant. The conducted analysis includes three main steps. The results of these steps are highlighted in Figure 3 in green. This shows a scheme of the general approach for the calculation of the LCOH. The main data components, its usage in the analysis and the data sources are listed in Table 2.



2.1. Cf-WP for Selected Sites


The spatial planning in Austria lies within the sphere of competence of the nine federal states. This results in a heterogenous and highly complex regulatory framework for the realization WP projects [52]. As this study covers all of Austria and not one single state, a conservative approach has been chosen to determine feasible sites for WP. The applied restrictions as well as the respective sources for the GIS data are summarized in Table 3. The excluded areas are subtracted from the total area of Austria.



With the use of a power curve [53] and average wind speed distributions, the Cf-WP at hub heights of 50 m, 100 m and 150 m are determined for the remaining areas in Austria. For this calculation, the applied power curve is scaled according to the site and hub-height-specific air density following the IEC 61400-12-1:2017 standard [54].




2.2. Cf-PV for Selected Sites


In principle, the positioning of utility scale PV plants confronts fewer limitations than wind energy. PV is less visible, less noisy and does not create intermittent shades. Therefore, feasible sites for PV plants are detected in this study by setting parameters that represent a probable social acceptance rather than technical feasibility. High social acceptance for utility scale PV plants can be expected along roads, already sealed areas such as parking lots or industries, areas with soil of low agricultural quality or any other areas that do not conflict with other use [55]. Hence, the EU land use map [38] has been filtered by the criteria listed in Table 4 to detect suitable locations. This sample of locations has been further filtered to contiguous areas at or over 16,000 m2, as defined as the minimum area for an installed capacity of a 1 MW PV plant [55]. Category 1 areas represent areas that are expected to encounter fewer conflicts with alternative use. Category 2 areas, however, are of agricultural value. Therefore, Category 2 areas are only considered in this study if located along the infrastructural network, including main roads and railways, with a buffer of 500 m. These areas are expected to be available with probable social acceptance and lower costs [55].



For the Cf-PV, the Global Solar Atlas provides a detailed analysis for the entire world using standardized PV system installations [40]. For this study, the values with a resolution of yearly averages in kWh/kWp are used.




2.3. LCOE for WP and PV in Austria


The levelized cost of electricity is calculated by comparing all costs incurred over the lifetime of a power plant, including its CAPEX, its variable as well as its fixed OPEX, with the total amount of energy produced by the power plant throughout the operating time (Equation (1)) [44,56].


  L C O E =    I 0  +   ∑   t = 1  n     A t        1 + i    t        ∑   t = 1  n     M t        1 + i    t       



(1)




where I0 is CAPEX; t is the targeted temporal interval; n is the number of temporal intervals; A is variable and fixed OPEX; M is the electrical energy produced and i is the discount factor.



The economic parameters, i.e., CAPEX, variable and fixed OPEX and the discount rate, have been determined by conducting a literature research. Table 5 and Table 6, respectively, show the values that are used to calculate the LCOE for WP and for PV, respectively.



The LCOE is determined for all relevant sites for both REL-technologies with the use of the respective Cf. The results are then further classified, whereas for each technology, classes with a step of 10 EUR are determined by the respective Cf-steps. Further on, the number of data points per class, technology and hub height are counted. Out of these results, an LCOE-range for the respective technology in Austria is determined.




2.4. Generation Profiles of WP and PV


The generation profiles for WP and PV, respectively, are based on real weather data from Ref. [51]. Both the wind speed data as well as the solar radiation data have a 10-min granularity and therefore 52,560 data points per year.



As a representative weather year, the year 2018 is chosen. For this study, the four locations listed in Table 7 are selected.



Figure 4 displays the wind speed distribution and the global radiation distribution, respectively, for Zwerndorf [51]. The PV distributions have a strong seasonal pattern, whereas the WP distributions show a more intermittent profile.



All distributions are plotted to their 10-min and monthly frequency, respectively, as shown in Figure 5. The four locations differ considerably in terms of wind speed distribution for both the daily and monthly values. In opposition to that, the comparison of PV patterns shows fewer differences among locations.



The wind speed frequencies of the Zwerndorf, Galtuer and Neumarkt locations are significantly elevated during daytime hours. This is particularly true for the Neumarkt location. Differently to that, Kremsmuenster shows the most uniform 10-min wind speed frequency. As PV produces the most electricity during the summer months, the pattern of Kremsmuenster is considered beneficial if coupling WP sources with PV sources directly to an electrolyzer [32].



In reference to the daily patterns above, a monthly wind speed frequency distribution is considered beneficial if wind occurs more often in the winter months (Figure 6), as PV produces a high share of electricity during the summer months [32]. Hereby, Zwerndorf shows the best monthly pattern, followed by Kremsmuenster. Compared to that, Galtuer and Neumarkt have higher shares of wind speed during the summer months and lower shares in the winter months, which is considered less complementary to the patterns of PV [32].



