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Abstract

:

In recent years, the development of energy prices in Germany has been frequently accompanied by criticism and warnings of socio-economic disruptions. Especially with respect to the electricity sector, the debate on increasing energy bills was strongly correlated with the energy system transition. However, whereas fossil fuels have rapidly increased in price recently, renewable substitutes such as green hydrogen and synthetic fuels also enter the markets at comparatively high prices. On the other hand, the present fossil fuel supply is still considered too low-priced by experts because societal greenhouse gas-induced environmental impact costs are not yet compensated. In this study, we investigate the development of the price gap between conventional energy carriers and their renewable substitutes until 2050 as well as a suitable benchmark price, incorporating the societal costs of specific energy carriers. The calculated benchmark prices for natural gas (6.3 ct kWh−1), petrol (9.9 ct kWh−1), and grey hydrogen from steam methane reformation (12 ct kWh−1) are nearly 300% above the actual prices for industry customers in 2020, but below the price peaks of early 2022. In addition, the price gap between conventional fuels and green hydrogen will be completely closed before 2050 for all investigated energy carriers. Furthermore, prognosed future price developments can be considered rather moderate compared to historic and especially to the recent price dynamics in real terms. A gradual implementation of green hydrogen and synthetic fuels next to increasing CO2 prices, however, may temporarily lead to further increasing expenses for energy, but can achieve lower price levels comparable to those of 2020 in the long term.
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1. Introduction


On the way to a de-fossilized energy system, the German net electricity production from renewable energy sources already reached 50.3% in 2020 [1]. In contrast, the share of renewable energies in other energy intensive sectors such as transport, heating, and industry remains still low and requires a significant increase according to (inter)national climate protection targets [2]. Besides a direct electrification of applications, green hydrogen from water electrolysis and synthetic fuels from Power-to-Fuel (PtF) processes are considered as important renewable energy carriers in these sectors. Scenarios indicate a national future green hydrogen and synthetic fuel consumption of 250–800 TWh [3]. To satisfy this high demand, large scale production capacities in Germany will be required, complemented by huge import volumes [4]. In line with this, the European Commission published “a hydrogen strategy for a climate-neutral Europe” in 2020, announcing a green hydrogen production target of up to 1 MtH2 a−1 until 2024 and above 10 MtH2 a−1 in 2030 within the European Union [5]. This strategy is accompanied by the coalition agreement of the German government, targeting an electrolysis capacity of 10 GWel until 2030 in Germany [6].



In Schnuelle et al., it was shown how a national production of green hydrogen and PtF products may enter the market in Germany [7]. With calculated production costs of up to 38.7 ct kWh−1 in 2020, these substitutes are considerably more expensive than conventional fuels such as natural gas and crude oil-based products. Other studies show comparable results [8,9,10]. As a consequence, a substitution of conventional energy carriers by the introduction of green hydrogen and synthetic fuels is suspected to cause rigorous energy price increases. However, a strong scandalization of (increasing) energy prices has already occurred in recent years [11,12,13]. The recent price jumps since the end of 2021 until today (March 2022) are further inflaming the debate on too-high costs for electricity, natural gas, and crude oil-based fuels.



Whereas the unexpected price developments for natural gas and crude oil already lead to an extraordinary high financial burden for private and commercial customers, the remaining price gap between conventional fuels and renewable substitutes may consequently cause even more intensified price debates. On the other hand, in light of current fossil energy price levels, renewable substitutes suddenly appear rather attractive in the public perception, which indicates a higher acceptance for their rapid rollout. Besides the effects of the current geopolitical tensions, conventional energy carrier prices are also expected to increase further over time. This is especially due to rising emission allowance prices within the European Union Emission Trading System (EU ETS) and newly implemented CO2 price mechanisms such as the German national Fuel Emissions Trading System (nETS). In this context, other studies analyzed when green hydrogen may reach economic competitiveness compared to fossil fuels under consideration of increasing fossil energy prices and decreasing green hydrogen production costs [14,15]. Aditiya and Aziz discuss the global socio-economic consequences of unstable mineral oil prices within the last few decades and analyze hydrogen integration potentials in the Asia-Pacific region for an enhanced energy price stability [16]. Bleischwitz et al. focused on a transition towards a European hydrogen economy from a socio-economic perspective and evaluated policy framework requirements for a successful implementation of hydrogen technologies in Europe [17]. Maack and Skulason investigated the acceptance of hydrogen applications for its large-scale integration into societal functions [18].



