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Abstract

:

Global primary energy consumption has increased tenfold over the course of the 20th Century, the availability of non-renewable energy is becoming scarce, and the burning of fossil fuels is leading to global warming. Climate change has now become tangible. The will to act against fossil fuels has become apparent in the western world, and in Germany in particular. This poses a particular challenge for the chemical and pharmaceutical industry, since, in the future, not only will the energy input, but also the feedstock, have to come from non-fossil sources. They must be replaced by carbon capture and utilization, and the exploitation of a circular economy. Concepts for a climate-neutral chemical–pharmaceutical industry have been developed and evaluated. Due to a high predicted consumption of renewable energies and an insufficient expansion of these, Germany will remain an energy importer in the future. The largest consumer in a climate-neutral chemical–pharmaceutical industry will be electrolysis for hydrogen (up to 81%, 553 TWh/a). This can be circumvented by importing green ammonia and cracking. This will require investments of EUR 155 bn. An additional benefit will be increased independence from fossil resource imports, as green ammonia can be produced in a multitude of nations with strong potential for renewable energies and a diversified set of exporting nations.
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1. Introduction


Global climate change caused by anthropogenic emissions is becoming a recognized problem for the entire world [1,2]. Following increasing public pressure, Germany has also passed several resolutions to reduce global warming potential (GWP). It was set in the coalition agreement of the current government to phase out coal-fired power generation by 2030 and to achieve climate neutrality by 2045 [3]. This poses several challenges for industry in Germany. To achieve these goals, 100% of the energy supply must come from renewable sources. This requires the expansion of the power grid with new lines, as well as the construction of short- and long-term storage technologies to bridge dark periods.



An unintended side-effect of the change to renewable energies (RE) is the increasing independence from individual energy suppliers. As currently apparent, this can affect the prosperity of the population in case of increasing international political conflicts. Case in point: the current price of fuel is rising to a record high last seen in the 1970s [4]. The trigger for this was the war in Ukraine and the sharp sanctions against a major supplier, Russia, which are also further spurring investment in RE. The German Finance Minister of Linder (Liberal Party) described investment in renewables as investment in “freedom energies” [5], signalling a shift in political consent towards the prioritization of RE in Germany. Following, this a EUR200 billion special fund towards climate neutrality has been announced [6].



A recent political desire is to transform Germany to climate neutrality in 2045, instead of 2050, as originally planned [7]. For the chemical–pharmaceutical industry, the general technical options based on rough mass and energy balances and cost estimates were already discussed in [8]. The economical fundamental basics for the green approach have been well known for a long time [9], and a scientific evaluation has been always available for politicians [10]. Even recently, many politically requested technologies, such as bioethanol, biodiesel or biogas, did not have eco-efficient inputs as politically desired, but this was well known in advance; sometimes, this is only related to engineering basics, such as the use of the wrong feedstock or too-small scales [11], biodiversity destruction and the socio-economic aspects of e.g., palm oil [12] or biogas [13]. Alternative fermentation pathways for bulk and basic chemical building blocks have been under evaluation for at least two decades [14].



For the chemical–pharmaceutical industry (ChPI), there is another challenge. Fossil fuels are not only used as energy sources for electricity and process heat generation, but also as a feedstock for many products. Replacing these is energetically expensive and requires investment in plant engineering and logistics. Alternatives could be biomass and coal from other industries. The ChPI is the third-largest industry in Germany and thus contributes significantly to the GDP and, therefore, the prosperity of the country. However, it also causes one-third of Germany’s carbon dioxide emissions [15].



Various studies and strategies have been developed to achieve this goal of climate neutrality for the ChPI. In this paper, selected studies are compared, and our own ones are developed. The focus is on the basic chemicals sector, as it is responsible for 90% of the GWP of the ChPI [15]. The goal is to develop a strategy to make the ChPI in Germany climate neutral. For this purpose, world-scale (WS)-sized plants are used for all scenarios in order to incorporate the economy of scale effect into the comparison between them. WS plants are, in most cases, the most efficient method of production in the ChPI [11,16]. This strategy must be in line with the existing and projected energy production and resources in order to prevent the ChPI from migrating. Furthermore, the decisive factors for transferability to other countries are determined.