Both the WP and the PV generation profiles are scaled to the Cf of the respective system variant. The wind speed data and the global radiation data, respectively, of each weather station from Ref. [51] define the annual distribution. Hereby, each of the 52,560 data points are divided by the yearly accumulated wind speed and global radiation, respectively. In a subsequent step, the data points are scaled by means of the respective annual average. Hereby, the annual average is set to exactly the value that results in the targeted REL-Cf for the respective system variant. The result is a feed-in profile for each REL-source based on real weather data, scaled to a predefined REL-Cf.




2.5. Calculation of the LCOH


In principle, the calculation of the LCOH is carried out analogously to the calculation of the LCOE. In the following, the economic assumptions for the electrolyzer, the estimation of its Cf and the model constraints are introduced.



The produced electricity of WP and PV at each 10-min of the year average is accumulated. If the accumulated amount of the electricity from the REL-sources exceeds 7.14 MW, it is added to the excess electricity. Consequently, a ratio between the produced electricity and excess electricity is formed. This ratio serves as an indicator for the overbuilding of REL-capacities of the respective variant. A detailed list of the component’s cost is given in Table 8 [49]. Further economic parameters of the PEM electrolyzer are given in Table 9.



The main condition of the model is to minimize the LCOH. Hereby, the PEM-FLH are set from a range of 1000 h to 5000 h with 1000 h gaps. This range equals a hydrogen production of roughly 14,000 kg/a to 700,000 kg/a. The two changeable parameters for the model are the installed capacity of WP and PV. Hence, the model optimizes the installed REL-capacities of each system in order to minimize the cost of the produced hydrogen. Hereby, the model takes all the above-mentioned assumptions and equations into account.





3. Results & Discussion


3.1. Spatial Distribution of the REL-Cf


The spatial distribution of Cf-WP and the Cf-PV are shown in Figure 7. The results are, respectively, illustrated as:




	
White: non-feasible sites according to applied criteria



	
Colored (blue to red): lowest to highest Cf-estimates








Even if the maps partly permit the recognition of the main topographic structures, such as mountains, valleys and relatively flat areas, a quite heterogeneous picture of wind resources in Austria emerges. Areas with flatter surroundings benefit from high mean wind speeds. However, the highest Cf-WP according to the conducted analysis can be found in areas with very high elevation in mountainous regions [57]. As the mean wind speed increases with hub height, the availability of high Cf-WP increases [58].



The results of the Cf-analysis show, that the site quality for PV is relatively homogenously distributed throughout Austria. Highly elevated regions show a slightly better Cf due to the reduced impact of the atmosphere [55]. Some areas, especially in valleys, are highly impacted by shadowing due to the elevated surroundings and are therefore not suitable for PV.




3.2. Analysis of the LCOE for WP and PV in Austria


Based on the results of the GIS analysis, steps of the expected values for the REL-Cf are derived for the LCOH model, as listed in Table 10 and Table 11. Further on, each individual REL-Cf is assigned to the respective LCOE range and then the number of values per step is counted, as illustrated in Figure 8. The respective Cf step for each REL-technology is listed in Table 12 and Table 13, respectively.



3.2.1. LCOE for WP in Austria


The highest Cf-WP derived from the GIS analysis is roughly 62.19%, which results in LCOE of 29.35 EUR/MWh. However, this value represents an exception if compared to the average national Cf-WP of 25.5% [59].



The Cf step applied in the model for WP represents an LCOE step of 70 EUR/MWh to 40 EUR/MWh. This cost range is consistent with the cost ranges for WP of other studies [44,60]. Additionally, in Ref. [61], similar Cf ranges for WP in Austria are used. In their analysis, the authors assume 22% as an average Cf-value and 39% as the maximum Cf-value.




3.2.2. LCOE for PV in Austria


The highest Cf-PV found in the course of the GIS analysis is roughly 16.96%, which results in LCOE of 49.63 EUR/MWh. This value is close to the upper limit of the selected LCOE range used for the LCOH model. The lower Cf-PV step limit represents the average Cf-PV in Austria, which is roughly 12% [62].



The Cf step used for PV represents an LCOE step of 70 EUR/MWh to 50 EUR/MWh. This cost range is consistent with the cost ranges for PV of other studies [44,60]. Again, the authors of [61] find similar Cf ranges for PV in Austria. In the analysis, 12.66% as an average value and 15.85% as the maximum value are used.





3.3. Analysis of the LCOH


As two LCOH results are compared, the relative cost difference is calculated by dividing the higher LCOH value by the lower LCOH value and subtracting the result by one. Additionally, the relative values are calculated by using the sharp numbers, not the rounded values depicted in this paper. The cheapest system variant results in 3.08 EUR/kg of hydrogen, as opposed to the most expensive system with 13.12 EUR/kg of hydrogen.



