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Abstract

:

Power-to-X processes where renewable energy is converted into storable liquids or gases are considered to be one of the key approaches for decarbonizing energy systems and compensating for the volatility involved in generating electricity from renewable sources. In this context, the production of “green” hydrogen and hydrogen-based derivatives is being discussed and tested as a possible solution for the energy-intensive industry sector in particular. Given the sharp, ongoing increases in electricity and gas prices and the need for sustainable energy supplies in production systems, non-energy-intensive companies should also be taken into account when considering possible utilization paths for hydrogen. This work focuses on the following three utilization paths: “hydrogen as an energy storage system that can be reconverted into electricity”, “hydrogen mobility” for company vehicles and “direct hydrogen use”. These three paths are developed, modeled, simulated, and subsequently evaluated in terms of economic and environmental viability. Different photovoltaic system configurations are set up for the tests with nominal power ratings ranging from 300 kWp to 1000 kWp. Each system is assigned an electrolyzer with a power output ranging between 200 kW and 700 kW and a fuel cell with a power output ranging between 5 kW and 75 kW. There are also additional variations in relation to the battery storage systems within these basic configurations. Furthermore, a reference variant without battery storage and hydrogen technologies is simulated for each photovoltaic system size. This means that there are ultimately 16 variants to be simulated for each utilization path. The results show that these utilization paths already constitute a reasonable alternative to fossil fuels in terms of costs in variants with a suitable energy system design. For the “hydrogen as an energy storage system” path, electricity production costs of between 43 and 79 ct/kWh can be achieved with the 750 kWp photovoltaic system. The “hydrogen mobility” is associated with costs of 12 to 15 ct/km, while the “direct hydrogen use” path resulted in costs of 8.2 €/kg. Environmental benefits are achieved in all three paths by replacing the German electricity mix with renewable energy sources produced on site or by substituting hydrogen for fossil fuels. The results confirm that using hydrogen as a storage medium in manufacturing companies could be economically and environmentally viable. These results also form the basis for further studies, e.g., on detailed operating strategies for hydrogen technologies in scenarios involving a combination of multiple utilization paths. The work also presents the simulation-based method developed in this project, which can be transferred to comparable applications in further studies.
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1. Introduction and Motivation


Manufacturing companies in Germany face major challenges in the area of energy supply. One of these challenges relates to the significant increase in energy prices for industrial companies in recent years. The average electricity price for new industry contracts has risen from 8.98 ct per kWh in 2012 to 54.90 ct/kWh in the second half of 2022 [1]. Gas procurement prices reached 4 ct per kWh in 2021, which is almost twice the price of previous years [2] for the majority of companies. This price has increased further in the wake of political developments in 2022 [3]. Another major challenge faced by companies is their efforts to make a significant contribution to achieving climate targets. The industrial sector has to reduce greenhouse gas emissions to 118 Mt CO2-eq by 2030, starting from 186 Mt CO2-eq. in 2020. This represents 20 percent of Germany’s reduction goal of 375 Mt CO2-eq. for all sectors in this period [4]. Along with solutions such as electrification, the use of “green” hydrogen represents an important means of tackling the challenges of energy price increases and decarbonization targets. In this context, hydrogen is considered “green” if it is produced via electrolysis using renewable electricity and, consequently, with low CO2 emissions [5].



Germany currently produces and uses around 19 billion Nm³, i.e., around 60 TWh, of hydrogen annually. For the most part, this hydrogen is used by the chemical and refinery industries, especially in the production of ammonia and methanol. The hydrogen required for this is mainly produced via steam reforming, which results in high specific CO2 emissions. To decarbonize the industry sector, such processes will have to switch to “green hydrogen”, i.e., hydrogen produced through processes with low CO2 emissions, such as electrolysis using renewable electricity. Recent studies have shown that the demand for hydrogen in Germany will increase to between 90 and 110 TWh by 2030. To facilitate this, electrolysis capacities of up to 5 GW must be built up, with a focus on use in the industry and transportation sectors [6].



The term “power-to-X” is frequently used in scientific papers, technological reports and studies in this context. It is defined as “the conversion and storage of electrical energy into an energy carrier (gas, fuel or raw material) or a product (basic material, feedstock)” [7]. As an important form of power-to-X technology, the production of hydrogen and hydrogen-based variants forms the core of numerous international energy transition roadmaps, such as the “Technology Roadmap: Hydrogen and Fuel Cells” produced by the International Energy Agency [8] or the “Hydrogen Roadmap for Germany” developed by the Fraunhofer Institutes ISI and ISE [9]. Consequently, it is an important component of visions for future energy systems that use renewable sources only [10]. In 2020, the Federal Republic of Germany presented its National Hydrogen Strategy. This strategy highlights the importance of green hydrogen as a raw material in sectors such as the chemical and steel industries and as a versatile energy carrier for hydrogen-based mobility, as a fuel, and for long-term storage in fuel cell applications [11]. It is plain that plans are in place to use hydrogen to help achieve decarbonization goals.



While hydrogen is frequently used as a material, e.g., in the chemical industry, the use of green hydrogen as an energy carrier in non-energy-intensive industry companies has yet to be investigated in depth. According to a study by the Association of German Chambers of Industry and Commerce, more than half of German companies have a renewable self-generation system, e.g., a photovoltaic system, or are planning to set one up in the near future [12]. On-site electrolyzers that run on the renewable energy a company generates itself could help manufacturing businesses save on energy costs and reduce CO2 emissions. These arrangements also give companies a tool for managing fluctuating weather-dependent feed-in processes and enable them to become even more self-sufficient by converting the electricity they generate into hydrogen. This may result in reduced electricity purchasing due to reverse power generation and reduced gas purchasing, as natural gas can be replaced with hydrogen where technical limitations allow. It also increases companies’ resilience to uncertainties regarding future market and technology developments. This is because the companies can store the hydrogen on a medium- and long-term basis and use it as a process gas or an energy carrier, for example, for reconversion in fuel cells. It could also serve as fuel for hydrogen-powered vehicles or the site’s thermal energy supply.



However, there are some obstacles that could hinder decentralized hydrogen production. From the company’s point of view, it is necessary to examine to what extent the electrolyzers can be supplied with energy generated on site and how the amortization of the investment will be offset by the profitability of possible applications. The correct dimensioning of the plants, e.g., regarding the electrolyzer, fuel cell, and hydrogen storage, is vital for economic efficiency and subject to complex interrelations with the existing system during design. For companies that do not yet use hydrogen as a material at their sites, the gas must be newly introduced as an energy carrier. This results in significant interactions with the existing energy system, for example, through the use of battery storage. The decision to invest in such systems must take into account the long time periods involved and the uncertainties associated with the price developments for electricity, gas, and the relevant technologies.



Hydrogen’s economic and environmental potential as a means of energy storage for production companies was investigated in the project “H2StorFa—Decentral use of hydrogen as energy storage in factory sites”, which was funded by the Bavarian Research Foundation. The project team explored possible options for producing hydrogen via a decentralized model, as well as different paths for using it in energy systems. For this purpose, real energy data from two manufacturing companies was used for simulation studies. The results were then evaluated from an economic and environmental point of view. The project started in September 2021 and ran for six months. It focused on the following hydrogen utilization paths: “hydrogen as an energy storage system that can be reconverted into electricity”, “hydrogen mobility” for company vehicles, and “direct hydrogen use” for technical applications at manufacturing companies [13].