2. Methodology for the Development of Climate Neutrality Concepts


To develop a concept for the climate neutrality of the ChPI, the following steps are proposed: Inventory, Qualitative Concept Development and Quantitative Evaluation. These steps are displayed in Figure 1. As a basis for this, a target must be defined by how much the GWP of the industry must be reduced and in which target year this should be achieved. This is given in a top-down manner.



In the first step (Inventory), the status of the ChPI is first recorded, taking into account the material and energy flows and the products produced. These are evaluated according to their emissions in order to identify the greatest impact on the GWP. The goal is to highlight the fossil energy and raw material sources. In the second step, predictions of climate-neutral domestic energy production are made in a bottom-up manner for the target year. Additionally, possible carbon-neutral feedstock sources, such as biomass or CCU, are surveyed for the target year.



In the Qualitative Concept Development, the future-relevant products and products with a high share in the GWP of the ChPI are firstly identified. Furthermore, climate-neutral technologies and advances in process engineering that lead to efficiency improvements or climate-neutral production are collected. Climate-neutral process engineering plant concepts are selected for the production of the relevant products. Since plants have an operating life of about 20 years, the plant concepts selected and built now are decisive for the carbon footprint in the target year. For these, supply concepts with electricity, process heat and raw materials from the climate-neutral technologies are determined. Initially, domestic supply, sectional coupling and circular economy will be used before import is considered.



The qualitative concept is now evaluated quantitatively. First, the plants for the relevant products are roughly designed. For these, the necessary supplies of electricity, process heat and raw materials are calculated. The required quantities are compared with the bottom-up analysis from the first step, and a decision is made as to whether the concept is viable. The necessary infrastructure is planned and designed for the calculated material and energy flows. Finally, the investment costs of the respective concepts are evaluated. On the basis of these figures, the concepts can be compared with each other, the aim being to bring about the transformation of ChPI with the lowest possible financial outlay.



Plant cost is split into capital expenditure (CAPEX) and operational expenditure (OPEX). The CAPEX for chemical plants can be approximated using various methods [17,18,19]. The accuracy of this estimate can be improved by increasing the level of detail and effort. With an accuracy of over +/− 30%, an order-of-magnitude approximation can estimate the CAPEX of a new plant based on the cost and capacity of an existing plant. An exponent n is used to scale the costs to the different capacities; this is usually correlated to 0.6. This is displayed in Equation (1) [17,18].


    CAPEX   new   =   CAPEX   ref   ⋅    (      capacity   new       capacity   ref      )   n   



(1)







In order to estimate plant costs, this can also be conducted for individual pieces of equipment. The sum of the equipment costs then represents the CAPEX of the plant. The costs for instrumentation, assembly, secondary plant components and others are determined by multiplying the so-called Lang factor (L). As shown in Equation (2). This Lang factor is 3 for bulk chemicals [17,20].


  C A P E  X  P l a n t   = L ⋅ Σ C A P E  X  e q u i p m e n t    



(2)







Furthermore, it is assumed in this work that OPEX, as well as the reactants and required energy, scale linearly with the production rate.



Since the scenarios in this study were estimated with the same methodology and assumptions, the relative error was neglected. The reference plants used for this purpose were based on real data, so the absolute figures of this study were also close to reality within the limits of uncertainty introduced by the chosen well-established methods [17,18].




3. Overview of Existing Climate Neutrality Concepts


Various strategies have been developed to achieve greenhouse gas neutrality within the ChPI. The main greenhouse gas emissions of the ChPI can be summarized in three factors. Scope 1 includes the emissions that occur directly in the ChPI, i.e., during the in-house generation of electricity and process heat. Scope 2 includes indirect emissions from the ChPI, e.g., those that occur during the generation of electricity for the ChPI. Scope 3 includes emissions that are linked to products. This is a unique scope of GWP, which includes the GWP locked in the product and emitted during its life cycle or disposal. The resulting GWP is calculated with the amount of carbon required for production. For example, this is the case for products made from fossil raw materials, such as plastics. These emissions have a great impact on the carbon footprint of the ChPI [21]. Currently, the total greenhouse gas emissions are made up of 29% Scope 1, 21% Scope 2 and 50% Scope 3 emissions, as reported [15]. To reduce these emissions, the supply of electricity, process heat and feedstock to the ChPI must be climate-neutral [15].