3.3.1. Impact of the EGP, the REL-CF and the PEM-FLH on the LCOH


Firstly, the impact of the EGP and the REL-CF are shown and discussed. Figure 9 shows the significance of these two parameters for system variants with the same yearly hydrogen output. At low PEM-FLH (up to 2000 h), system variants with high Cf-WP do not have a PV capacity. Therefore, the change in Cf-PV has no influence on the LCOH. However, at low Cf-WP, the higher Cf-PV compensates some of the cost increase (cost increase of an average of 34.5% for variants with low Cf for both REL-technologies, opposed to a cost increase of an average of 15.2% for system variants with high Cf-PV). For system variants with high PEM-FLH (4000 h to 5000 h), high REL-Cf are even more essential to decrease the LCOH. The gap between the system variant located in Kremsmuenster with highest REL-Cf compared to the system at same location with lowest REL-Cf results in a relative cost increase of 101.13% (absolute values 3.17 EUR/kg of hydrogen and 6.38 EUR/kg of hydrogen, respectively).



The comparison of the four EGPs shows a smaller impact on the LCOH than the REL-Cf. This is especially true for system variants with low PEM-FLH (1000–2000 h). Nevertheless, for system variants with high PEM-FLH (4000–5000 h), the complementation of the wind profiles and the PV profiles of each location does have a relevant influence on the LCOH. Hereby, according to the modelled LCOH, the Neumarkt location holds the least complementary profiles; Kremsmuenster and Zwerndorf, on the other hand, hold the most complimentary. The most expensive system variant with PEM-FLH of 5000 h and lowest REL-Cf located in Neumarkt is modelled with LCOH of 13.12 EUR/kg of hydrogen. The variant with the same technical specifications but located in Kremsmuenster results in 6.38 EUR/kg of hydrogen. This is a relative cost difference of 105.54%.



Secondly, the sensitivity of the PEM-FLH is presented. Figure 10a shows the feed-in profile of the cheapest variant modelled. The location is Zwerndorf, the PEM-FLH are set to 4000 h and REL-Cf are for both technologies at the upper step’s limits, with roughly 41.7% for WP and roughly 16.8% for PV, respectively. The installed capacity of WP is roughly 7.1 MW and 2.6 MW for PV. The cost for the produced hydrogen for this variant is 3.08 EUR/kg of hydrogen. The electricity produced in a year for this variant is roughly 29,878 MWh. The share of excess electricity is relatively small, with 4.37% or 1307 MWh in absolute numbers. The LCOH of the variant with the same location and same REL-Cf but with PEM-FLH of 1000 h is modelled with costs at 5.89 EUR/kg of hydrogen. Comparing it to the LCOH of the cheapest variant results in a relative cost increase of 91.38%. This example shows that for economically feasible hydrogen production, it is necessary to adjust the installed capacity of the of the REL-sources with their Cf and the aimed amount of hydrogen produced per year. However, an increase in installed REL-capacity requires space for the realization of REL-projects.



Figure 10b shows the feed-in profile of the most expensive variant modelled. The location is Neumarkt, the PEM-FLH are set to 5000 h and REL-Cf are for both technologies at the lower step’s limits. The installed capacity of WP is roughly 42.7 MW and 50.7 MW for PV. Due to the overbuilding of the electrolyzer’s capacity with RE capacity, the share of excess electricity in the electricity produced is 73.42%. The cost for the produced hydrogen for this variant is 13.12 EUR/kg of hydrogen. The variant with the same REL-Cf and same location but with PEM-FLH of 3000 h is modelled with costs of 5.33 EUR/kg of hydrogen, as for this variant the installed REL-capacity as well as the excess electricity are significantly reduced. The excess electricity to the produced electricity ratio for this variant is 18.21%. The relative cost difference between these two variants is 145.92%.



The next example shows a variant that only connects WP due to the combination of a high WP-Cf (41.7%) and low PEM-FLH (2000 h). Figure 10c shows its electricity feed-in profile. The location for this system is Galtuer. The installed capacity for WP is modelled at roughly 3.9 MW and 0 MW for PV. As the installed REL-capacity falls below the capacity of the PEM electrolyzer, this system produces no excess electricity. The cost for the produced hydrogen for this variant is 3.92 EUR/kg of hydrogen. The variant with the same specifications but PEM-FLH of 3000 h produces hydrogen at the cost of 3.27 EUR/kg of hydrogen, which results in a relative cost difference of 20.01%. The installed capacity for WP is for this system 5.9 MW, and for PV once again 0 MW. This example shows, along with the previous examples, that the LCOH can be reduced by adjusting the installed capacity of the REL-sources with the PEM-FLH.



The final example is a system where the REL-capacity is dominated by PV. Figure 10d shows the feed-in profile of a system variant with installed WP capacity of 5.1 MW and 8.9 MW for PV. The Cf-WP is at the lower step limit and for PV at the higher step limit, respectively. This results in produced electricity of 22,855 MWh, whereas a ratio of 8.96% is excess electricity, which is 1427 MWh in absolute numbers. The excess electricity occurs mainly in the summer months. This variant produces hydrogen at the cost of 4.26 EUR/kg of hydrogen. The variant with the same location and same REL-Cf but with 2000 PEM-FLH results only in a minor cost increase of roughly 5.83% at an LCOH of 4.51 EUR/kg of hydrogen. This system has only minor WP capacity with 0.7 MW and 9.3 MW for PV. It shows that, in locations with good conditions for PV, a REL-portfolio that is PV-dominant is considerable.