This article presents the approach taken in this project and its results, starting with the current technological state of the art in Section 2. Section 3 then explains both the scientific principles underlying the research conducted in the project and the overall method, while the modeling and simulations are presented in Section 4. The results of the simulation studies and the economic and environmental evaluation are introduced and discussed in Section 5. Section 6 presents the conclusions drawn from the project and prospects for further research. The results described in the article are important for the assessment of hydrogen production and its utilization in the energy systems of manufacturing companies. The method presented for designing industrial energy systems represents a novel approach due to its specific focus on hydrogen technologies and its detailed consideration and comparison of the costs and greenhouse gas emissions incurred.




2. State of the Art


As mentioned in the introduction, investment decisions involve long timeframes and are subject to complex and interrelated factors. As such, simulating possible variants of a site’s energy supply system with different technology dimensions is a useful decision-making tool. The simulation results must be evaluated from an economic and environmental perspective in order to meet the requirements for reducing costs and greenhouse gas emissions. Consequently, this section will address contemporary approaches for simulating energy supply systems in manufacturing companies and and examine them in terms of suitability (Section 2.1). This will be followed by a review of currently available studies on the production of hydrogen and its use in energy systems, with a focus on decentralized approaches in the industry sector (Section 2.2). The aim of this section is thus to determine the current state of the art regarding simulation methods and to analyze use cases in the industry sector with a view to identifying areas where action is required (Section 2.3) for the present work.



2.1. Designing Industrial Energy Supply Systems


Simulations can be used to analyze design and operation variants for possible energy supply systems in different scenarios. There is a wide range of available software solutions for simulating energy systems. However, when using them, it is necessary to apply a methodical approach that has been specifically developed for the problem in question. Consequently, in the following, existing methods are examined and assessed with regard to their suitability for hydrogen-based energy supply systems in manufacturing companies and for conducting a subsequent economic and environmental evaluation.



Ringkjøb et al. [14] present a review of tools for modeling energy and electricity systems, together with an assessment of their general principles, spatiotemporal resolution, and technological and economic features. In this study, hydrogen is explicitly mentioned as a possible energy storage medium, and some of the tools analyzed have the technical feature that is needed to model the necessary components. In addition to tools, there are also approaches for modeling and optimizing energy systems. DeCarolis et al. [15] present a best practice approach based on a literature review and collective experience. This study outlines critical steps in the modeling process and provides suggestions for formulating research questions, spatiotemporal boundaries, conducting the analysis, etc. However, rather than company energy systems, it focuses on large-scale public supply grids. The integration of hydrogen into energy systems has already been considered in publications such as those by Gou et al. [16] and Fu et al. [17]. However, in the former, hydrogen is only used as a storage technology when there is surplus wind energy. The hydrogen generated in these cases is then used as fuel outside of the system boundaries. The work of Fu et al. describes an energy system model that integrates electricity, heat, transportation, and hydrogen and examines the impact of various hydrogen production technologies on multi-energy systems. The model developed in this work is used to optimize decarbonization strategies for the whole energy system. However, the study only considers the greenhouse gases directly emitted during energy production for the technologies. It does not take into account the indirect emissions that occur during plant construction or energy transmission, although these can have a major impact on overall greenhouse potential.



In their study, Ince et al. present a review of the modeling and simulation of power-to-X systems. The authors do mention industrial use cases, but their focus is on energy-intensive industries, such as the cement and chemical sectors [18]. Imdahl et al. [19] developed a method for modeling energy system behavior, which can be used to assess the technical feasibility, costs, and economic impact of investments in hydrogen technology for factories. As such, this approach is primarily suited to calculating performance metrics for comparing system variants.



Schulz et al. [20] present key technologies for on-site power generation at manufacturing companies. They also describe an approach for modeling and dimensioning the technologies. This approach is based on a hybrid optimization methodology aimed at minimizing the total cost of supplying the required energy. Other important indicators for evaluating system designs include the power generation technologies’ self-consumption and self-covering rates. However, the approach does not account for the specific requirements of hydrogen technologies and utilization and the study does not include a detailed evaluation of the impact the designed energy systems would have on greenhouse gas emissions.



Kuhlmann & Bauernhansl [21] present a method for designing energy systems for manufacturing companies, which must be applied during the early stages of factory planning. It is based on a system dynamics approach, which makes it possible to account for interactions with the volatile energy market and external disruptions. In this method, individual machines are turned into system objects and connected to energy pools that enable energy exchanges between system objects. The system dynamics model created in this way is suitable for simulating the impact of energy-related measures. A multi-criteria system describes the energy system behavior in terms of parameters relating to layout, energy, and cost, for example. This method was developed for energy flows in general and does not explicitly address hydrogen technologies. The ecological and environmental evaluation of the system variants is implied but not explained in the procedure. Kuhlmann [22] does present a method for designing changeable energy systems for factories; however, hydrogen technologies and environmental assessment are not the subject of that paper.



Thiede et al. [23] introduce a model for simulating energy flows in manufacturing systems. The model can be broken down into a process module, a production planning and control (PPC) module, and technical building services (TBS) modules. The process module and PPC module represent actual production machines, processes, and the configuration of capacity planning and machine assignment. Meanwhile, the TBS modules can be used to represent facilities such as compressed air, room heating, and cooling water. These TBS modules do not explicitly address the specific requirements of hydrogen components and how they interact with other systems.



In a recent publication, Schmeling et al. [24] present an approach for sizing and operating the equipment for a hydrogen-based electricity storage system. A brute-force optimal design approach is used in combination with energy simulation software to determine the system size. The evaluation is based on the costs and CO2 emissions incurred by the system. This method comes close to the need addressed in the present work, but it focuses exclusively on power-to-gas-to-power (PtGtP) applications with electrolyzers and fuel cells. It does not address other possible applications for manufacturers, such as mobility and fuel substitution.



In summary, simulation tools with the technical features required for mapping hydrogen technologies are available and there are multiple simulation methods that can be used to design and evaluate energy systems. Specific approaches for manufacturing companies have also been developed, thus laying a good foundation for the work conducted in this study. However, the approaches are often designed for general energy flows and do not specifically take hydrogen technologies into account, or not in sufficient depth. Usually, a single hydrogen application is considered, such as PtGtP. As such, research is required to develop a higher-level simulation-based approach that maps different technology variants, together with their respective operating strategies, price scenarios, and other external factors. In light of the challenges for companies mentioned in Section 1, the method must also include a subsequent evaluation of costs and CO2 emissions and make it possible to calculate and evaluate different hydrogen applications.




2.2. Investigation of Hydrogen Applications


To further expand the use of green hydrogen and hydrogen technologies in Germany, the German Federal Ministry of Digital Affairs and Transport (BMDV) launched the “HyLand” initiative in 2019. Its aim is to establish a transnational hydrogen economy in Germany [25]. Many region-specific initiatives have been launched as a consequence, such as “Energy Region Staßfurt 2020” [26] and “Energy Region East Harz” [27]. These focus on establishing energy supply systems based on renewable sources and integrating various sectors into a single regional energy scheme.