In 2050, it is assumed for Scope 2 in all scenarios that at least 95% of electricity is generated from renewable energies. Furthermore, the use of fossil raw materials, such as crude oil and natural gas, is omitted. The largest differences in the denatured scenarios relate to the provision of process heat and the production paths within the German ChPI.



One pathway to climate neutrality is the electrification of the ChPI; thus, process heat is introduced into the chemical processes via electric heaters. Another advantage of this is the flexibility gained through faster start-up times. Thus, temporarily favourable energy prices can be used more effectively, and the ChPI can contribute to the management of RE [22]. This will be achieved by retrofitting the existing plants. The VCI (German ChPI branch association) calculated investment costs of EUR 68 billion for this in addition to the assumed baseline investment of EUR 7 bn per year. In this process, the electricity consumption of the ChPI will increase by 1160% to 684.6 TWh/a. In addition, other energy sources will be used, bringing the total energy demand to 840 TWh/a. The production of high-value chemicals (HVC) will continue to take place via the cracking of naphtha. This is produced in the FTS from hydrogen and carbon dioxide [15]. The Fraunhofer Institute’s “TN Strom” scenario is similar, but here, HVC are produced via methanol. This will result in energy consumption of 651 TWh/a in Germany, in which the hydrogen required has already been calculated as an energy input and the production of this has been disregarded [23].



Another strategy is the provision of process heat via synthetic energy sources, such as hydrogen, methanol or ammonia [8,22,23]. Therefore, in the scenarios “TN H2” and “TN PtG/PtL”, 359 TWh/a and 415 TWh/a, respectively, are used by chemically bound energies. The generation of this energy is attributed to the “conversion sector” and is not attributed to ChPI. This circumvents the issue of energy production [23]. Another option is to import chemically bound energy, such as “green naphtha”, for further processing in Germany [24].



The considered scenarios show an energy consumption of a climate-neutral ChPI from 651 TWh/a [23] to 840 TWh/a [15]. The DECHEMA has also considered the whole European ChPI, and found in their “maximum” scenario a total energy consumption of 4900 TWh/a, surpassing the available energy of 3400 TWh/a [22].



For a climate-neutral ChPI, the expansion of renewable energy generation will be indispensable. Various institutes and agencies have made projections for the energy available in 2050. The majority of the generated greenhouse-gas-neutral energy will come from wind power and photovoltaic sources. Other renewables, such as biomass, hydropower and geothermal energy, will play a minor role.



Figure 2 shows the projected available electric energy in 2050 from different studies. These include the prognosis from the consulting firm Prognos and collaborators [24], scenario EL95 from “Deutsche Energie-Agentur” (DENA) [25], “Szenario 95” from “Forschungszentrum Jürlich” [26] and scenario “Referenz” from the “Fraunhofer Institut ISE” [27]. These differ by the assumed expansion of the individual RE technologies. The most important factor seems to be not the technical potential, but the acceptance of the population and the political will. This is especially the case for onshore wind power plants. Distance regulations, such as the 10-H rule [28], and citizen initiatives driven by a “not in my backyard” mentality must be balanced by the expansion of PV plants. Due to the lower full load hours of PV compared with wind power, less energy is generated per unit power of the plants [26].



The composition of RE varies greatly across studies, but a trend towards expansion can still be seen. Currently, 251 TWh/a [29] is available, excluding biomass. In 2050, an availability of 1000 TWh/a is assumed as the average of the considered studies for the further course of the study. The predicted electrical energy consumption of ChPI is in the range of 400 to 700 TWh/a [8,15,23]; much more electricity will be proportionally consumed by ChPI in 2050 than in 2020. A mismatch between the generated energy and the consumed energy is created. Without overcoming this, industry will migrate, driven by rising electricity prices.