However, an implementation of green hydrogen and synthetic fuels will consequently enforce higher temporal energy price levels. By this means, socio-economic implications are of highest importance in light of potential economic burdens for customers on the one hand and prevention of climate change consequences on the other. Nevertheless, these aspects are usually out of scope in the literature. According to this research gap, two major questions are addressed in this work:




	(1)

	
If conventional fuels increase in price and renewable energy carriers also feature high price levels in the future, what should be an adequate benchmark price for both types of energy supply?




	(2)

	
To what extent do the recent as well as the expected future price developments lead to an intensified financial burden for customers?









Both questions independently address the dilemma of expectable energy price increases in the short- and medium-term. While energy price related debates are generally highly controversial within (German) society, adequate tradeoffs need to be identified to prevent enormous societal costs in the long-term, besides protecting the (national) economy from short-term energy price disruptions.



With regard to question (1), a focus is set on the environmental impact costs caused by greenhouse gas emissions. Because the production and combustion of any hydrocarbon energy carrier emits specific amounts of greenhouse gases, several studies have carried out a related monetary environmental impact assessment. Under consideration of potential environmental and societal damages as a consequence of climate change, the Federal Environment Agency (FEA) of Germany calculated environmental impact costs of 199 Euro tCO2eq−1 for the year 2020, which will gradually increase over time. Based on these findings, a suitable benchmark price representing the actual economic costs for natural gas, crude oil, petrol, and grey hydrogen from steam methane reformation (SMR) is examined in Section 2. Furthermore, the price developments of these fossil fuels, as well as for green hydrogen and synthetic fuels, are derived from 2020 until 2050 for private and commercial customers based on a literature review. The price gap between conventional fuels and their renewable substitutes is investigated with and without consideration of greenhouse gas-induced environmental impact costs.



For question (2), a detailed analysis of historic price developments over the past decades, going back to the 1950s, is carried out in Section 3. Projected price trends are compared to former price dynamics in both nominal and real prices. Especially in recent years, the above-mentioned debate on energy prices has continued to heat up. Within this debate, however, inflation effects seem to be widely neglected. Thus, we investigate whether price increases have also occurred in real terms by considering the annual consumer price index development. Furthermore, the expected future price developments until 2050 are set in relation to previous price growth rates as well as to historic inflation-adjusted energy price levels. The findings are finally compared to the evaluated price developments of Section 2, followed by conclusions in Section 4.




2. Price Projections and Consideration of Greenhouse Gas-Induced Environmental Impact Costs


2.1. State-of-the-Art and Prospective Price Developments of Renewable and Conventional Energy Carriers in Germany


Techno-economic analyses on water electrolysis and PtF processes have been carried out by several international studies, such as [19,20,21,22,23]. In a recent study, hydrogen production costs of 25.7 ct kWh−1 for 2015 and 12.8 ct kWh−1 for 2029 were calculated. Production costs for liquid hydrocarbons from Fischer–Tropsch synthesis were calculated at 38.7 ct kWh−1 and 15.4 ct kWh−1, respectively, for the same time horizon [7]. However, a direct coupling to renewable energy facilities such as offshore windfarms was out of the scope of the study. In a further study, detailed green hydrogen production costs in northwest Germany in combination with several renewable electricity production patterns from photovoltaic (PV) and wind power were simulated [24]. Conservative electricity prices as high as the present legal renewable energy act (Erneuerbare Energien Gesetz, EEG) remuneration in Germany for modern onshore wind farms (9.3 ct kWh−1) and offshore wind farms (15.4 ct kWh−1), as well as 4.5 ct kWh−1 for old wind and PV farms, were considered. The simulation results revealed levelized costs of hydrogen of at least 13.1 ct kWh−1.



