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Abstract

:

The German government is aiming to increase the share of renewable energies in the electricity supply to 80% in 2050. To date, however, neither the technical requirements nor the market requirements to implement this aim are provided: Germany is struggling to establish the technical requirements and the market requirements to meet this goal. As an important incentive mechanism, the German government has used and continues to use support measures, such as guaranteed feed-in tariffs, and continuously adapts these to market developments and requirements of the European Union. The purpose of the study is to outline a concept for the implementation of regional flexibility markets in Europe based on a thorough review of technical solutions. The method of a comprehensive review of research in regional flexibility markets of electricity, distribution, and pricing from the study is applied to summarize and discuss the opportunities, risks, and future potentials of grid distribution technology. Based on the insights, a new market-based supply and distribution scheme for electricity, which is aimed to benefit of a fully regenerative, decentral and fairly priced electricity markets on the European level is presented. The study suggests a blockchain based pricing mechanism which shall allow equal market access for consumer, providers, and grid operators and rewards regenerative production and short-distance transmission.
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1. Introduction


Industrialized countries’ growing hunger for energy threatens the ecological equilibrium of our planet [1]. On a world-wide scale, the major of energy production to date is mainly based on fossil resources and nuclear energy. The latter entails incalculable risks to mankind in case of nuclear accidents [1], and, to date, no sustainable recycling technology for nuclear waste has been found [2]. The combustion of oil and gas causes enormous emissions of CO2 and noxious gases. Noxious emissions cumulate in the air and pollute the environment. CO2 decreases the penetration of infrared radiation reflected by the earth, which leads to global warming, due to increased protrusion of solar radiation in lower atmospheric levels [3]. Climatic change, desertification, the melting of polar ice, and an increase of sea levels threaten plants, animals, and human populations predominantly in warm climatic regions [4,5,6]. The dying of species, global migration, and conflicts are the results of large-scale energy resource consumption [7,8,9].



1.1. Germany’s Commitment to Switch to Regenerative Energies (Energiewende)


Figure 1 illustrates the first half of 2020, Germany’s energy mix comprised 20% coal, 12.4% nuclear energy, 12.1% gas, and 55% renewables, among them wind (31%), solar power (11%), biomass 11%, and water power (4%) [10]:



Lignite represents a key element in the German energy supply. However, it is a very CO2 intensive energy resource. The following Figure 2 shows the development of lignite mining in Germany since 1990.



The output of brown coal had a sharp drop in the period from 1990 to 1996 but has stayed on that level since. Only from 2019 has a further drop in the production of lignite can be seen.



The German government has recognized the threats and difficulties of the remaining 49.5% nuclear and fossil power generation. In 2011, the government changed the nuclear power law and advanced the phase out from nuclear energy to the end 2022 [13]. In addition, in 2010, they have committed to strongly reduce emissions and side effects of electricity generation by switching its production scheme from fossil fuel power stations and nuclear power stations to mainly regenerative production until 2050 [14]. In its 2010 working paper, the German government explains that its greenhouse gas emissions are meant to be reduced by 80% until 2050, and the share of regenerative energies is increased to 80% of final energy supply in the electricity sector. Further, comparable targets are set for decarbonization in the heat sector and transport sector. This target has been implemented in the EEG (Erneuerbare Energiengesetz, German regenerative energy law), which plans a gradual substitution of non-sustainable energies, to a supply of 40% to 45% of regenerative resources until 2025, 55% to 60% until 2035, and 80% until 2050 [15]. Annual development targets by energy carrier are planned for wind energy, solar energy and biomass [16]. This eager target is meant to be realized for the electricity sector by shutting down conventional coal, gas, and nuclear power plants and substituting them by wind parks located in the Northern Sea, biogas plants, and CSS gas and coal plants, which retrieve and store CO2 emissions [17]. Expand transmission capacity are meant to transmit and deliver electrical energy harnessed from renewable energies to consumers all over Germany. To buffer intermittent sustainable energy resources decentral storage systems, e.g., battery-electric cars, hydrogen, methane, and thermal storage units are meant to be developed [18].




1.2. Price Regulation Policy


Obviously, the planned turn-around of Germany’s energy policy requires significant investments. The German government estimates expenses of 20 billion euros per year, altogether forty times 20 billion or 800 billion Euros to adapt the German energy sector in the described form, starting in 2010 until 2050 [11]. Energy providers in Germany and all around the globe face significant cost pressures to meet the requirements of the regenerative energy shift [19,20].



To finance this effort and encourage stakeholders to invest in the change, the government has decided for a subsidy which has been written down in the electricity feed-in law (Stromeinspeisungsgesetz (StromEinspG)) of 1991 and reformed with the EEG (Erneuerbare Energien Gesetz). The law came into force in 2000 and has regularly been adapted to the development of regenerative resources. It prioritizes electrical energy from regenerative resources in the German electricity market. It obligated grid operators to purchase electrical energy from renewable sources and to pay for it in accordance with the requirements of the EEG [21]. Until EEG 2014, the price to be paid for regenerative electricity by German consumers had been fixed by the government annually, which resulted in significant misallocations and rent-seeking behavior, due to a decoupling of investment costs and granted compensations [22].



Since EEG 2017, the value or, respectively, price of regenerative energy in Germany is partly determined in a tendering process, i.e., a “transparent, non-discriminatory and competitive procedure to determine the beneficiary and the value to be invested” [23] by energy type (on-and offshore wind energy, solar energy, and biomass) and on a monthly basis [24] by the German government. Grid operators have to accept regenerative energy at the defined price, no matter whether a feed-in contract with the provider has been concluded (legal obligation) [25] and have to provide access to their grid without delay at the nearest technically adequate access point, even if this requires grid remuneration [26]. The grid operator is liable for remuneration costs [27], but feeders of more than 100 kW capacity have to ensure that the feed-in can be reduced by the operator in case of grid overload [28]. Grid operators can charge costs for grid remuneration to consumers by an additional grid fee on the electricity price. Providers of more than 750 kW of installed regenerative power are authorized to apply for the market-premia plus (based on tender assignment) and a feed-in tariff (Einspeisevergütung), which is paid for a period of 20 years after the start of operation of the plant [29]. Smaller providers receive the feed-in tariff only and are not admitted to the tender process. Energy volumes accepted for the feed-in tariff are defined by energy type and are fixed in § 28 EEG 2017 for the years 2019, 2020, and 2021. Tender offers are submitted by the plant operators for a defined amount and at a defined price per kWh [30] and are considered by order of prices [31]. The EEG 2017 regulations are valid for German regenerative providers mainly; only 5% providers from other European countries are admitted [32].