In addition to regional projects, the initiative has also given rise to projects on using hydrogen as an energy carrier to supply electricity and heat to residential buildings. Examples include the project “Living Laboratory—Living H2” [28] and the study by Khalid et al. [29]. The projects aim to use hydrogen as a seasonal energy storage by employing technologies such as electrolyzers, hydrogen storage, and fuel cells in combination with photovoltaic and lithium-ion (li-ion) battery storage systems. Meanwhile, “HYPOS LocalHy” is focused on the use of hydrogen in decentralized urban energy systems [30]. The project team also developed and evaluated a hydrogen electrolysis test plant. The fields of application are wide-ranging and include hydrogen mobility, reconverting hydrogen to electricity, and making use of the oxygen that is generated as a by-product of electrolysis. Bhandari & Shah [31] analyze the possibility of using decentrally produced hydrogen as an energy carrier for the German city of Cologne. They conclude that proton exchange membrane (PEM) electrolyzers have very high potential when it comes to competing with conventional hydrogen production. Their methodology is based on a simple model for designing systems and calculating the levelized cost of hydrogen (LCOH) by adjusting input parameters for each location in the world. The methodical approach to designing a system for producing, storing, and using hydrogen is not tailored to the specific requirements of manufacturing companies. The cost evaluation can therefore only be transferred to a limited extent. The study did not include an environmental calculation and evaluation.



In the context of industry applications for green hydrogen, researchers are focusing mainly on the possibility of using hydrogen as a material to decarbonize energy-intensive industrial sectors. In a review of hydrogen production pathways and associated technologies, Dawood et al. [32] list a number of papers on sectors such as fertilizer production, petrochemical refining, metal work, and food processing. Meanwhile, Griffiths et al. [33] present a review of hydrogen-based industrial decarbonization. They conclude that green hydrogen is one of the few options available for decarbonizing many industry sectors, especially those working with chemical conversions. Qazi [34] also addresses several energy-intensive industries in a review of the challenges and opportunities associated with future hydrogen applications. However, this review does not explicitly examine the manufacturing sector in depth.



Imdahl et al. [19] give an overview of hydrogen applications as energy carriers in factories, together with a rough estimation of their environmental potential and technical feasibility. For this purpose, they developed a method for modeling and evaluating factory systems and applied it in a case study. They evaluated a use case from the electronics industry, whereby hydrogen served as a source for decentralized power and heat generation. Other applications are also outlined in this study, but not considered in depth.



Roth et al. [35] investigate the environmental and economic potential of replacing natural gas with hydrogen, biomethane, and synthetic methane in an industrial heat treatment system at a massive forming company. Although the production and use of hydrogen at the site is taken into account, the researchers only performed a static balancing of energy flows. The study does not consider any other applications beyond using hydrogen as a substitute for natural gas. Meanwhile, Schmeling et al. [24] apply their method for designing and operating PtGtP systems to a dairy in Germany; the results are not yet profitable, but they are promising. It is necessary to analyze the use of electrolyzers and fuel cells in other manufacturing company use cases and investigate other hydrogen applications apart from PtGtP.



In summary, various studies have been conducted on the use of hydrogen as an energy carrier in a regional context or for residential buildings. Projects relating to the industry sector mainly focus on the possibility of using hydrogen as a material in energy-intensive branches. A number of studies analyze a single utilization path for hydrogen on the basis of an industrial use case. These studies cannot be transferred completely to the question at hand. In contrast to regions, residential applications, and the energy-intensive industry sector, manufacturing companies have their own characteristics that require specific consideration. These include, for example, their consumption load profiles, which are based on the shift model and are less continuous than in the energy-intensive industry sector. Furthermore, manufacturing companies can sometimes generate more energy than they consume at their sites, because the installed capacity of their on-site generation facilities is quite high and their consumption loads are relatively small. As such, they require specific medium- and long-term storage solutions. This means there is a need to study how the production and storage of hydrogen and different hydrogen utilization paths could fit into future energy systems for manufacturing companies.




2.3. Need for Research


The state of research in the field of industrial energy supply systems can be described as advanced. This is because costs are creating a high level of demand for optimization in regard to technology sizing and operations. As described in Section 1, new challenges are currently arising due to ongoing energy price increases and the simultaneously growing need to decarbonize the energy supply. In this context, power-to-X approaches involving the production of green hydrogen and its use in the energy system are the focus of much attention, especially in regional energy systems and the energy-intensive industry sector. A research gap has been identified in terms of the potential that these approaches hold for manufacturing companies, with their specific constraints and opportunities. In summary, this gives rise to two areas where action is needed:




	
A specific method has to be developed to model, simulate, and conduct economic and environmental evaluations of different energy supply system variants with hydrogen production and utilization at manufacturing companies.



	
This method should be applied to relevant use cases based on representative company data in order to determine whether hydrogen production and utilization offers transferable economic and environmental potential for manufacturing companies.








The following section explains the underlying scientific principles, which were applied based on the research goal. It also gives an overview of the simulation-based method developed in this work.





3. Scientific Approach and Simulation-Based Method


The aim of this work is to develop a method for designing energy supply models for industrial production sites and to apply these models in order to evaluate potential hydrogen production routes and applications. The scope for this method must include system component selection and dimensioning based on use cases. In addition, this study will determine the key figures and associated metrics for evaluating these models and consider suitable applications for them.



For the development of a suitable method, an inductive approach was chosen. Here, “inductive” is to be understood in the sense of “leading from individual to general” [36]. In the context of this paper, the choice of an inductive approach means that a more general method is formulated based on the process followed and results generated when resolving problems from use cases. To provide a suitable starting point for this approach, a simulated use case was created by combining real technology and energy data from two participating manufacturers. This strategy was chosen so that the method developed would be as generally applicable as possible. By contrast, developing a method using one specific use case would have restricted the potential value of the results. A plant manufacturer and an injection molding parts manufacturer provided the input data for energy supply technologies, energy consumption, energy generation, and general economic and operating conditions.



This information served as a basis for creating models for simulating the dynamic behavior of industrial energy supply systems. The models were then used to examine multiple configuration variants for energy system component dimensioning along three hydrogen utilization paths. The hydrogen technology components in the modeled energy systems were sized in an iterative process. This involved optimizing the self-consumption rate of the system for numerous different peak photovoltaic power values. These starting values were determined through research and expert interviews with companies involved in the project. These companies included manufacturers and suppliers of fuel cells, electrolyzers, and hydrogen storage systems, as well as filling station operators. Finally, the energy simulation results for the models were evaluated in terms of economic and environmental performance.



The steps involved in achieving these results can be summarized in a generally applicable method for designing industrial energy supply models that include hydrogen technologies. An overview of this method is given in Figure 1. It can be used with any energy system simulation tool that has similar functionalities to the one presented in this paper.



This method includes the following main steps:




	
Collection of input data from the use case, e.g., energy and media consumption, on-site energy generation, general and economic boundary conditions



	
Definition of relevant energy and media supply technologies



	
Definition of target criteria for dimensioning the technology model



	
Definition and selection of technology combinations



	
Simulation and dimensioning of components



	
Evaluation








In Steps 1 and 2, both sinks and sources include electricity, heat, cooling, and technical gases. This structure has been applied in order to guarantee a high level of general applicability, even in specialized use cases. It also allows the user to take process by-products into account. For example, the conversion of nitrogen from a liquid to a gas, which frequently occurs in industrial nitrogen applications, requires enthalpy intake and may therefore provide process cooling energy.