Other studies focused on current and future production costs with direct coupling to offshore wind energy in Germany while taking the actual levelized costs of electricity into account. Rudolph, Pfennig, et al. and Agora Verkehrswende state 19–22 ct kWh−1 in 2030 and 13–16 ct kWh−1 in 2050 for German synthetic fuel production with offshore wind energy [8,9,25]. Decker et al. state 9.9–18.9 ct kWh−1 and 39.3–49.7 ct kWh−1 for current offshore hydrogen and methanol production in Germany, respectively [10]. The International Energy Agency (IEA) forecasts green hydrogen production costs of 5–11 ct kWh−1 in 2030 at favorable production sites in Europe [26]. Agora Energiewende and Wuppertal Institut project hydrogen predict production costs of 12 ct kWh−1 in 2030 and 8.5 ct kWh−1 in Germany in 2050 [27]. The International Renewable Energy Agency (IRENA) investigated hydrogen production costs with direct wind or PV power supply. For average wind and PV locations production, costs range from 10.8–17.5 ct kWh−1 in 2020, 7.5–8.2 ct kWh−1 in 2030, and 3.3–5.0 ct kWh−1 in 2050 [28]. These literature-based price ranges for 2020, 2030, and 2050 are applied for further investigations in this study. The respective cost ranges are displayed and linearly interpolated in Figure 1, thus showing best- and worst-case assumptions over the considered time horizon.



In comparison to average conventional hydrogen production costs via SMR as well as to natural gas and crude oil customer prices, the renewable substitutes are only available at rather high production costs. In Europe, hydrogen from SMR production was typically available at costs of approximately 4–6 ct kWh−1 in the 2010s, strongly depending on the natural gas price, which accounts for nearly 70% of the total production costs [26]. The latter followed a declining trend for industrial customers in Germany from an intermediate peak of 3.9 ct kWh−1 in 2008 to 2.32 ct kWh−1 in 2020, excluding VAT. However, since the third quarter of 2021 a rapid multiplication of natural gas prices occurred, with peak spot market prices above 20 ct kWh−1 in March 2022 [29]. Natural gas prices for German private households ranged from 5.7–6.9 ct kWh−1 between 2012 and the beginning of 2021 and reached 6.2 ct kWh−1 by the end of 2020, including all taxes [30]. As a consequence of continual geopolitical instabilities, household prices for natural gas peaked above 16 ct kWh−1 at the beginning of 2022 [31]. Due to the tight correlation to natural gas prices, production costs of grey hydrogen increased drastically to 19 ct kWh−1 averagely in the first months of 2022 and peaked above 30.19 ct kWh−1 [32].



In light of current fossil energy price developments, former developed scenarios and price expectations appear to be rather unrealistic. However, because further price actions in correlation to geopolitical incidences are nearly unpredictable, in this investigation we adhere to the scenarios from the literature. As such, the IEA expects natural gas net prices of 3 ct kWh−1 for Europe by 2040 without consideration of increasing CO2 prices and taxes [33]. Hauser et al. simulated average cross border natural gas prices of up to 5 ct kWh−1 by 2050 [34].



Conventional liquid fuel prices strongly correlate with highly fluctuating crude oil import prices. For 2030 and 2050, Kemmler et al. expect crude oil prices of 6.0 ct kWh−1 and 6.9 ct kWh−1, respectively [35]. According to Agora Verkehrswende, the price for petrol, excluding taxes, reached 4.7 ct kWh−1 in 2020 and is expected to increase to 6.19 ct kWh−1 by 2030 and 7.63 ct kWh−1 by 2050 [8]. Actual petrol prices in March 2022, however, peaked above 11 ct kWh−1 in consequence of the war in Ukraine.
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Figure 1. Expected production costs of green hydrogen and synthetic fuels up to 2050 compared to price projections for grey hydrogen, natural gas (prices for industry customers), and crude oil (dashed lines), without consideration of increasing CO2 emission costs. Prices for grey hydrogen, natural gas, and crude oil in solid lines represent the actual price developments. Linearly interpolated data based on [7,8,9,10,24,25,26,27,28,30,33,34,35,36,37]. 
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According to Figure 1, current extreme prices for natural gas and crude oil drastically exceed scenario expectations for the upcoming decades and reach the lower production cost range of green hydrogen in 2022. Nevertheless, the scenario-based expectations for fossil energy carriers also show an increase in price over time compared to 2020. The renewable substitutes instead can achieve declining production costs due to technical improvements and economic upscaling effects among other factors. Investment costs of electrolyzers are expected to reach 200 Euro kW−1 once global capacities of 100 GW are realized [28]. Decreasing capital expenditures for electrolyzers and lower levelized costs of electricity from renewable energy sources are considered as key drivers for lower production costs of green hydrogen and synthetic fuels. In consequence and according to Figure 1, the scenario-based price gap of 5.9–14.9 ct kWh−1 between green hydrogen and grey hydrogen in 2020 could already shrink to −0.1–7.7 ct kWh−1 in 2030 and will be completely closed by 2050. The scenario-based price gap between green hydrogen and natural gas will shrink from 7.65–16.65 ct kWh−1 in 2020 to 2–9.8 ct kWh−1 in 2030 and could also be closed or even overcompensated by 2050. The production of synthetic fuels instead remains nearly 200% more expensive than the assumed prices for crude oil-based products, even in 2050. Nevertheless, production costs for synthetic fuels in 2050 may almost reach the crude oil prices of March 2022. Green hydrogen can already compete with the early 2022 fossil energy prices.