Among all locations and REL-Cf, systems with 3000 h or 4000 are the cheapest; in particular, those with high Cf-WP show the lowest costs. This is partly due to the relatively high upper step limit of the WP-Cf. Additionally, WP tends to lead to less excess energy compared to PV, with the same amount of energy produced.



A comparison of the results of the current study to the LCOH estimates listed in Chapter 1.4 shows that, depending on the assumptions, the results are coherent or significantly different. The first quartile and the third quartile of the researched LCOH values range from 5 EUR/kg of hydrogen to 11.04 EUR/kg of hydrogen. A total of 33 of the variants modelled from the current study result within this range. However, system variants with low REL-Cf and low or high PEM-FLH result in relatively high LCOH estimates in the current study. Two variants of the current study result in LCOH higher than 11.04 EUR/kg of hydrogen. However, 45 modelled variants show a cost for hydrogen below 5 EUR/kg. These are systems where all three variable parameters mentioned above are well balanced and the systems benefit from high REL-Cf. However, all modelled results of the current study fall within the full range of results from previous studies (1.8 EUR/kg of hydrogen to 57.61 EUR/kg of hydrogen).



A further detailed comparison to Ref. [32] explains some of the differences in LCOH estimates. In Ref. [32], Tang et al. follow a similar approach to the current study in calculating the LCOH. Four locations are chosen, with respective capacity factors for PV and WP and based on the EGP, the Cf of the electrolyzer is modelled. However, the results show higher values for the LCOH than this paper, ranging from 7 EUR/kg of hydrogen to roughly 15 EUR/kg of hydrogen. The difference in LCOH values can be attributed to the higher CAPEX of WP systems, the higher discount factor, the lower efficiency rate for the electrolyzer of roughly 68.16% (based on the assumption that the electrolyzer requires 48.9 kWh/kg hydrogen and that hydrogen contains 33.33 kWh/kg) as well as the fact that the compared study includes the cost for the hydrogen storage after its production in its analysis. Additionally, Cf-PV as well as Cf-WP are considerably below the upper range of this study for most locations.



In Ref. [33], Bhandari and Shah analyze various hydrogen production system designs for its LCOH. To make a comparison with the current study, the off-grid system with a PEM electrolyzer and an installed battery as one of the system variants of the study is considered. Hereby, the authors find that a battery connection increases the cost of the LCOH significantly, as found by another study [63]. Furthermore, the system design differs greatly from the design of the current study. The Cf of the electrolyzer is set to 100% and WP is not considered in the REL-portfolio. Besides the system design, differing economic input parameters compared to the present study cause parts of the difference in LCOH. Stack replacement is considered to be necessary every five years, with 42% of initial CAPEX for the electrolyzer compared to 35% in this study. Furthermore, the electrolyzer efficiency is assumed to be roughly 48.39% (based on the study’s assumption that the electrolyzer requires 6.2 kWh/Nm3 of hydrogen and that one Nm3 of hydrogen contains 3 kWh/kg).



In Ref. [4], Lundblad et al. investigate off-grid as well as grid-connected hydrogen production systems in a current and future scenario. The off-grid system is designed analogously to the design of the current study. However, it includes a storage tank. Comparing the LCOH of Ref. [4] to the current study, the price estimated for the off-grid system in southern Sweden with an LCOH of roughly 6.7 EUR/kg of hydrogen is more than double the cheapest variant in the current study. Roughly half of the price difference is explained as storage costs are included. Furthermore, the authors assume a less efficient electrolyzer (65%). CAPEX and OPEX for the system components in Ref. [4] are considerably lower than in the present study. However, the production system is modelled to meet a predefined demand of a hydrogen refueling station, which influences the sizing of system components. Further cost differences might be explained by differing assumptions for the REL-Cf. However, the authors do not state the REL-Cf assumed.



In Ref. [34], Janssen et al. calculate the LCOH in an off-grid system that couples REL-sources directly to the electrolyzer for 30 European countries for 2020 with an outlook until 2050. Compared to the current study, the findings in Ref. [34] for Austria in 2020 with roughly 3.01 EUR/kg of hydrogen are almost identical to the cheapest system variant modelled in the current study. The CAPEX of all system components is assumed to be significantly lower than in the present study. In addition, the system lifetime is assumed to be five years longer and the electrolyzer efficiency five percentage points higher. However, the REL-Cf assumed in Ref. [34], with 28% for WP and 13.04% for PV, are significantly lower than the upper threshold of the current study. Additionally, the authors apply a different approach in setting the installed capacity of the system components, as the electrolyzer’s capacity equals that of the peak output capacity of either WP or PV. Additionally, the REL-capacities are set equally, as feed-in profiles are not considered.




3.3.2. Sensitivities of the Economic Input Parameters


In this chapter, a sensitivity analysis for some selected economic input parameters is conducted. The four parameters are listed in Table 14. As part of the sensitivity analysis, each one of these parameters is reduced by 30% or increased by 30%, respectively.