4. Modeling and Simulation


The following sections contain definitions and explanations of general conditions such as system boundaries and the assumptions that had to be made in the modeling and simulation processes. According to the expert interviews, the highest-priority goal in the use of hydrogen technologies is increasing self-consumption rates through long-term storage and electricity reconversion. This key indicator was selected over other metrics, such as energy self-sufficiency. The self-consumption rate refers to the ratio of self-generated energy that is actually consumed energy to the total amount of self-generated energy. In the simulations, a target value of 100% was set for self-consumption rates. The system boundaries were defined on the basis of energy flows from the production systems examined within the study. Only on-site energy supply systems were modeled and subsequently simulated. The production system receiving this supply was modeled as a black box using the electrical consumption load profile only.



4.1. Utilisation Paths


Hydrogen can be used as an energy carrier in many different sectors; for example, mobility, heating, or power generation. After discussions with various industrial companies, the following paths were identified as relevant for this work:




	
Hydrogen as an energy storage medium for electricity













	
Hydrogen production via electrolysis using electricity from photovoltaic (PV) systems



	
Hydrogen storage in pressurized storage tanks



	
Hydrogen utilization for power generation in fuel cells to cover phases of low PV power generation













	2.

	
Hydrogen mobility














	
Hydrogen production via electrolysis using electricity from photovoltaic (PV) systems



	
Hydrogen compression to 400 bar



	
Use of compressed hydrogen for mobility applications in passenger cars, trucks, and intralogistics vehicles (e.g., industrial trucks)



	
Calculation of mileage range that can be covered by hydrogen fuel













	3.

	
Direct use of hydrogen, e.g., as process gas or fuel substitute














	
Hydrogen production via electrolysis using electricity from photovoltaic (PV) systems



	
No compression or storage



	
Direct use of hydrogen as a material in processes or for blending with natural gas in thermal energy production, e.g., for building heating or heat treatment processes









4.2. Simulation Models


In general, simulations allow the use of time series for consumer load profiles and input variables from the generation side. This makes it possible to represent dynamic system behavior. Simulations also allow for the specification of control-related boundary conditions such as priority rules and switch-on sequences. Automated optimization functions also support optimal component dimensioning [37].



The simulation environment chosen for this project was TOP-Energy® (Version 3.0.1.07) [37], an energy system simulation software. TOP-Energy® includes all relevant energy supply system components for factory site applications and technologies for hydrogen production and storage and hydrogen-based power generation. In general, energy system simulations offer two primary advantages: they can conduct efficient (partially) automated calculations of complex energy relationships and they can automatically account for all relevant interactions between system components. Software-based simulations also offer the possibility of performing scenario analyses with relatively little effort. By contrast, allowing for different parameter variations in manual computation would lead to high levels of computational effort. Complex calculations can be automated using simulation tools, such as the discrete-time calculation of PV power generation based on real weather data in the form of time series.



To facilitate analysis and simulation, models were built for the three utilization paths mentioned above. For utilization path 1 (hydrogen energy storage), the hydrogen technologies (electrolyzer for hydrogen production, pressurized tank for hydrogen storage, and fuel cell for reconverting hydrogen to electricity) were modeled as shown in Figure 2. The simulation software includes functions that allow users to achieve a complete energy balance for the system, while taking into account discrete-time representations of power, mass flows, and operating states.



A second shared model was built for utilization paths 2 and 3 (hydrogen mobility and direct hydrogen utilization). The only hydrogen technology involved in this case was the electrolyzer (for hydrogen production). The model did not include system components for long-term hydrogen storage and reconversion. In some utilization path simulations, the hydrogen must be compressed after electrolysis. In the mobility use case, this compression is set to 400 bar. The simulation for the direct hydrogen use path (as a raw material or blended with natural gas) did not include a compression step. In all three utilization paths or models, the usable waste heat generated in the hydrogen process chain was quantified via heat demand modules. It was then made available for subsequent evaluations concerning the monetary or ecological advantages of waste heat utilization.




4.3. Simulation Scenarios


Once the simulation models had been created based on the defined technology combinations, a procedure for dimensioning the model components was defined. This procedure made it possible to analyze different component power rating variants within the utilization paths. The dimensioning variants were defined based on the dimensions of the connected PV system and the battery storage capacities, which are linked to PV system size on the basis of given factors. The following peak PV outputs were specified for that parameter (as shown in Table 1): 300, 500, 750, and 1000 kWp. According to the technology and energy system experts involved in the projects, these values represent the usual range for manufacturing companies.



The value of 750 kWp was chosen due to the regulations of the German Renewable Energy Sources Act (Erneuerbare-Energien-Gesetz, EEG) of 2021 [38]. In this law, 750 kWp is defined as the maximum PV plant size that can be installed without incurring an obligation to participate in tendering procedures for generating PV electricity. For the dimensioning of the battery storage, technological experts recommended using the factors 0, 0.5, and 1 as the ratios between peak PV power (in kW) and battery storage capacity (in kWh). As such, a factor of 0 corresponds to a variant without battery storage. Electrolysis and fuel cell capacities underwent further variations within these basic configurations. In addition, a reference variant without battery storage and hydrogen technologies was simulated for each PV system size. This resulted in 16 variants to be simulated for each utilization path. The study did not include a reference variant with battery storage due to the characteristics of the simulated use case formulated by the application partners. The electrolyzer and fuel cell components were dimensioned with a view to maximize self-consumption rates. The plants were always dimensioned in such a way that self-consumption rates of nearly 100% were achieved. The degree of self-sufficiency and the investment costs were also included in sizing considerations. The decision to base the system dimensioning on maximum self-consumption rates resulted from the requirements expressed by the project’s application partners. Because of this specification, the nominal power ratings of the system components vary as shown in Table 1. An electrolysis efficiency rate of 74% and nominal electrical and thermal efficiency rates of 50% each for the fuel cells were set as fixed values.



Based on these nominal outputs, additional variants were created for all of the simulations using the specified factors for battery storage size. For a PV system with a peak power of 750 kWp, for example, this resulted in the following configurations:




	
Reference variant without battery storage or hydrogen technologies



	
Variant without battery storage but with electrolyzer (nominal electrical power consumption 500 kW) and fuel cell (nominal electrical power 30 kW)



	
Variant with battery storage capacity of 375 kWh, electrolyzer (nominal electrical power consumption 500 kW), and fuel cell (nominal electrical power 30 kW)



	
Variant with battery storage capacity of 750 kWh, electrolyzer (nominal electrical power consumption 500 kW), and fuel cell (nominal electrical power 30 kW)








To determine system component operation hierarchies, switch-on sequences were specified in order to simplify complex operating strategies. Hydrogen production, for example, was placed below the coverage of electricity consumption and the use of any available battery storage but above grid feed-in in the electrical consumption hierarchy. Hydrogen production is only possible if there is free storage capacity. On the energy supply side, the battery storage was set as the preferred power source, followed by fuel cell electricity generation and the public power grid. Finally, simulation studies were carried out using the plant dimensions and the abovementioned simplified operation rules.