4. Alternative Climate Neutrality Concepts


In this study, the most energy-intensive and greenhouse-gas-emitting parts of the German ChPI have been considered. These make up about 90% of the greenhouse gas emissions of the German ChPI [15].



For the German ChPI in 2050 for constant production, 3130 kt/a ammonia, 520 kt/a urea, 1050 kt/a methanol and 4052 kt/a chlorine are required. Furthermore, high-value chemicals are produced traditionally via naphtha, of which 19,155 kt/a is required [15]. As a basis for climate-neutral production, the complete electrification of the ChPI is assumed here. This means that process heat is provided by electrical power and not by burning natural gas, as is currently the case. At the core of these products are the following plants summarized in Table 1.



Traditionally, the ChPI is based on crude oil and natural gas, which have a negative impact on the climate balance of the ChPI in the form of Scope 3 emissions. As an alternative, in a climate-neutral ChPI, naphtha will be obtained from biomass or from the circular economy. Naphtha makes up a large part of the feedstock of the ChPI [21]; this is produced in this study by Fischer-Tropsch via the synthesis of carbon dioxide and hydrogen [34]. In this study, hydrogen is obtained from electrolysis and carbon is obtained from section-coupling by means of carbon capture and utilization (CCU). Natural gas is traditionally used not only to generate electricity and heat, but also to produce hydrogen and, in turn, ammonia and other chemicals. Both of these utilizations have to be dispensed with for the ChPI to become climate-neutral.



Since no fossil carbon will be available for the ChPI in 2050, CCU is used in this study. CCU captures CO2 through gas washing and releases it back through heating; this makes CO2 accessible for other chemical processes. Energy consumption for this technology is between 2.6 and 6.5 GJ/tCO2, but is predicted to drop to 0.9 GJ/tCO2 by 2050 [23,36]. It is assumed that CO2 from other industries will be available due to section coupling. The sources for this are the cement industry, which produces 13.2 mt/a CO2 due to the process [37]. In addition, 17 mt/a is expected from waste incineration, 2 mt/a from lime burning and 7.4 mt/a from smaller industrial sources [23]. The remaining CO2 is provided by the circular economy of the ChPI.



Scenario A, as shown in Figure 3, is based on the VCI study [15] and is considered the reference scenario for this comparison, since it represents a climate-neutral ChPI in Germany through the electrification of existing plants without change to production chains. The biggest difference to today’s ChPI is the use of CO2 from CCU and hydrogen from electrolysis as a feedstock for basic chemistry. For this, electrolysis plants have to be operated in Germany. Furthermore, CCU plants have to be built and operated in other sectors of industry to recycle carbon dioxide. In addition, the sources and sinks of hydrogen and CO2 will be connected by a pipeline network. For a pipeline network between the industrial sites concerned, an investment cost of EUR 2.5 bn was calculated for a length of 5600 km [23]. Additionally, a hydrogen pipeline network needs to be constructed. For this, FNB Gas proposed an expansion of the existing gas network for hydrogen and calculated costs of EUR 18 bn [38].



Energy is supplied solely by renewable energies from Germany. Of the 683 TWh required annually by the ChPI, 553 TWh/a are used for the electrolysis of water, which corresponds to 81%. A large part of the investment costs for the conversion of the current ChPI will be used for the construction of the electrolysis plants and for the FTS. These costs are closely related to the production of “green naphtha”. The conversion of the remaining ChPI for use is comparatively less expensive.



In scenario A, 68.3% of the available electricity in Germany will be required for the ChPI. In 2020, this share was 14% [39]. Other industries, such as the steel industry, will also have to dispense with fossil fuels in the future in order to become greenhouse-gas-neutral. Furthermore, electricity will continue to be needed in civil sectors. Therefore, the share of energy used in this scenario is unrealistic. In order to continue to pursue the goal of a climate-neutral ChPI, energy must be imported. This can be in the form of electrical energy over short distances from other European countries to avoid line losses. Another alternative is the import of chemically bound energy. Ammonia is a good substance for this because it has a high energy density, is chemically stable and does not contain carbon. In comparison with hydrogen, it can be transported at a higher temperature and at lower pressure, making it less costly [40].