Figure 11a illustrates the sensitivities of the selected economic input parameters for the cheapest variant. Particular potential hereby is in the reduction of the CAPEX for WP. Additionally, the discount rate as well as the CAPEX for the PEM electrolyzer hold potential for cost reduction. For this variant, the potential cost reduction through a reduction in CAPEX for PV is relatively low, as this variant holds little PV capacity. Figure 11b shows the impact of the selected economic input parameters on the LCOH for a system variant with high capacities in WP compared to its PV capacities. As the system variant has no PV capacities at all, a change in CAPEX in PV has no influence on the LCOH. Again, CAPEX of the PEM electrolyzer, CAPEX of WP as well as the discount rate hold significant potential for cost reduction. Figure 11c, as opposed to the previous figure, exemplifies the change in LCOH for a system variant with high capacities in PV compared to its WP capacities. However, both REL-technologies hold significant potential of reducing the cost of hydrogen for this variant. This shows that, as WP is more cost-intensive than PV, a change in CAPEX of WP has a relatively higher impact on the LCOH even though the installed capacities of WP are relatively low. However, similarly to the previous examples, all other economic input parameters hold a significant potential for the reduction of the LCOH. Comparing the results of the sensitivity analysis of the current study to the results of Ref. [26] shows that both studies depict great potential for cost reduction as well as great uncertainties for future investments. Depending on the system design, some parameters have a great impact, while others may have little influence. Hence, for future project development, it is vital to consider the individual circumstances and to conduct a thorough analysis to achieve an optimal system design.






4. Conclusions


This study investigates the opportunity to produce renewable hydrogen with electricity from WP and PV in Austria and represents a theoretical assessment of a decentralized hydrogen production system with directly coupled REL-sources. The LCOH model applied can be used anywhere in the world by changing the relevant input parameters. With weather data that has a 10-min granularity, the Cf of a PEM electrolyzer is modelled and hence the respective LCOH is estimated. Given the applied methodology and assumptions, the proposed system produces hydrogen at a minimum cost of 3.08 EUR/kg of hydrogen, whereas the maximum cost is estimated to be 13.12 EUR/kg of hydrogen. Feasible LCOE values range from 40 to 70 EUR/MWh and from 50 to 70 EUR/MWh for WP and PV, respectively. Hence, it can be concluded that Austria holds potential for domestic techno-economical-feasible hydrogen production in decentralized production systems. In the future, there are further opportunities for cost reduction, through economies of scale and learning effects of the system components. However, the use of different sensitivities demonstrates that the LCOH is subject to great uncertainties and spotlights the necessity of taking the individual circumstances of technologies, system design and environmental conditions into account. The analysis shows that the LCOH is most dependent on the REL-Cf of the connected electricity production systems as well as the predefined hydrogen output of the production plant. Additionally, with increasing PEM-FLH, the complementation of the EGP has a growing impact on the LCOH. Furthermore, depending on the system variant’s sizing of the system components, a reduction of CAPEX holds significant potential for lowering the LCOH. Therefore, as demonstrated, developers need to balance the REL-portfolio, with the aimed hydrogen output of the electrolyzer and the environmental conditions found in the chosen site.



The following conclusions are relevant for future investors and project developers. The results of the current study show that systems with high WP capacities and high Cf-WP have the lowest LCOH, even at relatively high hydrogen output. However, the lowest LCOH is modelled with a system that well complements the capacities and the feed-in profiles of both REL-technologies. Nevertheless, systems with low hydrogen output are feasible with PV only. Using the results of the current study, project developers have to take additional hydrogen storage and transportation costs into account, as this study does exclude these costs. Choosing a site of production that is close to the site of consumption can minimize these costs. The conducted GIS analysis of the current study gives guidance as to where sites with high REL-Cf can be expected in Austria.



Hydrogen production can be used for many applications. However, the Austrian government sets the focus on decarbonizing energy-intensive industries and on substituting fossil hydrogen as a chemical compound by 2030. Therefore, a policy framework that incentivizes this target group to invest in renewable electricity and hydrogen production plants ought to be part of the political agenda. Such policies can be incentive-based, such as an improvement and a deregulation of the REL-project realization. Furthermore, an increasing CO2 price would incentivize companies as well to foster the decarbonization of their processes. Policies that encourage the realization of renewable hydrogen in Austria can lay the basis for a hydrogen economy within the country. This holds great potential in lowering CO2 emissions as well as benefits for the overall economy.