5. Results and Discussion


In the following chapter, the simulation results are evaluated in terms of their economic and environmental performance. In line with the study’s inductive approach, a generally applicable method for designing energy supply systems with hydrogen technologies for industrial production sites was formulated on the basis of these results (see Section 3). On-site self-consumption creates numerous benefits relating to reduced fees and levies. However, due to German energy legislation, this is only possible for electricity generation systems with power outputs of up to 750 kW. In addition, the environmental assessment was limited by the available data, meaning that it was only possible to conduct linear upscaling depending on the plant size. In consequence, the data inaccuracies in the 1000 kWp variant are too high to produce reliable results for the environmental evaluation. Therefore, the variant with a photovoltaic system rated at 1000 kWp is only used for comparison in the energy-related and economic evaluations. The visualization of the simulation results mainly focuses on variants with peak PV power outputs of 750 kWp.



5.1. Energy-Related and Operational Evaluation


For industrial energy supply systems that use hydrogen technologies as energy storage, the interaction between battery storage systems and hydrogen generation plays a significant role. As batteries are relatively common in German companies’ energy systems [12], the effects of adding hydrogen energy storage to existing systems are very important for potential users. The following diagram shows how increasing battery storage capacities affects power supply composition for variants with peak PV outputs of 750 kWp.



Figure 3 shows a comparison of the results for variants without and with hydrogen technologies. This comparison demonstrates that, in variants without hydrogen technologies, the electrolysis system uses up all the electricity for hydrogen production that is fed into the grid. This raises the self-consumption rate to 100%. In contrast to self-generation rates, even in variants with higher peak PV power, complete electric self-sufficiency is not achieved. Table 2 lists the corresponding values that were achieved for dimensioning configurations where P_PV,peak = 750 kWp.



As battery storage capacities go up, hydrogen generation decreases. The reason for this lies in the specified turn-on sequence, which gives priority to battery storage because of its dynamic load intake abilities. Electricity self-sufficiency, however, does not change significantly, as the consumption of self-generated electricity simply shifts from hydrogen generation to battery storage. As described above, this simulation operated on the assumption that energy storage is always prioritized over electrolysis system feeding. This effect is also visible in the hydrogen generation chart in Figure 4:



As previously stated, the objective of the simulation was to maximize self-consumption rates and the system components were dimensioned accordingly. In this context, the utilization of the electrolysis system and fuel cell may provide insight into their cost effectiveness. Figure 5 shows yearly full-load hours for these technologies for variants where P_PV,peak = 750 kWp:



The yearly figures for full-load hours shown in Figure 5 are generally low, especially for the electrolysis system. This is because the simulation was aimed at maximizing self-consumption rates, which are directly influenced by the electrolysis power intake capacity. In general, this focus on maximizing self-consumption rates tends to lead to over-dimensioning. This in turn results in unfavorable utilization of the battery storage, electrolysis system, and fuel cell. As battery storage capacities increase, this effect is ever more evident in the results. A utilization-oriented approach could prevent such developments, as system component dimensioning would then be smaller.




5.2. Economic Evaluation


For the economic evaluation of the use of hydrogen technologies, the change in annual costs was compared to a reference variant that did not have hydrogen technologies or additional battery storage. A combined calculation of revenue and cost components enabled a holistic analysis of the impact that using hydrogen technologies has on the economic efficiency of the energy supply models addressed in this work. The following cost and revenue components were included in the economic evaluation:




	
Change in the annuity of the investment cost:   Δ  K  I n v , a    



	
Change in annual operating cost:   Δ  K  o p    



	
Change in annual energy purchasing cost:   Δ  K  e n    



	
Change in annual revenue from feed-in of surplus electricity:   Δ  K  e l , f e e d    



	
Annual water cost for electrolysis operation:   Δ  K  H 2 O    



	
Annual revenue from sales of generated oxygen:   Δ  K  O 2    



	
Annual utilization-path-specific cost changes; for example, the change in fuel costs in the hydrogen mobility utilization path:   Δ  K  u s e c a s e    








In combination, these cost components form the following total cost equation:


  K = (  K  i n v   × a ) + Δ  K  o p   + Δ  K  e n   + + Δ  K  e l , f e e d   + Δ  K  H 2 O   + Δ  K  O 2   + Δ  K  u s e c a s e    



(1)







The difference in annual costs provides insight into the economic viability of the given scenarios and the application of hydrogen technologies. The economic evaluation of the variants can be compared against the reference case without hydrogen applications or against scenarios within the variants. Negative changes in costs are defined as revenues, while positive changes mean an increase in costs. Excerpts from the results of the economic evaluation will be presented and explained below. In particular, the investment and generation costs for fuel cell electricity and hydrogen are discussed.



Different investment cost compositions and annual cost changes resulted for the various defined plant dimensioning scenarios. Figure 6 shows an example of the investment cost composition for hydrogen technologies in configurations with peak PV outputs of 750 and 1000 kWp:



Investment costs for electrolysis and fuel cell systems do not change across variants with the same PV system size. For the variants with 750 kWp peak PV power, this also applies to the pressurized hydrogen storage. The striking increase in investment costs in the variant with a peak power of 1000 kW and a large battery with a storage capacity of 1000 kWh is due to the very high investment costs required for pressurized hydrogen storage. This is because the battery covers a high proportion of the electricity demand. The fact that the battery can replace the fuel cell as a power supply for a large part of the time means that a lot of hydrogen accumulates in the storage system seasonally (in summer), because hydrogen is converted back into electricity less frequently. This is because the underlying energy demand is identical for P_PV,peak = 750 kW and 1000 kW, as the variants are being applied to the same use case. The hydrogen storage capacity was sized according to the maximum capacity required, which is why the storage capacity is very high for this use case. Apart from cost changes, further technical and economic key indicators can be calculated, some of which are presented below. For utilization path 1 (hydrogen as energy storage), for example, production costs for the electricity generated in the fuel cell can be determined as shown in Figure 7:



When the reference lines are added to the chart, it becomes evident that the reconversion of hydrogen into electricity has higher electricity costs compared to battery system storage where the focus is not on maximizing self-consumption. The results also show that fuel cell electricity prices run higher than the price that was assumed for the simulated use case. However, compared to recent electricity prices for grid power supply, reconverting hydrogen into electricity has the potential for more economic configurations [1].



In utilization path 2 (hydrogen mobility), costs were simplified to include fuel costs only. Figure 8 shows that the values for smaller system configurations are significantly higher than the comparative values for conventional passenger cars. For diesel passenger cars, the average price for diesel fuel in 2021 was 1.399 €/L [40] and the average consumption per 100 km was 6 L. These figures result in costs of approximately 8.4 ct/km. Especially in cases where larger amounts of hydrogen are produced and used in mobility, travel costs come close to this value. At this point, it should be mentioned that due to increasing fuel prices (2.03 €/L in May 2022) [40], using hydrogen in mobility is already becoming economical. The amount of hydrogen produced and used in mobility in the most favorable scenario is 10,444 kg per year. During the calculation of additional costs for the mobility utilization path, only the electrolyzer and the compression process were taken into account. This study did not account for instances where hydrogen-powered vehicles and the corresponding refueling infrastructure may be more costly than conventional passenger cars. The evaluation of the simulation results for hydrogen mobility in utilization path 2 only considers application cases without battery storage. As before, the amounts of energy available for the different configurations are determined by their respective peak PV power rating.