To solve this complex situation, Germany and Europe urgently require novel electricity market models to amend distribution and pricing. The study suggests regional flexibility markets to maximize economic incentives for regenerative supply and reviews available technologies for the implementation of flexible market mechanisms to provide a viable solution to German’s energy dilemma.



This complex research objective for the first time integrates two research disciplines: One strand of research discusses regional flexibility markets as a political solution but did not work on technologies for their implementation. The second strand of research develops technologies for more efficient electricity distribution and pricing but does not refer to flexibility markets. Here, a new electricity market approach for Europe is suggested based on a review of technical options to implement it.



The remainder of the study is organized as follows: Section 2 informs on German’s dilemma in the switch towards a fully regenerative electricity market and suggests local flexibility markets as a promising market model. Section 3 reviews concepts to implement regional flexibility markets documented in academic research and finds that blockchain technology adequate to solve the present distribution and organization problem. Section 4 develops an implementation scheme for local flexibility markets based on blockchain technology for Germany and Europe. Section 5 discusses limitations to the approach and provides policy suggestions.





2. Germany’s Dilemmas of Electricity Distribution and Allocation


The practical implementation of Germany’s Energiewende (“energy shift”) under EEG 2017, however, incurs technical implementation problems and unfolds adverse price effects for private and commercial electricity consumers.



2.1. Degressive Regenerative Resource Output


The share of regenerative energies from gross electricity consumption increased from 37.8% in 2018 to 42.1% in 2019, which means a plus of 9% to 244.3 TWh [33]. The rise is partly due to the addition of installed capacity and partly due to above-average full load hours in the respective years. The main growth of regenerative electricity supply in 2019 was from wind energy, which realized an increase of 15% compared to 2018, mainly due to strong wind season, while the installed capacity increased by 2.5% compared to 2018 only. Photovoltaic energy increased by 4% mainly due to additional plant construction and a sunny June 2019. In 2019, hydro energy generation increased by 12% compared to 2018, which had been a rather dry year. No new hydro power plants were installed. Biomass energy diminished by about 1% compared to 2018, and there were no plants added. Altogether, installed regenerative capacities increased at a degressive pace and by 5.2% in 2019 compared to 2018 [34].



Assuming that electricity consumption remains unchanged, electricity generation by renewables and accordingly installed production capacities presumably have to almost double until 2050 to meet the objective of the EEG of covering 80% of consumption from regenerative resources. The Umweltbundesamt (German environment authority) [35], however, assumes that 100% regenerative energies will be required to meet the CO2 targets. Growing e-mobility and the increasing prevalence of electronic devices lead to a substantial higher electricity and consequently higher installed capacities of renewables [36].



The major regenerative resources, wind, solar, hydro, and biomass, however, dispose of limited growth potential.



Germany’s expansion potential of hydro energy is close to zero for ecological reasons: hydro energy output is fluctuating by about 15% annually and has contributed a share of 2.9 to 4.3% to Germany’s annual electricity consumption since 1992. Eighty percent of hydro energy originates from the large-scale hydro power plants [37].



From 2016 to 2020, the increase of on-shore wind energy has steadily been consolidating [38]. The share of newly built wind power plants is at the lowest level since 1998, and, in 2020 to date only 276 wind power plants with a total capacity of 940 MW have been installed. To reach the 2030 target, it is estimated that an annual increase in installed wind power of 2.3 GW to 4.3 GW would be required. However, Germany’s wind energy sector is in a critical situation: Due to low acceptance of wind turbines among the German population, new regulations demand a 1000 m distance of new plants from existing houses. Only a small fraction of existing plants meets these requirements, which means that hardly any sites for new on-shore constructions are available [39].



Offshore wind energy has got large development potential globally. With 15,800 MW of installed capacity, Europe holds more than 84% of global offshore capacities and equally accounts for the highest growth in 2017/18 [40]. German companies put three offshore-wind parks of 1111 MW in 2019 into operation so that, as of 2020, 1470 off-shore wind plants off 7500 MW capacity are in operation, and offshore wind energy has a share of 10% of the renewable electricity generation. Since 2014, off-shore wind energy output has grown progressively, but the expansion is about to come to a temporary halt: In 2020, only 206 MW or 30 wind turbines were added. Concerns about the negative impact on marine habitats and sea currents have led to lengthy approval processes and ecological restrictions [41]. The insolvency of wind turbine manufacturer Senvion has further delayed the expansion process, and, since 2018, only two new offshore windfarms of altogether 312 MW capacity are under construction, which, due to long planning and installation periods, implies that off-shore wind energy growth will come to a temporary halt in 2021 [42].



Photovoltaic energy disposes of the second largest share in regenerative production of 20.4% by 2019. Solar electricity generation increased by 4% in 2019. In total, 49,016 MW of capacity are installed in Germany as of today [29]. Solar energy has still a high development potential, since approval processes are less complicated than for windfarms, the landscape impact of solar panels is low [43], and many small providers could contribute.



Summarizing the technical growth potentials of the regenerative electricity sectors, hardly any further expansion in biomass plants and hydro power plants is expected for environmental reasons. On- and offshore wind power expansion has significantly slowed down due to novel regulations. Solar power still offers significant growth potential. Given the expansion limits of hydro power, biomass, and onshore wind power plants, the rapid expansion of solar power and long-term expansion of off-shore wind power plants are essential to meet the EEG targets in the years to come (55% to 60% of regenerative energy until 2035).




2.2. Grid Capacity Restrictions


Grid and storage capacity problems, however, question the technical expansion potential of these promising regenerative electricity sources:



The weak transmission capacities from off-to onshore grids are a fundamental reason for the delay in offshore-capacity growth: Only three transmission stations are available at present, one of which (Dörpen-West) manages about 50% of off-shore wind energy generated in North Sea wind farms [44]. To distribute electricity generated in the northern seas to the southern parts of the country, the high voltage train capacities of transmission system operators have to be remunerated, which requires lengthy approval processes and has provoked resistance among the population [45].



In contrast to off-shore wind energy, photovoltaic energy is generated decentrally and all over Germany. Provided that local grids operated by distributions system operators (DSO) work efficiently, photovoltaic feed-in can, thus, be used locally, which saves transportation losses and the remuneration of long-distance transmission grids [46]. However, a major share of the existing regional grids is no more adequate in their structure to cope with the changing patterns of energy flow induced by growing feed-in from local photovoltaic system operators [47].