In scenario B, ammonia will be imported from states with more open space and higher solar intensity. Candidates for such locations are the MENA states (Middle East and Northern Africa); due to their proximity to Europe, the transport costs for the ammonia import can be minimized. For the transport tankers are used, which are also operated with ammonia [41]. Turbines with an efficiency of 60% are used to convert the ammonia back into electricity [40]. For the distribution of ammonia within Germany, a further pipeline network is assumed along the lines of the network for hydrogen, with investment costs of EUR 7.4 bn [42].



For the operation of a climate-neutral ChPI, it is assumed that 20% of the RE generated in Germany is available. The remaining energy is imported in the form of ammonia. This amounts to 142 mt/a, which has a CAPEX value of EUR 152.3 bn in the MENA states. To operate these, 1.524 TWh/a of renewable energy will be required there. For transport by ship, a fleet of 245 ships with investment costs of EUR 9.4 bn has been calculated.



Scenario B, as shown in Figure 4, also continues to use most of the available electricity to produce hydrogen for the production of “green naphtha”. More than all of the electricity generated by ammonia combustion is used for this purpose. A more effective way to supply hydrogen to the German ChPI is to crack the imported ammonia. Ammonia cracking has already been investigated as a process for providing hydrogen for fuel cells [43,44,45]. For the conversion of ammonia into hydrogen, a plant capacity of 55.4 ktH2/a with an input of 360 ktNH3/a is assumed. The parallel combustion of ammonia generates the heat for the cracking process [44]. The separation of the product mixture takes place via a Pressure Swing Adsorption [46,47,48]. CAPEX is assumed to be EUR 21.4 mio., with an electricity consumption of 0.19 TWh/a for such a plant.



In scenario C, as shown in Figure 5, ammonia crackers were used instead of electrolysis plants to supply the ChPI with hydrogen. This requires less ammonia import from the MENA states than in scenario B. Thus, CAPEX abroad will also decrease to EUR 72.1 bn and the consumption of renewable energy to 740 TWh/a in MENA States. In addition, within the German ChPI, less needs to be invested in plants for the transformation to climate neutrality, since no hydrogen electrolysis plants are needed. Furthermore, this scenario achieves the lowest electricity consumption in Germany, with 160 TWh/a.



As summarized in Table 2, the overall lowest cost is achieved by scenario A. However, the high energy consumption in Germany makes this scenario not feasible. An Alternative is provided by importing ammonia and using it to provide hydrogen through cracking for the German ChPI.




5. Discussion


In this study, scenarios were considered to make the German ChPI climate-neutral, and energy and feedstock were identified as fundamental factors. Providing these for the ChPI in Germany will be an existential task for the next few decades. In Scenario A, the expansion of RE was considered as the basis for a climate-neutral ChPI. This transformation of the ChPI would incur investment costs of EUR 94.99 bn, exclusive of power-generation costs, as alternative pathways for hydrogen and carbon extraction, as well as additional infrastructure, would have to be developed. Included in the cost are the estimated CAPEX for CCU and distribution to chemical plants. This would require an energy consumption of 683 TWh per year for the production of an equal amount of end-products to today. In this work, different projections of the available RE in Germany were considered. An average of 1000 TWh/a can realistically be expected in 2045. The energy consumption of scenario A is thus disproportionately large compared with the current situation. An increase in energy costs could be expected in this case, which would make the production of chemical products in Germany unprofitable.



As an alternative, the possibility of importing energy in the form of ammonia from MENA countries was considered. This was presented in scenario B, and CAPEX of EUR 260.69 bn was calculated. The majority (58%) of this is accrued from plant construction for ammonia production in MENA countries. An annual import of 1420 kt of ammonia ensures an additional energy supply of 434 TWh/a, which can also be extended to other industries. This requires an expansion of 1524 TWh/a of RE in MENA countries. Infrastructure costs of EUR 37.3 bn for transport overseas and within Germany are invested in this scenario. From the presented scenarios A and B, it is obvious that a large part of the required electrical energy goes into the splitting of water into hydrogen.