Figure 9 compares the hydrogen production costs for utilization paths 2 and 3, thus demonstrating the price of the compressing the hydrogen (to 400 bar) as required in mobility applications:



The International Renewable Energy Agency (IRENA) records a generation cost range of 2.8 € to 6.2 €/kg for hydrogen without compression in 2021 [41]. As such, these values are above market prices by a margin of between 2.0 and 11.3 €/kg. The difference between these values and grey hydrogen prices in June 2022 amounted to approximately 4.9 €/kg, which falls within that range. When the values are compared to current prices for green hydrogen (e.g., 13.65 €/kg in June 2022 [41]), the simulation results show a stronger tendency toward economically viable hydrogen production. The simulation scenarios generally resulted in above-average hydrogen and electricity production costs. This was mainly due to the plant dimensions, which are not optimized for costs, but for self-consumption rates, and consequently result in over-dimensioning of components and accordingly high investment costs.



In this study, the use of hydrogen has been examined from the perspective of a simulated use case where the focus was on maximizing electricity self-consumption. Based on this analysis, it is apparent that the use of hydrogen along the defined utilization paths is not yet economically viable in most cases, particularly when compared to established technologies and supply routes.



When evaluating the results, it should be noted that the individual assumptions made in this study and the resulting restrictions have had a negative impact on the economic viability of the hydrogen technologies:




	
Generally, the output of the photovoltaic systems under consideration is too low to generate significant electricity surplus for use in electrolysis.



	
The use of power purchase agreements (PPAs) to supply more green energy from external PV or wind power capacity was not taken into account.



	
The stated goal of maximizing self-consumption rates (target: 100%) tends to lead to over-sized plants and correspondingly high investment costs. Designing the plants for maximum utilization instead of maximum self-consumption could avoid this effect.



	
The rigid switch-on sequences and priority rules specified in the simulation do not allow for optimization in terms of energy-related or technical elements when controlling the technologies.



	
As this last point implies, the development of strategies for optimized operation of hydrogen technologies in combination with battery storage should be addressed in future research.








Furthermore, combining the utilization paths could create synergies and increased amortization effects. For example, the combination of hydrogen electricity storage and hydrogen mobility could lead to a higher utilization of the electrolysis system. This could reduce the payback time. The fact that technologies’ residual and recycling values were not considered also had a negative effect on economic efficiency. It should be noted here that due to the relatively low prevalence of hydrogen technologies in the vicinity of industrial factory sites, it is not currently possible to make any meaningful statements regarding residual values and realistic life spans.



In the future, political and market developments could also lead to improvements in the economic viability of hydrogen technologies in the context of energy systems for industrial production sites. Examples of such developments include an effective general pricing system for CO2 emissions, the reduction of investment costs through subsidies, or a general price reduction caused by an increase in market volume. In addition, the ongoing increases in electricity prices may further increase the attractiveness of self-consumption and self-sufficiency. The economic performance for hydrogen technologies may also be increased by other means, for example, by taking into account additional revenue streams (such as the sale of green hydrogen in regional hydrogen markets), as much as can be done with battery storage systems. The optimization of grid charges through intensive grid use, peak load shaving, and atypical grid use and participation in the balancing power market may also have a positive effect on economic viability.




5.3. Environmental Assessment of Impact on Gobal Warming Potential


The impact that hydrogen technologies may have on the global warming potential (GWP) of industrial energy supply systems was calculated using a comparative life cycle assessment (LCA) based on the ISO standard DIN EN ISO 14040/44. As in the economic assessment, the functional unit (FE), which is the reference value for the LCA analysis, is set to one year or to one unit of product (kWh, kg, or km). The environmental assessment is focused on the energy supply system of the production facility. Other aspects of the production process, such as the production facility’s supply of media gases or direct emissions released during production, are not influenced by changes in the energy supply system. Consequently, they are not part of the scope of the investigation. The life cycle inventory data required to calculate the global warming potential was taken from two LCA databases: GaBi Professional by Sphera Solutions and ecoinvent 3.6 (e.g., provision of electrical energy, process water, and manufacturing phases of plants). Missing data was collected by means of literature research and with the help of industry partners. Nevertheless, it was not always possible to collect detailed and complete life cycle inventory data, especially for the manufacturing phase. Therefore, the life cycle inventory in these cases is either based on a bill of materials or on existing global warming potential (GWP) values from various LCA studies. These values were specified in kg CO2 eq./plant. Consequently, the level of data uncertainty for the manufacturing phase is not yet optimal. The software TOP-Energy® was used to determine the annual energy consumption of the production facility, broken down by energy source.



The total global warming potential of the energy supply system was calculated according to the following equation:


  G W  P  t o t a l   =   ∑   i = 1  n  G W P f a c t o  r i  ×  a i  +   ∑   j = 1  m  G W P f a c t o  r j  ×  b j  +   ∑   k = 1  o    G W P f a c t o  r k     u k     
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Total global warming potential of the energy supply model in kg CO2-eq./year: GWPtotal



	
Global warming potential of energy source i in kg CO2-eq./kWh: GWP factori



	
Global warming potential of operation material j in kg CO2-eq./kg: GWP factorj



	
Global warming potential of equipment component (production phase) k in CO2-eq./plant: GWP factork



	
Amount of energy supplied by energy source i in kWh/year: ai



	
Amount of operation material j in kg/year: bj



	
Expected durability of equipment component k in years: uk



	
Number of energy sources (e.g., electricity supplied by PV system): n



	
Number of operation materials (e.g., cooling water): m



	
Number of equipment components (e.g., li-ion battery): o






The GWP factors were calculated based on the life cycle inventory data by using the software GaBi in line with the characterization model CML 2001 August 2016. GWP factors from literature sources were also used, as in the case of the production of li-ion batteries.



Figure 10 shows the GWP for utilization path 1 (hydrogen as energy storage) in t CO2 eq/year and compares the results with the reference case (PV system without battery storage and hydrogen technologies). The three peak PV outputs 300 kWp, 500 kWp, and 750 kWp (see Table 1) were investigated in combination with varying electrolyzer and li-ion battery storage system capacities, in a similar manner to the economic evaluation. A nominal thermal (auxiliary power) and electrical (main power) efficiency of 50% is assumed for the fuel cell. As mentioned earlier, the 1000 kWp peak output was not examined due to the high levels of uncertainty regarding the data quality.



The GWP of the reference scenarios depends exclusively on an electricity supply that uses the PV system and grid purchasing as energy sources. However, for the other scenarios, both the necessary operating resources and efficiency losses due to the storage system and the manufacturing phase of the newly integrated energy supply system components were taken into account. These components include li-ion battery storage, electrolyzer, fuel cells, heat exchangers, and hydrogen pressure storage tanks. Consequently, changes are only considered in comparison to the reference system.



Using hydrogen for seasonal energy storage and a battery system for short-term energy storage allows the production system to use a higher amount of the electricity generated by the PV system. This arrangement also means that less of the electricity from the PV system is fed into the grid. As a result, companies do not have to purchase as much electricity from the grid, which leads to a reduction of the GWP. As can be seen in Figure 10, this positive effect is particularly evident in larger PV systems.