5. Need for Future Studies


Regarding future research, it will be interesting to integrate other renewable sources of electricity into the REL-portfolio of the hydrogen production system, such as geothermal energy or hydropower, as these technologies are characterized by a less volatile generation profile if compared to WP or PV. In particular, hydropower is interesting when looking at the available resources in Austria. Furthermore, the inclusion of an electrical battery to balance the excess electricity is of interest for future studies as well as modelling the system with different installed capacities and types of electrolyzer. It is also crucial to investigate what intermittency of the fed-in electricity does to an electrolyzer. Finally, future studies should investigate the hydrogen market and estimate opportunity costs. The results of this and other studies should be compared to the alternative decarbonization routes for public and private institutions.
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	Cf
	capacity factor



	Cf-PV
	capacity factor of solar photovoltaics



	Cf-WP
	capacity factor of wind power



	EAG
	Renewable Energy Expansion Act of Austria



	EC
	European Commission



	EGP
	electricity generation profile



	EU
	European Union



	GIS
	geographic information system



	LCOE
	levelized cost of electricity



	LCOH
	levelized cost of hydrogen



	PEM
	proton exchange membrane



	PEM-FLH
	full load hours of the proton exchange membrane electrolyzer



	PV
	solar photovoltaics
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	renewable electricity
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Figure 1. Gas demand in Austria in 2040. 
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Figure 2. Plant design, including REL-plants, electrolyzer and hydrogen output at nozzle. 
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Figure 3. Scheme of the conducted analysis. 
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Figure 4. Climate data for the Zwerndorf location: (a) Wind speed distribution; (b) Global radiation distribution. 
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Figure 5. Comparison of the 10-min frequency distribution: (a) Wind speed at all four selected locations; (b) Global radiation at all four selected locations. 
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Figure 6. Comparison of the monthly frequency distribution: (a) Wind speed at all four selected locations; (b) Global radiation at all four selected locations. 
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Figure 7. Geographic distribution of the REL-Cf in Austria: (a) Distribution of Cf-WP at 100 m hub height; (b) Distribution of Cf-PV in Austria. 
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Figure 8. Distribution of the results of the GIS-analysis: (a) LCOE ranges for WP at respective hub heights; (b) LCOE ranges for PV. 
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Figure 9. Sensitivity analysis of the variables EGP and REL-Cf (difference to lowest value signaled by color with white to red as low to high): (a) System variants with 1000 PEM-FLH; reference cost for the relative values is 5.89 EUR/kg of hydrogen; (b) System variants with 2000 PEM-FLH; reference cost for the relative values is 3.92 EUR/kg of hydrogen; (c) System variants with 4000 PEM-FLH; reference cost for the relative values is 3.08 EUR/kg of hydrogen; (d) System variants with 5000 PEM-FLH; reference cost for the relative values is 3.17 EUR/kg of hydrogen. 
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Figure 10. Feed-in profiles: (a) Cheapest system variant, located in Zwerndorf with 4000 PEM-FLH, Cf-WP of 41.7% and Cf-PV of 16.8%; (b) Most expensive system variant, located in Neumarkt with 5000 PEM-FLH, Cf-WP of 21.7% and Cf-PV of 12%; (c) System variant with installed capacity of WP only, located in Galtuer with 2000 PEM-FLH, Cf-WP of 41.7% and Cf-PV of 12%; (d) System variant with an REL-portfolio dominated by PV capacities located in Kremsmuenster, with 3000 PEM-FLH, Cf-WP of 21.7% and Cf-PV of 16.8%. 
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Figure 11. Sensitivity analysis of selected economic input parameters: (a) The cheapest system variant located in Zwerndorf with a modelled hydrogen price of 3.08 EUR/kg of hydrogen; (b) WP-dominant system variant located in Galtuer with a modelled hydrogen price of 3.92 EUR/kg of hydrogen; (c) PV-dominant system variant located in Kremsmuenster with a modelled hydrogen price of 4.26 EUR/kg of hydrogen. 
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Table 1. Comparison of previous research in the field of levelized cost of renewable hydrogen.
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	Author
	System Design/

Assumptions
	Economic Input Parameters
	Region/Year
	LCOH in EUR/kg
	Source





	UK.GOV BEIS (2021)
	Lifetime 30 years; electrolyzer capacity 10 MW; off-grid; REL-source wind offshore with Cf of 51% 2025; compression and storage cost excluded
	Costs for electrolyzer for offshore system not specified
	UK/2025
	5.13
	[26]



	ICCT (2022)
	Lifetime 60,000 h; electrolyzer capacity 1 MW; grid-connected, Cf-PEM of 95%; 30 bar at nozzle; electrolyzer efficiency 56%
	Electricity cost country specific; electrolyzer CAPEX 1005 EUR/kW; WACC country specific; electrolyzer efficiency 56%
	EU average/2020
	5–6
	[27]



	Prognos et al. (2021)
	Lifetime 25 years; FLH electrolyzer 3500 h; grid-connected; electrolyzer efficiency 72%
	Electricity cost 62 EUR/MWh; electrolyzer CAPEX 500 EUR/kW; WACC 6%; stack replacement after 12.5 years with costs of 35% of CAPEX
	Germany/2020
	5
	[28]



	Frontier economics (2021)
	Lifetime 20 years; off-grid; Cf-W 26.25% and Cf-PV 10.73%; electrolyzer efficiency 70%
	Electrolyzer CAPEX 700 EUR/kW; electrolyzer OPEX fix 1.5% of CAPEX/year;
	Austria/2030
	3.57–6.57
	[21]