Therefore, Scenario C was developed as a more cost-effective, but still realistic, alternative. Here, the technology of ammonia crackers is used to provide hydrogen for the German ChPI. For this, CAPEX of EUR 155.49 bn. was calculated, which was a reduction of 40% compared with scenario B. This is needed both for the production of ammonia, as in scenario B, and for the conversion into hydrogen. In doing so, 740 TWh/a of RE is required in the MENA countries for the production of ammonia, representing a 52% reduction compared with Scenario B. Scenario C requires less overall investment than Scenario B and is more realistic than Scenario A in terms of RE expansion in Germany; therefore, it is preferable.



The following points have to be made in the general discussion of human-made climate change, the possible solutions and the implications and the action directive to reduce GWP:




	
To reduce GWP emissions in the German ChPI. energy demand has to be shifted towards renewable energies for both electrical power and process heat.



	
Currently, half of the German ChPI-attributed GWP is based on fossil feedstock, such as oil and natural gas [15]. To replace these, alternative carbon sources have to be considered. As described, these are biomass, recycling and CCU, and all include section coupling within the industrial sector as a whole.



	
CCU will have a primary role here, as some industries, such as the cement industry, will have process-related emissions, which will be impossible to eliminate. These can be bound within products of the ChPI and thus be valorized from harmful greenhouse gases to consumer goods. An estimated amount of 13.2 mt is annually available in Germany [37], as well as other sources. These include thermal waste disposal and other industrial processes. With section coupling, 39.2 mt of carbon capture can be made available to the ChPI with CCU [19,37].



	
As well as feedstock towards non-fossil materials, such as carbon dioxide from CCU, CO2 will be required as a feedstock for ChPI and traded as such [23,24,49]. Section coupling will, therefore, become a major factor in running the economy. as trade with CO2 will develop naturally. Niche solutions for feedstock acquirement include the circular economy and will play a major role as a market for carbon dioxide from CCU and other sources evolves.



	
An alternative to the usage of CO2 as feedstock is biomass. Several routes to the product can be found in the literature, and the first industrial applications are being prototyped and are already in industrial use [50,51]. This can be further expanded, as some biomass is potentially unused [52].



	
Another GWP-reducing action is the expansion of the circular economy, as this saves energy, as well as material resources. This is supported by rising digitalization [53]. This is not only applicable to metals and carbon, but also to biologicals [54]. The development of urban mining projects, as shown by the University of Clausthal, is important to close gaps in resource procurement and increase the efficiency in which we use our environment [55].



	
The pharmaceutical industry currently consumes 16 TWh of energy and emits 3 Mt CO2eq annually. The biggest factors are WFI consumption for CIP/SIP in the production of biologics. There is potential for GWP reduction through the introduction of continuous processes and the valorization of residual materials in the production of natural products [56,57,58]. Problem analyses and solutions such as these in the pharmaceutical industry are not always transferable to other industries. Companies and industries must, therefore, consider individual solutions for their specific GWP sources. This will lead to the easiest sources to eliminate being tackled first. This freedom of action will ensure that the most efficient GWP reduction is achieved.



	
The problem becomes rewarding efforts to reduce GWP and penalizing emissions. Setting a political framework for this is feasible within a country with the help of CO2 certificates. In this way, climate protection can become a business decision. However, this will be difficult in international competition and trade without a superordinate body or international regulations. How this can be implemented on an international scale remains an open question.








The general discussion towards energy supply and renewable energy development is ongoing. Towards energy supply for the German ChPI and industry in general, additional points of conversation have to be made, and further research must be conducted and actions must be taken:




	
Moving towards renewable electrical power generation requires consent within the populous to make the transition from traditional energy generation as efficient as possible. This includes the construction of power lines and wind turbines [26]. This is invoking a debate on land use, as RE production has proven to be more space-inefficient than traditional fossil energy generation. This predicament between preserving nature as is and developing more areas for RE is still subject to ongoing debates not only in Germany. Importing power via ammonia could be a solution to this problem.