However, the positive effect is offset by the additional GWP caused by the production phase of the newly installed components. As a result, utilization path 1 has a higher total GWP than the respective reference scenarios. In the case of P_PV,peak 750, the GWP of the reference case is 251.66 t CO2 eq./year. In contrast, the W_Bat = 750 scenario has a total GWP of 266.66 t CO2 eq./year when plant manufacturing is included and 198.59 t CO2 eq./year when it is not. Due to the uncertain data situation, the GWP figure calculated for the manufacturing phase is essentially an estimation based on literature data and additional information from industry partners. For each of the additional components, i.e., the electrolyzers, fuel cells, and hydrogen pressure storage tanks, a minimum and maximum greenhouse potential figure was calculated for the manufacturing phase. As their influence on the overall balance is significant, a more detailed assessment must be carried out in the future to verify the results obtained by the environmental assessment presented in this study. In the case of the “min” scenario, a reduction of the GWP compared to the reference scenario can be achieved for the following variants: P_PV,peak 750 kW (W_Bat = 0 kWh (−5.0%); W_Bat = 750 kWh (−3.6%); and W_Bat = 1000 kWh (−0.8%)).



In addition, Figure 10 shows that when the capacity of the li-ion battery is increased, less PV electricity is stored in the form of hydrogen. Instead, the surplus is fed into the battery storage system. As a result, the self-consumption rate does not increase further, but stays at the same level. On the other hand, the larger battery storage system results in a higher impact at the production phase, which increases the energy supply system’s total GWP.



Using the waste heat emitted by the electrolyzer and fuel cell reduces the thermal energy demand covered by the gas boiler. This reduction in thermal energy demand from the gas boiler—together with the CO2-eq. avoided as a consequence—is accounted for by applying a credit to the total GWP. This credit accounts for the avoidance of CO2-eq. emissions that would have been released in the production and combustion of the natural gas to generate thermal energy. The value of the credit depends on the amount of hydrogen produced, or more precisely, on the amount of waste heat generated. Consequently, the value decreases when a larger battery storage system is used for a particular variant. This credit is shown as an orange bar section in Figure 10.



Figure 11 (the “max” and “min” scenarios) shows the total GWP for variants where electrical energy is supplied exclusively via a combination of a PV system, an electrolyzer, a fuel cell, and a hydrogen pressure storage tank. The units used in the chart are kg CO2 eq./kWh electricity. It is assumed that the fuel cell has a nominal electrical efficiency of 50%. The results have been compared against the GWP per kWh of the German electricity mix (2020).



The smallest GWP per kWh of electricity for each variation occurs when there is no battery storage system integrated into the energy supply system. In these cases, a higher share of the electricity generated by the PV system can then be held in reserve via the seasonal hydrogen storage. As a result, the additional GWP caused by the manufacturing phase of the electrolyzers, fuel cells, and hydrogen pressure storage tanks is distributed over a larger amount of regenerated energy, which lowers the impact per kWh. Furthermore, due to the higher utilization rate of the hydrogen storage components, the GWP decreases when the peak power of the PV system is increased.



In the case of the “min” scenario, a lower GWP than the German electricity mix can be achieved for a PV system size of 750 kWp. The reduction for the variant without battery storage (W_Bat = 0 kWh) is −36%. In contrast, the reduction for the variant W_Bat 375 kWh is −9%. This shows that seasonal storage of electrical energy via hydrogen represents an environmentally friendly alternative to the German electricity mix under certain conditions.



Figure 12 (“max” and “min” scenarios) shows the results of the environmental assessment for utilization path 2. The figure illustrates the total GWP per distance traveled for a hydrogen-powered passenger car in kg CO2 eq./km. These results are compared with a diesel-powered passenger car. In this case, only the share of the GWP that is generated due to the production (incl. production phase for new components) and utilization of hydrogen and diesel is taken into account. This also includes the emissions that result from the combustion of the fuel. However, in the case of the hydrogen vehicles, it is assumed that this combustion is CO2-neutral. The production, disposal, and recycling of the vehicle in question were not considered. In Figure 12, the combustion efficiency of the hydrogen-powered vehicle is compared to that of the diesel-powered vehicle based on the cars’ different ranges in km per kg of fuel. It is assumed that a hydrogen-powered can achieve 4.4 times the range per kg of fuel. This assumption is based on information provided by industry partners.



For all variations and scenarios, the hydrogen-powered car can achieve a lower GWP than the diesel-powered vehicle. In the case of the “min” scenario, the reduction falls within a range of −65% and −75%. For the “max” scenario, on the other hand, a reduction range of −55% and −65% per km can be achieved.



Finally, Figure 13 (“max” and “min” scenarios) shows the GWP for the production and storage of hydrogen via electrolysis (e-hydrogen) in kg CO2 eq./kg hydrogen (utilization path 3). These GWP values are compared to the production of fossil hydrogen from natural gas. Only the share of the GWP that is generated in producing the hydrogen (incl. the production phase for the extra components) is taken into account.



In Figure 13, it can be seen that for all variations and scenarios, hydrogen produced via electrolysis has a lower GWP per kg than fossil hydrogen produced from natural gas. For the “min” scenario, the reduction falls within a range of −49% to −65%. In the case of the “max” scenario, a reduction range of −35% to −53% per kg of hydrogen can be achieved.



In summary, it is apparent that the global warming potential of energy systems with hydrogen technologies can be reduced under certain conditions. Utilization paths 2 and 3 show the greatest potential. However, the amount of surplus PV electricity that is available for hydrogen production is an important factor. The results of the environmental evaluation show that the potential to reduce the GWP grows as the rated power of the PV system increases. Compared to the reference scenarios, such as mobility using diesel-powered vehicles, natural-gas-powered CHP, and fossil hydrogen produced from natural gas, the variants studied show a significant reduction in global warming potential. However, this does depend on the amount of hydrogen produced. On the other hand, the plant production phase has a negative effect. This is the main reason that no reduction in GWP occurs for the variants examined in utilization path 1 when compared to the reference variants. However, based on Figure 10, it is possible that a lower GWP than the German electricity mix could be achieved for large PV plant capacities (e.g., 750 kWp) if 100% of the electricity purchased from the grid were replaced by surplus PV electricity through seasonal hydrogen storage. This means that a positive environmental effect will only occur if a large amount of electricity purchased from the grid is replaced by surplus electricity from the PV system, with hydrogen acting as an energy storage medium. The reason for this is that in the process, the self-consumption rate would be greatly increased, which would in turn lead to further significant reductions in the amount of electricity purchased from the grid. As in the economic evaluation, this can be achieved by developing operating strategies for optimized operation of hydrogen technologies in combination with a battery storage system or by optimizing the component or overall energy model design. A combination of the different utilization paths could also lead to a more efficient overall model. This is the only situation in which it would be possible to achieve a lower GWP for utilization path 1 than for the reference scenario. Nevertheless, the GWP caused by the production phase of the additional plant components would still cause a major obstacle from an environmental point of view. However, since this data stems from an initial estimate based on literature, it must be reviewed and refined in collaboration with industry partners in a subsequent step. This imprecise data caused a number of restrictions; for example, it was not possible to consider economies of scale as a function of plant size. Instead, a linear increase in global warming potential per kW of plant size was assumed. In addition, it is expected that new, innovative approaches will give rise to advancements in manufacturing processes and components, which may also lead to a reduction in environmental impact.