	Prognos (2019)
	FLH electrolyzer 5000 h; grid-connected; REL-source WP and PV 54 to 75 EUR/MWh; including transport and storage
	WACC 10%; 48% of LCOH is electricity, 27% of LCOH is CAPEX, 8% of LCOH is OPEX; minor share of LCOH are water costs
	Germany/2020
	7
	[29]



	IEA (2019) 1
	FLH electrolyzer 4000 h; grid-connected
	Electricity cost 35.71 EUR/MWh
	EU average/2030
	1.8–3.6
	[30]



	Schoehuijs (2020)
	Lifetime 20 years; off-grid; REL-source PV with Cf of 26.26%; storage included
	Electrolyzer CAPEX 700 EUR/kW, OPEX fix 4% of initial CAPEX/year; WACC 4%
	Netherlands/2018
	3.35
	[31]



	Tang et al.

(2022)
	Lifetime 20 years; PEM electrolyzer with installed capacity 270 kW; off-grid REL-system with PV and WP each 250 kW directly coupled; Cf-PV 10.51% to 11.24%; Cf-WP 11.57% to 50.71%; hydrogen production is 47,000 kg/year; storage unit with 1900 kg H2 capacity; including storage
	PEM CAPEX 2518 EUR/kW, OPEX 1% of CAPEX/year; Compressor CAPEX 250,000 EUR; CAPEX PV 700 EUR/kW; CAPEX WP 2000 EUR/kW; Storage unit CAPEX 195,000 EUR; WACC 6%
	SWE/2020
	7–15.08
	[32]



	Bhandari and Shah (2021)
	Lifetime 20 years; PEM electrolyzer with capacity of 10 Nm3/h; off-grid PV system with 3.3 MW directly coupled including battery with a size of 9125 kWh; PEM-FLH 8760 h; surplus energy by the PV feeds the batteries; deficit of PV for PEM electrolyzer is supplied by battery
	PEM CAPEX 1000 EUR/kW, OPEX 2% of CAPEX/year; stack replacement 420 EUR/kW; stack lifetime 5 years; water cost 3 EUR/m3; PV CAPEX 800 EUR/kWp; PV OPEX 1% of PV CAPEX/year
	Germany/2020
	57.61
	[33]



	Lundblad et al.

(2023) 2
	Lifetime 25 years; off-grid system directly coupled; FLH of the electrolyzer are set to roughly 4000; hydrogen production and storage modelled to meet demand of a hydrogen refueling station; including storage and/or transportation
	Electrolyzer efficiency of 65%, CAPEX 900,000 EUR/MW, annual O&M of $% of CAPEX of electrolyzer; CAPEX, annual fixed and variable OPEX of 1,120,000 EUR/MW, 14,000 EUR/MW and 1.5 EUR/MWh for WP; CAPEX and annual fixed O&M of 560,000 EUR/MW and 11,300 EUR/MW for PV; WACC 5%
	Sweden/2022
	6.7
	[4]



	Janssen et al.

(2022)
	Lifetime 30 years; off-grid system directly coupled; electrolyzer capacity equals peak output capacity of either WP or PV; FLH of electrolyzer depend on REL-Cf; installed capacity of WP and PV are equal in hybrid system; Cf-WP 28%; Cf-PV 13.04%
	Electrolyzer efficiency of 70%, CAPEX 700,000 EUR/MW, OPEX 30,000 EUR/MW; loan depreciation of 10 years; WACC 5%; CAPEX WP 1,040,000 EUR/MW, OPEX 3%; CAPEX PV 690,000 EUR/MW, OPEX 2%
	Austria/2020
	3.01
	[34]







1 Assuming an average exchange rate in 2019 of 1.12 USD = 1 EUR; 2 Numbers are taken from current scenario.
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Table 2. Data components, data sources and data usage.
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	Data Component
	Data Usage
	Data Source





	Topographic data
	Topographic data is used in raster as well as shape format. With its use technically feasible, socially accepted sites for WP and PV, respectively, are determined. The spatial resolution is scaled to 1 km2.
	[35,36,37,38]



	Climatic data
	Climatic data is used in raster format. It forms the basis for the calculation of the REL-Cf. The spatial resolution is scaled to 1 km2.
	[39,40]



	Political maps
	Political maps are used in shape format. With its use technically feasible, socially accepted sites for WP and PV, respectively, are determined. The resolution is vectorized.
	[38,41,42,43]



	Economic input data
	Economic input parameters are used to determine the CAPEX as well as variable and fixed OPEX of the hydrogen production system components. The selection followed by a thorough literature research focused on parameters specifically referring to Austria and, if not available, Western Europe.
	[28,44,45,46,47,48,49,50]



	Weather data
	The weather data from real weather stations in Austria forms the basis for the EGP of WP and PV. It has a 10-min granularity. 2018 is chosen as a representative weather year.
	[51]
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Table 3. Criteria for the excluded areas to determine potentially feasible WP sites in Austria.
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	Category
	Description
	GIS Data Source