	
To guarantee a stable power supply, long- and short-term energy storage and supply is needed. The electrification of the ChPI can help net stability by buying power during high production [22].



	
Even with the high aims of current policies, Germany will remain a net energy importer as it has been in the past. Germany recently intended to import LNG, and long-term contracts with places such as Qatar have been negotiated. German industry is investing at least EUR 1 bn in harbour terminal buildings for at least the next 5 years. Qatar is investing about USD 30 bn in upgrading the amounts of gas [59,60,61].



	
A candidate for energy importation is ammonia, as its production is well understood by the ChPI. The substitution of hydrogen provided by natural gas with electrolysis is a minor one. Electrolysis has been subject to research and development for decades and is projected to become more cost-effective in the near future [31]. The transportation costs are lower than those of alternative green fuels [62]. Additionally, ammonia can be converted to electrical power as well as process heat [40,63,64,65]. This can also help to manage electrical power supply during fluctuations in wind and solar power.



	
Producing ammonia in favourably located states from renewable sources can circumvent energy scarcity within Germany and keep the German ChPI supplied with hydrogen. Thus, the migration of oil and gas-based industry can be avoided.



	
As the requirements of site factors are having access to renewable-energy-suitable areas, the list of possible countries is plentiful [66]. This can be used to diversify sources of green ammonia to avoid being affected by political conflict and other local factors. This would stabilize energy availability and grant a greater degree of independence. Recent efforts towards the importation of ammonia and hydrogen have been made by the German government, and they will have to continue to move towards a climate-neutral ChPI [67,68,69].



	
As this technology develops and is being applied by other countries, the cost of ammonia plants will decrease and the efficiency of ammonia technology will increase. Ammonia-fired turbines, as well as co-fired ammonia methane, are currently under development and improvement by Mitsubishi and are projected to be commercial by 2025 [70]. The efficiency of power to ammonia to power was calculated to be between 31 and 39% [71]. This is of interest for further research.



	
It has been found that ammonia can be cracked into hydrogen at a relatively low cost. To move towards a ChPI without Scope 3 emissions, CO2 and hydrogen have to be used as a feedstock for the traditional petrochemical industry. Furthermore, ammonia crackers are already commercially available [72,73] and under further study [74]. With further study, this technology can make a great impact towards climate neutrality.



	
Nevertheless, to implement this strategy, steps have to be taken today: a framework for an ammonia-based ChPI needs to be developed. This includes ammonia infrastructure a national and international pipeline grid, as well as international shipping. Further development of ammonia-based technology and commercial availability is needed. In any case, the expansion of RE is not circumventable within Germany or internationally.








The approaches used and presented here can be summarized into basic steps:




	
Inventory of current production and availability of future resources;



	
Qualitative concept development with climate-neutral technologies;



	
Quantitative concept evaluation of energy and material streams and, finally, costs.








The largest factors for these concepts are the following:




	
The use of non-fossil energy sources (in this study, NH3 and H2) and renewable energies (photovoltaic or wind);



	
Avoidance of fossil carbon as a feedstock for the synthesis of goods;



	
Sector coupling and use of CCU;



	
Application of the economy-of-scale principle where possible.








The critical success factors for a climate-neutral ChPI are the existence and availability of RE and carbon dioxide. These are indispensable for the climate-neutral production of an important raw material of the ChPI, naphtha. This is transferable to the ChPI of other nations as well as it is for Germany. If these are available in sufficient quantities, the respective ChPI can be made climate-neutral. Otherwise, energy and hydrogen can be imported via ammonia, as shown in this study. Carbon can be available through section coupling, as it is in Germany, or must be acquired from other renewable sources. This transformation requires investment in infrastructure and, in some cases, new plants.



If both energy production and resources are climate-neutral, the GWP will be reduced to zero. How such a climate-neutral ChPI can look was shown, and the path towards this outlined ChPI will be the content of businesses, politics and future research.