2.3. Pricing Dilemma


The pricing scheme of EEG 2017, however, prevents that production and distribution structures adapt to changing technological options and market requirements:



According to EEG 2017, Germany’s renewable energy providers are assigned a compensation comprising a monthly variable “market premia” determined in a tender process”, and a fixed feed-in tariffs fixed for 20 years from start of operation [24]. The market premia are between 0.05 €/kWh and 0.06 €/kWh presently, depending on the energy source [37]. The feed-in compensation is between 0.06 €/kWh and 0.09 €/kWh for photovoltaic energy and has been decreasing steadily in recent months, due to the approval of numerous new plants [48]. Wind power plants obtain feed-in compensations of 0.05 €/kWh to 0.06 €/kWh as of August 2020 up from 0.04 €/kWh in 2019 (depending on the plant type and month of first commissioning). Until 2012, 0.092 €/kWh start-up compensation or the first years of operation were paid according to EEG 2009 [49]. In summary, operators of renewable electricity systems earn a fee of 0.1 €/kWh to 0.15 €/kWh, depending on primary energy source, tender participation, realized tender prices and start of operation.



This regulation scheme unfolds negative economic impacts on (a) renewable electricity systems operators, (b) grid operators, and (c) consumers:




	(a)

	
Provider impact









When investing in renewables, operators incur significant expenses and have to amortize these investments, plus fixed operation and maintenance costs over the lifetime of the plant from construction to dismantling. Based on the EEG 2017 allocation scheme, they are assigned a fixed feed-in compensation but cannot rely on the market premia, which they obtain only when they are considered in the tender process, which means significant investment uncertainty, in case the fixed feed-in fee does not cover the levelized cost of electricity (LCOE) of the respective plants. The negative incentive impact of the tender pricing system is obvious when evaluating, assigned tenders: At the tender market prices for wind energy in June 2020 averaging 0.0607 €/kWh, only about half of the tender amount for wind power plants according to EEG 2017 was filled. In the solar energy segment market, on the other hand, price offers in June 2020 averaged 0.0527 €/kWh, and only a quarter of the offers (96 MW) amounting to 447.23 MW were considered [37]. Obviously, past incentives for installing wind energy were too low (as compared to EEG targets), so that too few wind plants have been built, while solar plants have been supported too strongly in the past so that now the installed capacity is too high at the governmentally assigned price of about 0.15 €/kWh in total.



Until 2030, an expansion to 15 GW of offshore capacities is planned according to EEG 2017 [37]. Starting in 2021, wind turbines that were built 20 years ago and are now no longer eligible for the EEG provisions in effect at the time of construction are expected to be decommissioned and dismantled [50]. Dismantling of wind power plants shall cause costs of around 300 million euros in this decade. It seems that dismantling costs are, in many cases, not covered by operators’ revenues. Therefore, the question arises to what extent the feed-in tariff granted under the EEG actually covered costs when considering the entire life cycle of a wind turbine [51].



It is argued that the tender and amount of regulation of EEG 2017 do not boost the expansion of required solar and off-shore wind capacities strong enough, since presently granted compensations question the profitability of these technologies for operators [52]. Onshore-Wind energy provision is rewarded by EEG 2017, but additional plants are hardly admitted due to regulations on distance to settlements [53].



To benefit from the EEG laws, renewable electricity systems operators incur significant bureaucratic efforts. New plants have to be registered with authorities and grid operators to benefit of the feed-in gratification [54]. To obtain the market premia, suppliers have to participate in the auction scheme on a monthly basis and according to a tight schedule. Inclusion in the tender scheme results in further reporting requirements of generated electricity amounts [49].



In the present tendering system, operators of small-scale renewable electricity systems, namely private PV system operators, are excluded from the market premia: Only operators of PV systems with capacities above 750 kW are admitted for and obliged to participate in the EEG 2017 “market” scheme. They have to fulfil technological qualifications and make a deposit to guarantee that the selected projects are implemented [55]. The effect is that small operators rather utilize generated electricity for themselves and save the market price of 0.3 €/kWh instead of feeding in on the grid at the fixed feed-in premium of 0.1 €/kWh. Operates of PV systems exceeding a capacity of 10 kW even have to pay 40% of the annual EEG apportionment, regardless if the electricity is self-consumed [56]. This regulation disadvantages operators of small-scale PV systems and reduces the willingness of private homeowners to invest in PV.



Operators of renewable electricity systems from other European countries are hardly admitted to the German EEG-based subsidy scheme, which causes inequalities and imbalances in the European market [57].



	(b)

	
Grid operator impact







Grid operators in the transmission and distribution grid, dispose of power line planning times of ten or more years [58]. They have to rely on stable operation prognoses by energy type and provider size and location. Under the present EEG 2017 allocation scheme, allocations for the energy sources change annually, but EEG 2017 fixes feed-in amount until 2021 only [59]. After that an amendment to the EEG will define new tender amounts. While some plants and energies will lose in profitability, others will open up. It is argued that, under the current policies, network operators lack a stable basis for planning investments [60]. This situation hampers operators’ willingness to invest in grid infrastructure



Legal regulations in Germany supervise, define, and limit operation and investment costs transmissions grid operators can charge via grid fees. The legally chargeable costs are defined based on a formal calculation scheme, which is to be submitted in the planning phase which imposes cost limitations later on according to § 23ARegV, but leave the planning, implementation and operation risks to the transmission grid operators, which impairs their readiness to invest in transmission grid remuneration [61]. The quality of grid infrastructure, however, codetermines the operation efficiency of off-shore farms, since energy losses frequently result from problems on the transmission grid [62]. To ensure grid stability, the feed-in power of renewable energy plants must be temporarily restricted, i.e., reduced or interrupted.



Grid operators incur significant transaction cost and bureaucratic efforts to settle investment expenses for grid development with authorities [63] and to price and bill electricity to consumers. To compensate grid operators for the excess costs of buying regenerative electricity from feeders on their grid, the German federal government has designed an EEG levy, consumers are charged on the specific electricity price [64]. Grid operators are responsible for allocating the EEG apportionment to suppliers and among each other according to § 72 EEG 2017. That means DSO (distribution systems operators) have to currently inform TSO (transmission systems operators) on providers and provider changes on their grid, the costs for remuneration and the amount and type of payments they have received. TSO have to settle up EEG levy with suppliers annually. Grid operators hedge price difference between European spot market prices and German supplier and consumer prices on their own account [65].