	Elevation
	Areas with a sea level above 2000 m are excluded
	[35]



	Slope
	Areas with a slope exceeding 15° are excluded
	[36]



	Infrastructure
	Infrastructural networks, including roads, railways and the electrical grid, with a buffer of 200 m along the lines are excluded
	[37]



	Rivers
	Areas covered by rivers including a buffer of 200 m are excluded
	[37]



	Settlement areas
	Settlement areas with a buffer of 1200 m are excluded
	[41]



	Nature conservation areas
	Nature conservation areas, including Natura 2000 and nationally designated areas are excluded
	[42,43]
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Table 4. Selected areas for PV plants in Austria according to categories of the EU land use map.
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	Category 1 Areas
	Category 2 Areas





	Industrial or commercial units
	Non-irrigated arable land



	Dump sites
	Pastures



	Natural grasslands
	Land principally occupied by agriculture, with significant areas of natural vegetation
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Table 5. Economic input parameters used to calculate the LCOE of WP.
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	Parameter
	Value
	Unit
	Source





	Nominal investment
	1,400,000
	[EUR/MW]
	[44]



	Fixed O&M
	20,000
	[EUR/MW/a]
	[44]



	Variable O&M
	8
	[EUR/MWh]
	[44]



	Discount rate
	4.9
	[%]
	[45]
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Table 6. Economic input parameters used to calculate the LCOE of utility scale PV.
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	Parameter
	Value
	Unit
	Source





	Nominal investment
	804,954
	[EUR/MW]
	[46]



	Fixed O&M
	13,300
	[EUR/MW/a]
	[46]



	Variable O&M
	0
	[EUR/MWh]
	



	Discount rate
	4.9
	[%]
	[45]



	Degradation rate
	0.5
	[%/a]
	[56]
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Table 7. Austrian weather station locations used for load profile generation.
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	Name of Weather Station
	Longitude [°E]
	Latitude [°N]
	Weather Station’s Sea Level [m]
	Federal State





	Zwerndorf
	16.83
	48.34
	144
	Lower Austria



	Kremsmuenster
	14.13
	48.06
	382
	Upper Austria



	Neumarkt
	14.42
	47.07
	869
	Styria



	Galtuer
	10.19
	46.97
	1587
	Tirol
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Table 8. Economic input parameter of the 5 MW PEM electrolyzer.
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	Component
	2020 [EUR/kW]





	Electrolysis stacks
	294



	Power electronics
	195



	BoP Cathode + H2 Purification
	76



	BoP Anode
	26



	H2O Purification
	9



	System Cooling
	12



	Compression
	0



	Piping
	98



	Instrumentation
	122



	Housing
	19



	Engineering
	128



	Sum
	978
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Table 9. Additional economic parameters of the PEM electrolyzer used for the LCOH calculation.
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	Parameter
	Value
	Source





	OPEX fix
	2.2% of initial PEM CAPEX
	[47]



	Costs for water
	0.09 EUR/kg of H2
	[48]



	Discount rate
	4.9%
	[45]



	Stack lifetime 1
	8.3 years
	[50]



	Stack replacement cost
	35% of initial PEM CAPEX
	[28]







1 Stack lifetime results in two stack replacements during the system lifetime of 25 years. First replacement occurs in the 8th year, second replacement in the 16th year.
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Table 10. Cf classes for WP with 10 EUR steps.
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	Class [EUR/MWh]
	Cf-WP [%]





	>100
	<14.62



	100–90
	14.62–16.40



	90–80
	16.40–18.67



	80–70
	18.67–21.66



	70–60
	21.66–25.79



	60–50
	25.79–31.88



	50–40
	31.88–41.73



	<40
	>41.73
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Table 11. Cf classes for PV with 10 EUR step.
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	Class [EUR/MWh]
	Cf-PV [%]





	>90
	<9.35



	90–80
	9.35–10.52



	80–70
	10.52–12.03



	70–60
	12.03–14.03



	60–50
	14.03–16.84



	<50
	>16.84
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Table 12. Cf-WP step used for the LCOH model.
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	REL-Technology
	Cf—Lower Step Limit
	Cf—Upper Step Limit





	WP
	21.658%
	41.728%
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Table 13. Cf-PV steps used for the LCOH model.
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	REL-Technology
	Cf—Lower Step Limit
	Cf—Upper Step Limit





	PV
	12.025%
	16.835%
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Table 14. Absolute values of the selected parameters for the sensitivity analysis of the economic input parameters.
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	Parameter
	Lower Step Limit
	Upper Step Limit
	Unit





	PV CAPEX
	563,468
	1,046,440
	[EUR/MW]



	Wind CAPEX
	980,000
	1,820,000
	[EUR/MW]



	PEM CAPEX 1
	684,600
	1,271,400
	[EUR/MW]



	Discount rate
	3.43
	6.37
	[%]







1 Changes in PEM CAPEX change the cost for stack replacement and fixed OPEX (stack replacement cost assumption is 35% of initial PEM CAPEX; fixed OPEX assumption is 2.2% of initial CAPEX).
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