6. Conclusions and Prospects for Further Research


6.1. Conclusions


In this work, industrial energy supply systems were developed, modeled, and simulated so that they could then be evaluated from an economic and environmental perspective. For this purpose, a method was developed in accordance with the areas where a need for action was identified. This method is specifically suited to manufacturing companies. It was applied to a use case involving actual manufacturing company data and conditions in order to determine the potential of producing hydrogen and using it in one of three possible applications.



For the utilization path “hydrogen as energy storage”, electricity production costs of between 43 and 79 ct/kWh (based on current conditions) were calculated for the variants with a peak PV power of 750 kW. If the green hydrogen is converted back into electricity in a fuel cell under certain conditions, greenhouse gas emissions can be reduced by up to 36% when compared to the reference scenario using the German electricity mix. Meanwhile, the simulations of the “hydrogen mobility” utilization path showed that hydrogen vehicles could achieve fuel costs of 12 to 15 ct/km. This indicates that this path already falls within an economically attractive range when compared to the reference costs of diesel vehicles. The calculated reduction in greenhouse gas emissions in comparison to diesel-powered cars was around 65%. Finally, the simulations for the “direct hydrogen use” path resulted in production costs as low as 8.2 €/kg and reductions in greenhouse gas emissions ranging between 35% and 65%, depending on the scenario. As such, this path is attractive from both an economic and environmental perspective.



These results demonstrate that the generation and utilization of hydrogen is a suitable energy storage option both from an economic and environmental point of view. First, however, the system dimensioning and operating strategies for the utilization paths require optimization. In addition, prices in the energy sector have increased at an even more rapid pace in recent times, and other influencing factors have also intensified. Consequently, the conclusions drawn in this work are heavily dependent on further political and market developments that may take place during the technologies’ period of use, which is likely to be long term.




6.2. Prospects for Further Research


Further research in this field could expand on and extend both the method and the potential investigation of the use cases. In addition to the specific possibilities for improving the economic and environmental evaluation listed in Section 5, there are also two more general areas where further research is required in relation to the simulation method:




	
The operating strategies of the individual plants need to be developed further, taking into account complex control options, interactions, and constraints. In this work, these strategies have only been mapped out in a rough sense in the simulation software and used for long-term periods of consideration.



	
The frequent adjustments of the components and their parameterizations in the models need to be simplified by means of interfaces between the energy management systems and other company software. On the output side, for example, interfaces between simulation data and life cycle assessment software require improvement. This would make it possible to carry out a large number of simulation studies and compare the results more efficiently.



	
Two other general areas requiring further development have been identified in the context of simulation-based evaluations of use cases:



	
The use cases are not exhaustive and could be expanded. For example, there are opportunities to use or sell the oxygen produced from electrolysis. The use of the waste heat from the electrolyzer and fuel cell should also be analyzed in more detail. Furthermore, combinations of different use cases should be analyzed for individual energy systems, such as the simultaneous use of fuel cells and mobility applications, for example. The fuel cell may also be used for emergency power supply.



	
The use cases need to be subjected to a comprehensive economic analysis. This evaluation should cover funding opportunities and price developments in relation to the technologies and regional, national, and international hydrogen markets. The results of the analysis will serve as the basis for make-or-buy decisions, as well as the self-consumption vs. the sale of energy. The electrolyzer and fuel cell can also offer flexibility for power grids, thus possibly increasing economic efficiency through additional revenues.








On-site production of green hydrogen provides a medium- and long-term storage option that can supplement short-term battery storage. The results show that if manufacturing companies incorporate hydrogen into their processes as an energy carrier, this significantly expands their scope for action in terms of energy management. In existing plants, the hydrogen utilization paths can offer more flexibility in responding to short- and medium-term influences, such as market prices, existing energy supply from renewable energy sources at the site, and deviations in the energy consumed by the production system. As many energy technologies are now available as container solutions [42,43], it is possible to expand plants as needed, provided that all required technical connections are available, e.g., power and water supply and pipe systems for transporting hydrogen and heat. This enables companies to adapt their energy systems to external influences such as price developments and the availability of energy sources and to internal developments such as adjustments in the production program or changes in the energy procurement strategy. In this way, energy supply systems will be sufficiently flexible and adaptable to meet future challenges, much like the production systems described by Wiendahl et al. [44] and Nyhuis et al. [45], for example. In light of the challenges arising in relation to energy prices and greenhouse gas emission reduction targets as described in Section 1, these measures could play an important role in maintaining the competitiveness of manufacturing companies.
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Figure 1. Method for developing and evaluating industrial hydrogen energy supply systems. 
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Figure 2. Screenshot of the simulation model scheme for utilisation path 1 in TOP-Energy®. 
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Figure 3. Power supply composition for dimensioning variants where P_PV,peak = 750 kWp. 
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Figure 4. Hydrogen production for dimensioning configurations where P_PV,peak = 750 kWp and 1000 kWp. 
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Figure 5. Hydrogen system component full-load hours for dimensioning variants where P_PV,peak = 750 kWp. 
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Figure 6. Investment cost situation for dimensioning configurations where P_PV,peak = 750 kWp and 1000 kW. 
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Figure 7. Electricity production costs for dimensioning variants where P_PV,peak = 750 kWp and 1000 kWp. (1) Average German industrial electricity price for new contracts in the second half of 2022: 54.90 ct/kWh [1]; (2) Electricity price assumed for the simulated use case: 17.38 ct/kWh; (3) Electricity cost range for PV battery storage systems with a ratio of PPV,Peak to Wbat of 2:1: 1.5 to 4.5 ct/kWh [39]. 
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Figure 8. Fuel cost of hydrogen mobility applications for systems dimensions where P_PV,peak = 750 kWp and 1000 kW. (1) Reference fuel cost per trip distance for diesel passenger cars in 2021. 
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Figure 9. Hydrogen production costs for systems dimensions where PPV,peak = 750 kWp and 1000 kWp. 
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Figure 10. Global warming potential per energy supply system in (t CO2 eq./year)—utilization path 1 (hydrogen as energy storage). 
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Figure 11. Global warming potential per kWh electricity in (t CO2 eq./kWh electricity)—utilization path 1 (hydrogen as energy storage). 
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Figure 12. Global warming potential per unit of distance traveled (vehicle type: passenger car) in (t CO2 eq./km)—utilization pathway 2 (hydrogen mobility). 
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Figure 13. Global warming potential per kg hydrogen in (t CO2 eq./kg hydrogen)—utilization pathway 3 (direct use of hydrogen). 
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Table 1. Nominal power ratings for electrolyzers and fuel cells with different PV system sizes.
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	Peak PV Power
	Nominal Electrolyzer Power
	Nominal Fuell Cell Power
	Self-Consumption Rate





	300 kWp
	200 kW
	5 kW
	99.77%



	500 kWp
	300 kW
	10 kW
	99.87%



	750 kWp
	500 kW
	30 kW
	99.97%



	1000 kWp
	700 kW
	75 kW
	99.01%
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Table 2. Electricity self-sufficiency for component dimensions with a peak PV power of 750 kW.
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P_Pv,Peak = 750 kW




	
P_el,El = 0 kW P_el,FC = 0 kW

W_Bat = 0 kWh

	
P_el,EL = 500 kW, P_el,FC = 30 kW




	
W_Bat = 0 kWh

	
W_Bat = 375 kWh

	
W_Bat = 750 kWh






	
Electricity self-sufficiency

	
40.4%

	
59.7%

	
60.9%

	
61.9%
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