	(c)

	
Consumer impact







EEG supply-pricing policy impacts consumer prices of electricity from regenerative resources: The fees of 10 ct/kWh to 15 ct/kWh for renewable energies assigned to providers by the German government exceeds the European exchange price for electricity, which fluctuates on a daily basis and was 23 €/MWh to 28 €/MWh, or 2.3 to 2.8 ct/kWh, in 2019, a yearlong low as compared to peak prices of 70 €/MWh (7 ct/kWh) in Nov, 2018 [66]. Obviously, generation cost of electricity generated from fossil or nuclear fuel are significantly lower than feed-in tariffs granted under the EEG scheme.



German consumers are charged the EEG levy as an add on to the electricity price, whether or not they purchase regenerative electricity [67]. Since 2006, household consumer (average 3.500 kWh p.a.) electricity prices in Germany have been on a steady increase von 19.46 to 30.43 ct per kWh on average. The cost of procurement has been fluctuating between 5 ct/kWh (2005, 2017) and 8 ct/kWh (2012). Grid usage fees have been increasing only slowly from 6 ct/kWh to 7.4 ct/kWh. Taxes, levies, and charges on the consumer electricity price, however, have more than doubled, from 7.61 ct/kWh in 2006 to 15.98 ct/kWh in 2019 [68]. Similarly, industry customer prices for electricity have increased from 11.5 ct/kWh in 2006 to 18.55 ct/kWh in 2020 [69]. Government charges and fees account for more than half of German consumers’ and businesses’ electricity expenses. This reflects that the major portion of the cost for the transition of energy system is finally charged to the electricity consumers, namely private households and industrial companies.



Other European countries do not follow this scheme, however: Electricity prices German consumers had to pay in 2019 were the highest among all European countries. These started from 9.97 ct/kWh in Bulgaria. 20.34 ct/kWh were charged in Austria, 21.22 ct/kWh in Great Britain, 20.15 ct/kWh in Sweden, and 17.565 ct/kWh in France. Due to the joint electricity spot market, price differences result from differences in fees and charges mainly, and these are highest in Germany and Denmark [70]. Germany is among the top three (together with Cyprus and Italy, concerning prices for non-household consumers, and imposes the highest tax and fee burden (exempting VAT) among all European countries. While in EU-28 (and equally China and the USA [71]) non-household electricity prices have remained stable since 2013, German businesses saw electricity price increased by about 30% [72].



This policy means significant macroeconomic disadvantages for German businesses in European comparison. Energy intensive industries have a strong incentive to settle in other European countries [73]. A good deal of the expenses for the sustainable reconstruction of Germany’s economy is in jeopardy because of bureaucratic obstacles under the present scheme.





3. A Review Regional Flexibility Market Concepts—A Solution to Germany’s Energy Issue?


Electricity providers and commercial consumers have been calling for higher flexibility to enable market demand and supply to meet at market conditions [74,75]. Academic research provides diverse approaches to how the above distribution dilemma could be resolved. A systematic literature overview on studies discussing technologies to improve electricity distribution in regional grids is devised to provide an overview on the technical options and develop a preliminary action plan to implement a “regional flexibility market scheme”.



3.1. Concept of Regional Subsidiary Flexibility Markets


Flexibility means adaptiveness of technical systems or economic schemes to changing requirements or market demands in dimensions, timing, range, intention, and focus [76].



Subsidiarity is a socio-political principle, according to which superior social units (especially the state) may only take on those tasks that subordinate units (e.g., individuals or local communities) are not able to perform [77]. Subsidiarity of electricity grids means that local solutions for grid problems are attempted, and higher grid levels are involved only when this is impossible [78].



Correspondingly, the aim of regional subsidiary flexibility markets is to enhance the technical and economic efficiency of regenerative electricity supply systems based on the subsidiary interaction of market participants. The flexibility market model suggests a “cellular” approach to determine the energy requirement at the level of local individual units, rather than top down according to a total calculation of expected demand and supply (as under the present EEG 2017 scheme) [79]. Cellular entities are represented by quarters or local industrial agglomerations. In these units, energy is generated, e.g., by photovoltaic plants and combined heat and power units, stored, e.g., by local storage units and electric cars and consumed, e.g., by household devices or industrial machinery [80]. The flexibility market approach suggests that these regional units should interact to attain a maximum level of subsidiarity, while only peak loads and peak feed-ins are buffered outside the local community, e.g., in transmission grids [81].



The regional flexibility approach minimizes transportation efforts and losses, improves grid stability, by reducing loads on large transmission grids, avoids the construction of additional transmission grids [82]. It reduces bureaucratic efforts for all market participants, and is flexible to adapt to new technological requirements due to the self-determination and cost-profit responsibility of a limited number of participants in the cellular unit [76]. From outside, e.g., from the perspective of transmission grid operators, the whole cell is treated like a single provider, since only production surpluses or deficits of the cell spill over in the external grid [83].



Different requirements of local entities and independent flexible supply decisions should be respected [78]. Flexibility of energy systems should include energy production, distribution and consumption under flexible pricing schemes [84].



Bundesnetzagentur demands that electricity prices should reflect electricity scarcity in the supply market. Grid fees, on the other hand, should represent the costs of using the grids. Both scarcity signals should guide consumption behavior. An improvement of grid infrastructure should ease regional electricity supply. At the same time, the cost structure should avoid high administrative efforts and grant free competition [85]. The discussion paper, however, does not detail technical approaches how these objectives could be realized:




3.2. Review Method and Overview of Results


A systematic review of academic literature is useful to differentiate and explain available technical standards and discuss the advantages, present limitations and future potentials of the technologies. To gain an overview of available technologies in the field of electricity distribution, a thorough review methodology is required, which identifies relevant and founded studies systematically and allows to trace the main developments in the field. The review focuses on empirical research in distribution grid technology published in academic journals in the period 2018 to 2020, to focus on the most recent insights. Twenty-seven studies meeting these requirements are retrieved and evaluated as to the described technologies, their opportunities, limitations, and future potentials.



To structure the results based on available technologies, a methodology suggested by Webster and Watson [86] is applied: It classifies retrieved studies in a content matrix organized by authors and the above categories of analysis first. The results are organized by technologies then, to gain relevant main and subcategories (of technologies), which are the basis for textual analysis and comparison. The second analytical step is performed in the form of a mind map here.