2.2. Consideration of Greenhouse Gas-Induced Environmental Impact Costs


In the above discussed price comparison, surcharges for CO2 emissions via specific regulative mechanisms are widely neglected. Besides the European Union Emission Trading System (EU ETS), several additional instruments in the form of carbon taxes and certificates have been discussed or are already implemented. In particular, the newly established German national fuel emission trading system (nEHS) is expected to lift fossil fuel prices in Germany over time. Scenarios expect CO2 emission prices up to 100 EurotCO2eq.−1 by 2050 [26,27]. Surprisingly, allowance certificates within the EU ETS already reached a temporary price of almost 100.00 Euro tCO2eq−1 in February 2022 [38].



In this work, we do not consider any specific legal CO2 certificate or tax systems, but rather greenhouse gas-induced environmental impact costs based on investigations of the German Federal Environment Agency (FEA) [39]. Under consideration of socio-economic burdens (e.g., higher expenses for healthcare, crop losses, infrastructure, and building damages) caused by extreme weather events that are related to climate change, the FEA investigated environmental impact costs of 199 Euro tCO2eq−1 for emissions caused in 2020. This value will increase over time up to 255 Euro tCO2eq−1 until 2050 and indicates that present energy prices are clearly too low.



Figure 2 displays the above-illustrated price ranges, including the additional environmental impact compensation costs of 0.0199–0.0255 ct gCO2eq−1. The assumed specific CO2 emission equivalents for the discussed energy carriers are listed in Table 1. The comparably low values for green hydrogen and synthetic fuels reflect an exclusive utilization of renewable electricity.



Under consideration of the environmental impact costs, a specific benchmark price for each discussed energy carrier can be defined (Table 1). These are calculated based on the 2020 prices for natural gas, grey hydrogen, crude oil, and petrol and on the specific CO2 emission equivalents shown in Table 1. The benchmark prices represent the actual economic costs of these energy carriers, including expenses for caused environmental and societal damages. Thus, at the latest when green hydrogen and synthetic fuels reach a price level below these benchmark prices, they can be considered beneficial for the national economy. However, in comparison with the energy prices of recent years until the first half of 2021, these price levels are far above conventional energy prices. In contrast, the calculated benchmark prices are well below the energy peak prices of early 2022, which caused dramatic disruptions in the energy markets, economies, and societies concurrently.



Figure 2 shows a rigorously shrinking and partially even closed price gap between the renewable and fossil energy carriers already today for scenario-based data. While synthetic fuels remain more expensive than fossil fuels until 2050, the price range of green hydrogen partially overlaps with grey hydrogen and crude oil already in 2020. In 2030, the lower price range of green hydrogen is also below the natural gas price. In 2050, green hydrogen is by far the cheapest energy carrier. In comparison to the real price developments and consideration of environmental impact costs, natural gas and crude oil prices range within the production cost range of green hydrogen in 2022.