6. Conclusions


In this paper, different scenarios of a climate-neutral ChPI in 2045 are developed and presented. The climate-neutral ChPI in Germany will need up to 68% (680 TWh) of the total available green electricity in Germany in 2050 (1000 TWh). Therefore, Germany will remain an energy importer, as other industry branches will have an increased power requirement as well. Strategies for energy import in the form of ammonia have been developed and evaluated. Electrolysis for hydrogen production has been identified to be the main contributor to power usage in a climate-neutral ChPI (up to 81%). The cracking of ammonia as a feedstock for the Fischer–Tropsch synthesis of hydrocarbons is the most efficient way to make the German ChPI climate-neutral. In this scenario, only 160 TWh of green electricity is needed. The remaining energy need is supplied by H2 from NH3. Energy and hydrogen import through ammonia offers the additional benefit of a diversification of possible trade partners in the energy market and an independence from individual countries and organizations. This solution requires an investment of EUR 155 bn. As a feedstock input, CCU and the circular economy are gaining increasing importance. These reduce not only the GWP of the ChPI, but can also provide a solution to process the required GWP emissions from other industries through section coupling. The methods and concepts presented in this work, can be adopted by other nations to achieve the goal of climate neutrality within their respective ChPI. In order to prevent a migration of the ChPI, optimized political framework conditions must be created in order to make the restructuring of the industry feasible. This will ultimately come down to a business decision.
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Figure 1. Schematic representation of the procedure for the development of a climate-neutral concept for the ChPI. 
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Figure 2. Representation of the projected availability of RE in the year 2050 [24,25,26,27]. 
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Figure 3. Schematic display of the German ChPI for Scenario A “Renewable Energy in Germany”. 
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Figure 4. Schematic Display of German ChPI for Scenario B “Energy Supply”. 
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Figure 5. Schematic display of German ChPI for Scenario C “Ammonia Cracking”. 
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Table 1. Capacity, Power Usage and CAPEX of the most important plants for a climate-neutral ChPI.
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	Plant (Product)
	Capacity (kt/a)
	
	Power Usage (MWh/t)
	
	CAPEX

(€/t)
	





	Electrolysis (H2)
	3.9
	[30]
	51.6
	[15]
	2461.5
	[31]



	Air Separation (N2)
	3240
	[32]
	0.185
	[15]
	61.7
	[32]



	Haber-Bosch (NH3)
	1645
	[33]
	1.72
	[15]
	588
	[15]



	Fischer-Tropsch (Naphtha)
	850
	[34]
	0.83
	[15]
	2398.8
	[34]



	Pyrolysis (Naphtha)
	40
	[35]
	3.11
	[15]
	500
	[35]



	Electric Cracker (HVC)
	
	
	4.86
	[15]
	250
	[15]



	Urea (Urea)
	
	
	0.97
	[15]
	100
	[15]



	Electrolysis (Cl2)
	
	
	2.39
	[15]
	
	



	Fischer-Tropsch (MeOH)
	
	
	1.50
	[15]
	1607
	[15]
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Table 2. Summary of the calculated investment costs for each scenario.
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	CAPEX (bn. €)
	Scenario A
	Scenario B
	Scenario C





	German Plants
	
	
	



	Electrolysis
	26.2
	24.9
	



	Air Separation
	0.2
	
	



	Haber Bosch
	1.9
	
	



	Ammonia Cracker
	
	
	3.9



	CCU
	6.5
	6.5
	6.5



	Others
	39.69
	39.69
	39.69



	Total
	74.49
	71.09
	50.09



	
	
	
	



	MENA Plants
	
	
	



	Electrolysis
	
	60.8
	29



	Air Separation
	
	7.4
	3.4



	Haber Bosch
	
	84.1
	39.7



	Total
	
	152.3
	72.1



	
	
	
	



	Pipelines and Transportation
	
	
	



	Hydrogen
	18
	18
	18



	Carbon Dioxide
	2.5
	2.5
	2.5



	Ammonia
	
	7.4
	7.4



	Ammonia Ships
	
	9.4
	4.4



	Total
	20.5
	37.3
	32.3



	
	
	
	



	Total
	94.99
	260.69
	155.49
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