Table 1 summarizes the retrieved studies by the major technologies, their stage of practice implementation, and main points made.



The studies address diverse technologies, however, partly overlapping. A mind-map (Figure 3) illustrates the main development issues on the way towards flexibility grids, the studies address, and is useful to classify the discussion in the reminder of Section 3.



The central section of Figure 1 classifies the blockchain technology as the pivotal technology on the way towards a fully subsidiary smart energy internet. The blockchain can take over three technological functions in the energy distribution system: energy coupling, price coupling and information coupling [89]. The left column of Figure 1 summarizes the main technologies to be developed to enable flexibility grids. The right column of Figure 1 illustrates different flexible pricing schemes addressed by the reviewed studies classified by order of growing subsidiarity of the grid participants from top to bottom in the chart. A growing range of blockchain related technologies allows increasing participant subsidiarity in the distribution system. The following textual analysis is structured according to the main items of the mind map, starting from its center, to address the key technology of blockchain, then discussing the left column of required technologies in the blockchain, and, finally, the right column of market concepts to which the blockchain technology is applicable.





4. Blockchain Technology for Energy Allocation


4.1. The Blockchain Technology


Blockchain is a broadly applicable distributed ledger technology enabling decentralized transactions and data management. The blockchain is a public and decentral online database which comprises a list of data and processes concerning a particular object in cryptographic code. The current status of transactions is stored with every participant in the transaction chain to the date of her transactions and follow up transactions are added to the list and are documented at all follow up users. The course of the transaction is, thus, validated and can be reconstructed later on, which prevents abuse and fraud [106].



Blockchains enable users to self-reliantly conclude smart contract that work automatically based on self-executing scripts. Smart contracts are electronic transaction protocols executing the terms of contracts in virtual space. All blockchain participants can view the contract operation course, while its content is coded cryptographically. Blockchains enable virtual market places for assets that can be limited in access to authorized peers. The traded assets can be traced concerning their origin by digital authentication certificates [114].



The blockchain technology is established for virtual currencies and the trading of diverse goods already and its potentials for energy trading [115,116,117] and distribution have first been explored in private smart grids [118,119,120]:




4.2. Private Smart Grids—A First Step to Practicabiltiy


Smart grids comprise an information and communication infrastructure, to get informed on demand and supply, a grid management system, to regulate access, and a control and protection system, to prevent excess loads [89]. Every grid participant represents a node in the blockchain network and can interact with every other participant [84]. Smart grids are capable of regulating access to the grid by assessing grid capacities and predicting loads and demand [121]. In diverse countries above all in China (more than 100 projects, the US, and Israel (300 local distribution networks), smart micro grids are used successfully to manage electricity production and consumption in islanded communities, campus, and hospitals [92]. The microgrid can take recourse to other larger grids in case these buffers are depleted or full, which would reduce transportation and administration efforts in transmission grids [122]. Microgrids are, thus, reconnected to the conventional public electricity grid to feed in surplus energy there and own supply in case of temporary local shortage [93]. A 2017 survey in Europe located 952 smart grid projects collaborating with DSO and municipalities as emerging stakeholders in the energy market already [98].



Motivations to utilize microgrids reach from ensuring autonomous power supply in remote areas, to an enhancement of electricity security and distribution standards [95]. Smart microgrids relying on regenerative resources are sustainable and avoid losses in the distribution grid by minimizing transportation distances. By diminishing the transaction costs of electricity interchange and distribution, smart microgrids save end-users costs and, at the same time, ensure transparency and security [85].



Privacy concerns in microgrids have been raised since participants have to disclose their usage habits to the community. Guan et al. [92], however, propose a standard to veil sensitive data by cryptographic protocols and pseudonyms, which change with every transaction.




4.3. The Vision of Smart Energy Internet


Smart microgrids have promoted the vision of a smart energy internet comprising all energy providers, consumers, and prosumers in a larger area, e.g., a country. Individual entities could be able to sell their self-produced electricity through a blockchain, and consumers could choose from the available offers [84].



The “energy internet” could be designed as a platform that connects local providers and consumers via a virtual control center. The “Energy + Internet” project of the Chinese government advances this technology, and 55 government-funded pilot projects have already been installed [97].



Via blockchain technology, a comprehensive virtual communication network comprising industrial machinery, but equally household appliances, could be devised, in which all participating entities could interchange their electricity consumption or supply based on a market mechanism [97].



According to Li et al. [97], China’s vision is to transgress to a fully decentralized flexible energy market via the blockchain in future, a solution which will equally allow the frictionless integration of small prosumers disposing of decentral sustainable energy resources. Coordination between regions and, sustainable energy availability will improve. Load control will become easier. Consumers will be free to choose their energy providers and will be encouraged to opt for local communities, which would diminish transportation costs. The establishment of liberal energy markets would encourage private financing initiatives for grid expansion beyond the present government plan in China. If electricity distribution is reimbursed based on market prices, private financing will become an attractive investment.





5. Technological Requirements and Standards for Blockchain-Based Flexibility Markets


A range of novel technologies is required to establish a working energy blockchain: The systematic review retrieves the following issues and potential solutions discussed in academic research:




	
Energy feed-in and consumption have to be measured and documented on-time at every consumer and provider by smart metering technologies.



	
Smart contracts regulate user participation and contractual conditions on the energy blockchain.



	
Prosumers Privacy and security concerns of have to be met.



	
Energy storage capacities are required to buffer capacities and discharge the grid.



	
Smart contract mechanisms are required to reliably organize feed-in and consumption conditions in the blockchain.



	
Incentive systems have to be devised to motivate consumers and providers to consume energy in high load situations and feed-in energy when required.








The following major technological solutions are suggested to implement flexible distribution grids: smart metering, smart contracts, privacy & security technology, smart storage, and market incentive mechanisms. These are discussed in detail in the following paragraphs.



5.1. Smart Metering


Smart meters are novel types of electricity meters using wireless technologies and report meter readings on-time to the energy provider on a blockchain, to allow time-based billing [90]. Smart meters display and document consumption and billing information to consumers via a home display or IT intersection. In a blockchain framework, smart meter data are collected, verified, and documented in the blockchain to organize electricity distribution and billing [90]. Smart metering systems regulate the activity of individual grid participants in an automated way depending on local facilities [123]. The smart meter can address diverse electric devices, e.g., electric cars or household appliances, and collects and mediates consumption and production data on the blockchain. The smart metering system is, thus, the basic interaction device between prosumers and the energy blockchain. Based on the smart meter information, predictions on consumption and production patterns are possible, which are useful for planning loads on the public grid [96]. Smart meters are fundamental to organize local flexibility markets and a blockchain-based automated electricity feed-in and consumption scheme.