On the other hand, the average green hydrogen price in 2050 is 200% above the natural gas price in 2020, but cheaper than natural gas in early 2022 and comparable to prices around 2012 (cf. Section 3). Synthetic fuel production costs in 2050 remain up to more than three times higher than the production costs of petrol in 2020. However, the synthetic fuel production costs of 2050 reach a price level comparable to the consumer price of petrol in 2020 (cf. Section 3) and to crude oil prices in 2022.





3. Discussion of Price Developments from a Socio-Economic Perspective


Commercial and private customers are apparently confronted with historically high energy prices as a consequence of steep cost increases for fossil energy carriers. Further developments are very hard to predict due to the strong correlation with ongoing geopolitical tensions. This circumstance heavily underpins that the former trust in a supply-secure and reasonably priced fossil-based energy system was rather dicey and urgent transformations are required to ensure both sustainable supply security as well as higher price stability.



Apart from these recent developments, customers also face increasing energy prices according to the findings in Section 2.1 and Section 2.2 in comparison with the energy price levels of the last decade. Furthermore, in light of socio-economic long-term costs, the defined benchmark prices indicate that the overall price level of conventionally supplied energy was significantly too low. Even though these results seem to be neither surprising nor avoidable in the context of a sustainability-orientated energy system transition, the question about how societies can handle these monetary challenges is widely open and apparently of paramount importance today. On the one hand, business companies fear (international) economic competitiveness and a loss of their business models. On the other hand, households with low incomes suffer from higher energy costs and struggle with unaffordable energy bills. The current situation shows that both issues need to be addressed with urgent care in energy-related political decisions.



In the context of rising energy prices, however, it is noteworthy that strong fluctuations also occurred in many previous decades, e.g., crude oil price peaks in 1980, 2008, and 2012. A look at historic price charts of natural gas, petrol, and electricity for private households indicates overall increasing nominal prices during previous decades (cf. Figure 3a,b). Public discussions on these developments usually intensified in times of high price growth rates. However, in the context of the German energy system transition, debates on price dynamics have previously flared up before the steep price increases that started in late 2021. Within these scandalizing debates, a special focus was put on the development of the electricity price for end consumers [42,43,44,45,46].



A strong scandalization of the steady nominal price increase of electricity since the early 2000s occurred, and critique was mainly correlated to the subsidization of conventional power plants by wind and photovoltaic energy. In fact, after a long period of stable prices in the 1990s, the average price growth rate from 2001 to 2010 was extraordinarily high at 5.4% a−1. From 2011 to 2020, prices were still increasing, but at a rather moderate average growth rate of 2.5% a−1. Looking at these developments in the context of monetary dynamics, electricity prices have hardly increased at all in recent years. Whereas the inflation rate between 2013 and 2019 averaged 0.98% a−1, the electricity price grew by only 0.82% a−1 in the same period. Thus, compared to the average consumer price basket, the electricity price increased below-average during that time and shows a slightly decreasing chart between 2013 to 2020 in real terms, followed by a slight increase in the first half of 2021 (cf. Figure 4). This indicates a rather emotionally driven debate on the development of electricity prices instead of an objective discussion during that period.



Looking at the electricity price trends further back, it can be seen that the price level of 2020 in real Euro2020 is well below that of the 1950s (Figure 4a). Figure 4b shows the development in comparison to the average gross income of German employees. Normalized to 1975, the average gross income increased by 450%, whereas electricity in Euro2020 increased by 150%. However, the electricity price can still be considered critical for households with low incomes because the growth rate of the average gross income is mainly driven by the fraction with very high incomes. Thus, despite the moderate real term price development, political action is required if low-income households are overburdened by electricity prices. The current situation, with both comparably high costs for electricity as well as for heating and mobility, displays the requirement for a financial relief. Nevertheless, it is noteworthy that the recent price dynamics are correlated to fossil energy carriers only, whereas energy from renewable sources is available at stable prices.



Historic price developments of natural gas for private households as well as for industry customers have revealed strong fluctuations since 1970 according to Figure 3a and Figure 5 as they are correlated to the fluctuating crude oil price trends. From 1971 to 1980, industry prices grew by an extraordinary 27.5% a−1 on average as a result of the oil price crisis, followed by a slight average decline of −0.27% a−1 from 1981 to 1990. In the 2000s, a high averaged growth rate of 4.7% a−1 from 2001 to 2010 was followed by an average decline of −3.6% a−1 from 2011 to 2020.



Due to the correlation with the natural gas price, production costs of grey hydrogen followed a comparable pattern. With expected natural gas prices of up to 5 ct kWh−1 in 2050, the production costs of grey hydrogen will reach a price level >8 ct kWh−1, which is comparable to its real production costs in the early 1980s. Grey hydrogen prices in March 2022 instead rose to an extraordinary 32.2 ct kWh−1 and thus clearly exceed the above stated green hydrogen production cost ranges via water electrolysis.



Nevertheless, the projected future natural gas prices come with average growth rates from 2.5–3.3% a−1 until 2050 (cf. Section 2.1). These are higher than the targeted inflation rate of 2% a−1 according to the fiscal policy strategy of the European Central Bank (ECB), but lower than the average price growth rates of the 1970s and 2000s [52]. Thus, even though the expected price developments can be considered moderate compared to earlier decades, the steadily increasing price trend urges a switch to renewable energy sources such as green hydrogen.



Regarding the development of crude oil products such as petrol since 1970, strong price fluctuations in both directions appeared occasionally, but followed an overall increasing trend. Price peaks were usually caused by international crises. While the average petrol customer price in the year 2000 was around 101 ct l−1, it reached an all-time high in 2012 with 165 ct l−1 and declined again to 129 ct l−1 in 2020 (all including taxes) (cf. Figure 3b). In real terms, petrol prices peaked during the period 2011–2013 with 171–180 ct2020/l−1 (including taxes). Crude oil reached an all-time high in 2012 with 6.7 ct kWh−1 (7.3 ct2020 kWh−1) and fell to 2.55 ct kWh−1 in 2020, followed by a new all-time high in 2022 with 8.7 ct kWh−1. Price projections until 2050 show a maximum price of <7 ct kWh−1, meaning nearly a triplication compared to 2020, but hardly any difference compared to 2012.



Looking at the expected price developments for green hydrogen and synthetic fuels, it was revealed in Section 2.1 that green hydrogen will reach comparable production costs to former natural gas prices by 2050. The defined benchmark prices in Section 2.2 for natural gas could be undercut by green hydrogen by the end of the 2020s, and those for crude oil products and grey hydrogen in the best-case assumptions already in 2020. Synthetic fuels remain clearly more expensive than crude oil price projections until 2050 but could reach production costs that are comparable to crude oil price peaks in 2022 and to consumer prices of petrol in 2020.



Actual prices for natural gas and crude oil-based products of late 2021 and early 2022 clearly overshoot short-term green hydrogen production costs. Hence, socio-economic disruptions are currently caused by the conventional energy supply system, with heavy consequences for the overall (global) economy. Commerce and industries as well as private households are confronted with partially unaffordable energy prices, leading to self-reinforcing effects for global supply chains, a decline in purchasing power, and consequentially to high inflation rates [53]. Instead, a gradual implementation of the renewable substitutes is unlikely to cause such sudden price surges and economic constraints; as for the application of green hydrogen, a gradual incorporation into industrial processes is planned to stepwise substitute grey hydrogen and hydrocarbon-based fuels. In the mobility sector, hydrogen fueling stations usually deliver a mix with increasing shares of green hydrogen. Synthetic fuels can be implemented as drop-in fuels, e.g., in the aviation sector, with increasing shares over time. Thus, even under the assumption of decreasing energy prices back to early 2021 levels, the (intermediate) higher expenses for the renewable substitutes should not cause heavy price surges for customers. In addition, to support both a straightforward implementation of renewable energies in all sectors as well as moderate energy prices, strong financial incentives via subsidization mechanisms should be applied anyway.




4. Conclusions


It was shown that, contrary to what is often portrayed in energy price debates, there have hardly been any drastic price increases for electricity, natural gas, or crude oil-based fuels in recent years prior to the energy crisis beginning in the second half of 2021. Moreover, all discussed products were significantly more expensive in earlier periods. Especially under consideration of the developments of gross incomes and the consumer price index, there can be no evidence-based talk of an excessive financial burden from energy prices for the average customer until the first half of 2021.