5.2. Smart Contract


Smart contracts are IT functions that are activated on request and perform certain actions (e.g., electricity delivery, consumption, or payment for consumption) automatically as soon as the conditions for contract fulfillment are met. Smart contracts are documented in the blockchain and, thus, are immutable and are executed reliably [84].



To optimally manage the inflow of decentral energy resources on the distribution grid smart contracts, blockchain-based access control and coordination mechanisms are applied [90]. These enable prosumers and consumers to reduce their energy expenses and providers to maximize their revenues, while, at the same time, load on the grid is controlled. AlShakif and van Lieuwen [85] suggest a decentralized optimal power flow model, which coordinates the inflow and consumption of energy resources in the form of a blockchain script. The mathematical approach based on the Alternating Direction Method of Multipliers (ADMM) is tested in an Amsterdam microgrid. The smart contract serves as a virtual aggregator of the consumption and provision requests of grid participants, which are optimized by decentral algorithm-based blockchain accesses.




5.3. Privacy and Security Concerns


Electricity related transactions and payments on the web, which are implemented in a decentralized form, i.e., directly between diverse providers and consumers, via a blockchain, raise security- and privacy-concerns: Private data transferred to the blockchain can be abused, and consumer payments for electricity consumption are hard to control, particularly if several smart devices report their consumption on the blockchain self-reliantly. Every device risks manipulation by malicious actors [90].



Proof of stake algorithms limit and control access to blockchain networks to users contracting or providing electricity on the grid [88]. These are successfully used in bitcoin trading already and have to be adapted to electricity blockchains to ensure privacy and verify the transactions [84].



Gao et al. [90] apply cryptographic keys to control grid access and ensure confidentiality of consumers’ transactions: Consumers obtain a private key for every blockchain transaction and retrieve a public key by the grid, to verify their identity. A third authenticator contract key is created in this communication process which is attached to the smart contract and used to encrypt the consumption reports. This mechanism ensures the smart contract against illegitimate intrusion.



Samuel et al. [124] suggest an interaction mechanism of differentiate privacy which keeps certain private data undisclosed, while consumers can—against a remuneration—decide to disclose consumption patterns via a communication protocol. Consumers with load adequate consumption, informing the blockchain on their consumption patterns, obtain cheaper contraction conditions in high-provision periods [100].




5.4. Smart Storage


The development of smart energy storage modules is crucial to increase the flexibility of grid feed-in and consumption. Excess electricity resources are stored in central heat or cold storage or battery storage systems until distribution [125].



The participating consumers and feeders would dispose of storage devices, e.g., local battery blocks or electric cars, to store electricity required on one or several days until grid conditions allow feeding in or contracting external resources [126]. Dispatching managers by micro-units could automatically organize the feed-in and retrieval of electricity from the grid so that a stable voltage level is maintained [127]. Decentral energy storage capacities will, at the same time, discharge larger grids and provide flexibility to integrate sustainable intermittent energy resources [97].




5.5. Incentive Systems


To discharge distribution grids and effectively match intermittent sustainable electricity supplies and demand incentive systems are required, which motivate consumers to move their consumption peaks to periods of high supply [106]. To ensure adequate incentives, smart contracts are designed to associate incentive and penalty rates to participants’ usage patterns so that deviations from a grid-load adequate consumption are more expensive than conclusive behavior. Electronic mechanisms at the consumer (smart meters) are then adjusted so that flexible devices (e.g., washing machines) are operated under favorable conditions preferably. Based on this algorithm and the pooled data from all consumers grid operators can then plan grid capacities and large supply units to meet consumption requirements. The approach has successfully been tested in microgrids already [88].



Devine et al. suggest an alternative incentive scheme based on an energy-backed token declining in value in time, which is applied to dispatch redundant energy on the web to decentral and self-organized consumers. The token ensures that consumers receive a temporary “voucher” for cheaper electricity contraction in redundance periods. Simulations prove a positive incentive effect [87].





6. Market Solutions for Energy Distributions—Towards Growing Subsidiarity


Based on blockchain technology and related frameworks market-solutions for electricity distribution allowing varying degrees of participant subsidiarity are suggested. The role of today’s electricity providers and grid operators could change towards transaction enablers or bridging entities, which would increasingly take a coordinating rather than distribution function in the energy grid [106]. The following sections discuss possible market concepts by order of growing participant subsidiarity.



6.1. Flexible Pricing Zones


In a flexible pricing zone regime, different prices are assigned depending on consumption time and consumer-provider distance, for instance. Price assignment can be used to guide investment and production in the long run. Ambrosius et al. apply a welfare-maximizing multilevel mixed-integer nonlinear model, to determine welfare maximizing price zones under capacity restrictions. The study observes that with increasing numbers of price zones welfare is increased since matching supply and demand turns more effective [82].



Flexible pricing concepts are preconditional to motivate electricity consumers and suppliers to regulate feed-in and consumption of energy according to the conditions on the grid [128]. The definition of (temporary) fixed pricing zones reaches an improvement of supply-demand matching through the price mechanism but perfect matches are difficult, since the optimal price incentive switches as soon as supply or demand patterns change. Dynamic pricing schemes adaptive to electricity supply and demand at very short notice would be required to enhance the concept.




6.2. Power Auctions


Kotthaus et al. [93] suggest an auction market design to increase local subsidiarity, while, at the same time, grid stability is ensured in the present German distribution grid. DSO (distribution systems operators) should be the only admissible consumers of flexibility products, i.e., storage capacity or electricity. Both flexibilities should be offered via an online platform, and DSO decide on the price they pay for the flexibility. The online platform operator could administer several online trading platforms, each assigned to a certain territory. Cross territory flexibility trading could be possible if free grid facilities exist. The auction concept could be open to accredited prosumers, whose data are password-protected. Stevanoni et al. refine this scheme for microgrid access to distribution grids. Microgrid participants would indicate their consumption and feed-in prognosis for the coming period (day) to a single point of connection with the distribution network. The DSO would then decide whether and at which conditions they would accept the offered electricity [102]. Grid operators inform automated metering systems on the topical price and these could individually adapt feed-in or consumption to market conditions based on calculation routines [129].