Instead of energy being too expensive, in a holistic view the problem is the generally too-low overall energy price level in comparison to the determined benchmark prices, entailing high downstream costs in the long-term. In addition, the recent extremely high energy price levels show that the fossil-based energy supply is rather fragile in times of geopolitical crises and can cause recessions for whole economies as a consequence of sudden unpredictable price surges. The implementation of renewable substitutes such as green hydrogen and synthetic fuels alongside expanding efficiency measures and an increased direct electrification, as well as high renewable power generation capacities, can enable both lower long-term downstream costs as well as better price stabilities.



In Schnuelle et al., it was stated that a large-scale implementation of green hydrogen and synthetic fuels in Germany may cause additional national energy costs of 10–100 billion Euro a−1 compared to an ongoing fossil fuel supply at constant price conditions at 2020 price levels [54]. However, by applying the above-discussed environmental impact costs to the overall German greenhouse gas emissions of 2019, a hypothetic bill as high as 156 billion Euro arises and thus causes considerably higher annual expenses for the German economy.



The calculated benchmark prices are well above historic price peaks, but lower than the recent price peaks in the first quarter of 2022, which caused high financial burdens for private and commercial customers. Because the renewable substitutes also come at comparably high prices in the short-term, policy makers need to consider how to financially relieve customers and concurrently promote a rapid implementation. In this context, policy measures should focus on the promotion of energy savings in the form of sufficiency and efficiency measures as well as an adaption to more climate-friendly behavior patterns, e.g., motivation to use public transport instead of own cars. This could be realized via a carbon tax system, as already implemented in Canada and Switzerland, and proposed by Bach et al., which provide an indirect fixed refund per capita in the form of a ‘climate bonus’ [55]. Typical further instruments can be financial compensations at least for low incomes or prohibitive tariffs for commodities that are produced in a fossil energy-based supply chain. In the medium and long-term, such efforts will pay off as green hydrogen is expected to become the cheapest fuel of those considered in this study over time, with a steep cost degression of approximately 32% from 2022 till 2030.
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Figure 2. Expected production costs of green hydrogen and synthetic fuels up to 2050 compared to price projections for grey hydrogen, natural gas (prices for industry customers), and crude oil (dashed lines) with consideration of individual environmental impact costs based on [39]. Prices for grey hydrogen, natural gas, and crude oil in solid lines represent the actual price developments including specific environmental impact costs. Linearly interpolated data based on [7,8,9,10,24,25,26,27,28,30,33,34,35,36,37]. 
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Figure 3. Development of nominal end customer prices: (a) Nominal price developments of electricity and natural gas for private households in Germany from 1950 until the second quarter of 2021 (natural gas from 1970 due to lack of data for previous decades). Data based on [47,48,49,50]. (b) Nominal price developments of petrol for private customers in Germany from 1950 to 2020. Data based on [47]. 
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Figure 4. Nominal and real electricity prices for private end consumers and development of average gross incomes: (a) Development of nominal and real German end consumer electricity prices until the end of the second quarter 2021. Calculation of real prices in Euro2020 according to the consumer price index [47,49,50]. (b) Comparison of the average gross income to nominal and real (Euro2020) electricity prices in percent and normalized to 1975 = 100% [51]. 
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Figure 5. Development of nominal and real (ct2020) natural gas and grey hydrogen prices for industry customers from 1970 to 2020 [48,49]. Prices for grey hydrogen are based on own calculations. 
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Table 1. Specific CO2 equivalents of all considered energy carriers and calculated benchmark prices for conventional fuels. CO2eq. values for green hydrogen and synthetic fuels apply for a production via water electrolysis with renewable input electricity. Values for grey hydrogen apply for a production via steam methane reformation (SMR). Values for specific CO2 equivalents derived from [40,41].
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	Energy Carrier
	Specific CO2 Equivalents

g kWh−1
	Benchmark Price

ct2020 kWh−1
	Price in 2020

ct2020 kWh−1





	Grey hydrogen
	403
	12
	4



	Green hydrogen
	26
	-
	-



	Natural gas
	200
	6.3
	2.34



	Petrol
	275
	9.9
	4.7



	Synthetic fuels
	54
	-
	-
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