This power auction’s solution would encourage regional and enable cross-regional trade, while, at the same time, the limited capacities in transmission grids would be considered since DSO as monopolistic buyers of electricity would control grid inflows by their demand policy. The power auction model, however, does not empower electricity providers to self-reliantly offer their electricity in a liberal polypolistic market, which, in practice, would restrict prosumer feed-in and, in results, would discourage private investments in electricity generation.




6.3. Semi-Central Transactive Grids


Both above-discussed policy schemes—flexible pricing and power auctions—require smart metering but cope without blockchain technology since electricity distribution takes place according to previously agreed conditions and a demand prognosis. Semi-central transactive grids as suggested by the U.S. Department of Energy integrate blockchain technology to further flexibilize the trade of smaller market participants (flexible prosumers, microgrids, and energy communities or aggregators) with DSO. Further, a superior layer of blockchains could be used for TSO-DSO trading or the trading of DSO and TSO in the wholesale electricity market [94]. The community members could then freely decide on the amount of electricity they offer or receive and on the conditions at which they are ready to do this. Gong et al. [91] provide a technology to automatically consider framing conditions of the acceptance of decentral provider offers at the DSO level using an electronic bottom-up negotiation mechanism based on a master-slave multichain. The system disposes of an additional security check to avoid grid overload and a dispatch management protocol.



Individual bidding mechanisms could be applied on microgrids to realize competitive prices [130]. Regenerative energy providers would submit competing offers and the provider offering the most attractive conditions for the consumers’ requirements would be accepted. The direct trading between consumers and providers would avoid the transaction costs of regulating a hierarchical market and enable consumers to choose individually attractive offers. A game theory analysis shows that an optimum pricing level covering the costs of the provider would be reached [107].



The semi-central transaction market could be organized via smart blockchain contracts concluded between the consumers, the small-scale suppliers, and the DSO. The algorithm at the DSO level would coordinate inflow to the grid and distribution via smart meters installed at every market participant. Significant transaction cost savings of all community members (7.8% at the consumer and 20.8% at the DSO level) have been found in simulations based on the Ethereum network [94].




6.4. Subsidiary Peer-to-Peer (P2P) Markets


Subsidiary P2P markets trade quantities of energy or related services between different market partners based on the available network capacity only, without the obligatory coordination of a DSO [131]. The system operator is the technical responsible for the operationality of the blockchain market mechanism. Smart electricity markets comprise electricity consumers, prosumers (producers and consumers), and service providers or aggregators as equal participants [132]. Small consumers and prosumers would be free to bundle their demand in an aggregator group or offer electricity self-reliantly on a blockchain network [108].



New combinations of wireless internet communication and blockchain technology could be used to transmit information on free flexibilities even from remote locations and would, at the same time, allow all prosumers to interconnect their electronic devices through the internet of things [108].



Smart pricing concepts assign market prices to energy based on an on-time comparison of electricity supply and demand. Smart pricing concepts depend on decentral smart metering systems that assess and indicate the consumed or provided amounts at each grid participant [133]. Consumers would have to accept price fluctuations and demand-based schemes accordingly [96].



Flexible grid participants, disposing of adequate storage media do not depend on continuous electricity consumption or feed-in according to their on-time requirement but decide, when they take recourse to electricity on the grid [134]. Electric cars and shared charging piles would take an important buffering role [108]. Prices would then be adaptive to grid conditions, i.e., electricity is cheaper in periods of high inflow and low demand and more expensive for high demand and low inflow [135]. Electricity consumers and providers would be free to accept prices matched by the blockchain and participate in the trade [96]. The trading mechanism would be fully automatized by smart meters.



To structure energy provision a base-consumption, which is always accessible, and conditional consumption, which is retrieved only in case of redundant feed-in could be distinguished. Smart metering systems could inform the grid on present and planned consumption or feed-in, operate on time, and define consumption and load-depending tariffs. To stabilize grid infrastructure all consumers could be obliged to participate in this scheme of peak load smoothing, even if they do not dispose of storage media [136]. Dynamic allocation and pricing models would be informed by and could re- inform grid monitoring systems, which would anticipate planned consumption or feed-in based on decentral data. Possible smart metering and billing concepts have been suggested by electricity providers [137] and Bundesnetzagentur [125] before.



The liberal polipolistic P2P market presupposes a fully built flexible transmission grid and a comprehensive smart metering infrastructure. Semi-central grid solutions are required to realize a transition to fully flexible markets gradually with the development of adequate infrastructure. Initial private energy blockchain are in operation in the USA already for liberal P2P electricity trading among electric vehicles [108] and microgrids in remote communities in Switzerland [105].



Summing up the review- insights, a range of blockchain based technologies and market schemes adaptable to amend on Germany’s present EEG regulation have been suggested. Financial and technical issues have to be integrated, to come to a comprehensive solution for the development of Germany’s electricity market towards a more efficient scheme than the EEG 2017 provides.





7. A Comprehensive Flexible Supply and Pricing Scheme for Europe’s Electricity Market


The following draft of an alternative flexibility market scheme for a regenerative electricity supply and distribution system takes into account both the technical and financial perspective to amend on the existing EEG 2017 framework and realize a Europe-wide solution to the regenerative electricity issue.



7.1. Central Aims and Measures


The scheme follows three central aims, which are: sustainability, subsidiarity, and flexibility.



Taking a market-based perspective the development targets of sustainability, subsidiarity, and flexibilization are realized by a simple pricing scheme, which is applicable for Europe as a whole, but can be adjusted according to the targets of each country. No further incentives of the subsidy-type are necessary.



As of today, the European spot market continuously indicates prices for electricity, in the style of a minutely stock indicator. Prices are indicated, one for regenerative electricity and one for conventional electricity, regenerative electricity, and comprises all energies that renew themselves and do not deplete [15]. Conventional electricity comprises electricity from all other resources, e.g., from nuclear and fossil sources. These spot market prices are the reference for trading electricity among all market participants.



Each country defines sustainability targets, i.e., timepoints at which certain shares of regenerative electricity from total electricity are realized, in the style of Germany’s § 1 (1) EEG and ideally on an annual basis (in the following called target periods). Every consumer is obliged to buy the target share of regenerative electricity indicated by the government in her country, from the start of the target period.



Market participants pay for utilizing the grid and grid operators individually define a grid fee by transportation distance and transported amount, which is added to the electricity price. Laws regulating grid fees prescribe the assignment of a distance and an amount-based price component only but do not fix grid fees. Prosumers are free to buy and sell to a provider, consumer or prosumer they desire. No further fees or costs are charged except national VAT.



Grid operators have to admit electricity from any provider and are authorized to charge a self-defined grid fee by amount and distance. To ensure grid stability, they are authorized to restrict inflow in situations of eminent grid instability according to the traffic-light principle described in Section 3.2 [118,138].




7.2. Implementation of a Flexible Pricing Scheme Based on Smart Metering and Blockchain Technology


The review has shown that flexible regional pricing schemes have got enormous potential to realign supply and demand in electricity markets. A Europe- or Germany-wide roll-out of flexible blockchain trading platforms, however, is prevented by limited DSO and TSO grid capacities. To implement the idea of a flexible regional pricing scheme, a digital platform to trade electricity and interchange grid capacities for supply and feed-in has to be designed under the control of DSO and TSO operators in the style of a semi-central transactive grid first, so that on the one hand market entry barriers for all—equally small and ecological—providers are minimized, while, at the same time, grid stability is ensured. Although this approach has been developed conceptually in diverse studies [91,94,107], its practical implementation across Germany or Europe has never been seriously considered.



The required platform has two purposes: First, it ensures that the legally required amount of regenerative energy is consumed. Second, the platform enables citizens to participate in the energy market by making their capacities available to the network operator. To fully develop its benefits, the platform has to answer the following three questions in any time point: (1) When is (2) which capacity available at (3) which point. The platform creates economic incentives, by providing a possible marketing option for all its participants to provide the required capacities and consume according to the available facilities. The platform has to be informed on all actors, the data basis, the data exchange, and the possible products at any time. This ideal can be realized by applying a blockchain framework for electricity trading in which all consumers, and suppliers, communities and grid aggregators can participate. The grid would be guided by DSO, who would admit offered electricity to their grid in so far as capacities are available and technically implemented by a blockchain agency, which would provide all market participants with smart metering technology and smart contracts regulating access. In this context, it should be noted that many practical issues have not yet been clarified yet, e.g., what happens if the highly available system is not available, and a fallback option is needed.



The legal conditions to implement a smart grid and smart metering system are in operation since 2020: Grid operators are authorized to take recourse to smart metering according to the Mess-Stellenbetriebsgesetz of 2016 [139]. The roll-out of this technology has taken plate in 2020 with the admission of the necessary hardware by BSI (Bundesamt für Sicherheit in der Informationstechnik) in 2020 [140].



The platform calculates the available amount of electricity offered and demand for every participating entity (household or business) at every second under the side condition that a certain amount of regenerative electricity has to be distributed following the legal conditions of the county. Starting from an initially arbitrarily defined base interchange price, the blockchain platform acts as a market maker allocates matching demand and offers prices for regenerative and conventional electricity in the way a market-making mechanism at financial exchanges has been working for decades. Market-making blockchain technologies have proven for the interchange of blockchain currencies [141]. At the level of industries, blockchain technology has equally proven for efficient and automated electricity distribution [142].



The market-making blockchain calculates for each consumer at every second, which electricity offer is optimal considering the offered price per kWh from the cheapest providers and the offered price per distance from the grid operator. Consumers’ smart meters contract the required electricity from the blockchain, which assigns the price paid to the chosen and provider. Inversely, electricity can be sold at the best (highest) available price to consumers via the blockchain. The blockchain system calculates the matching consumers considering the grid distance tariff. For all calculations required, regenerative amounts are calculated and priced separately to conventional electricity amounts, while market prices for both electricity types form according to the described market mechanism only.



In effect, the base price for consumption, as well as the offered price for feed-in, increases when temporarily demand is higher than supply. Inversely, the interchange price lowers when supply is temporarily higher than demand. In effect the prices for regenerative electricity increase as long as supply is lower than legally required, which is a stable incentive system to increase regenerative electricity production.




7.3. Blockchain and Smart Metering as Efficient and Ecological Incentive System


The automated blockchain-based pricing mechanism creates a perfect incentive system for all market participants—consumers, providers, and grid operators—and, at the same time, maximizes ecological utility:



The blockchain system ensures that consumers buy regenerative electricity at a marketable price and in the amount prescribed by current national legislation, which meets the environmental targets of the economy. It ensures that regenerative electricity is adequately priced but still subject to a market pricing scheme.



The blockchain allocation considers the transportation distance in the pricing scheme and adds a grid distance fee, from each supplier to each consumer, which linearly depends on the distance between the two units. The grid fee is assigned to the provider of the electricity lines, i.e., grid operators. By charging the distance the system “punishes” long transportation lanes and rewards short distance supply-chains, which reduces required long-distance capacities and encourages (cheaper) local low- to medium- voltage and short-distance electricity transportation. Short distance transportation reduces transportation losses and enhances price efficiency and ecological sustainability further.



Using the blockchain for choosing a provider, consumers decide on the cheapest electricity and transportation package to cover their electricity demand. If consumer devices are connected to the smart metering system, the smart meter directs consumption so that it takes place during a low price period (e.g., by night). Consumers are motivated to invest in household battery storage systems, to be able to change electricity, when prices are low. Consumers then contract at the cheapest possible total price for electricity, including transportation. This mechanism motivates suppliers to offer at a marketable price to sell electricity in the market.



The system of distance-based grid pricing favors local production since even higher unit prices for locally generated electricity are acceptable when distance fees are high. Remote providers (e.g., large power plants) can still compete at lower prices if they cooperate with transmission system operators and offer consumers an attractive market price for the complete package. Applying market prices, the natural monopolies of the distribution networks obtain new opportunities to improve their scope of application.




7.4. Macroeconomic Impact of a Flexible Pricing Scheme


This Europe-wide supply and pricing scheme provides optimal incentives for all market participants to switch to regenerative energies and buy from local providers.



At the beginning of the first planning, national regenerative energy development targets are defined, so that an addition of regenerative energy sources is necessary to cover the demand, development targets are above the initial supply. Since consumers are obliged to buy the target share of regenerative energy, the demand for these sustainable resources is above the supply, and the price for regenerative energy increases. This scheme, at the same time, motivates consumers to reduce their consumption or self-produce regenerative energy since initially the prices for regenerative energy are rather high. High prices, however, make investments in regenerative energies profitable, which induces prosumers and commercial providers to install regenerative plants and develop new technologies for regenerative energy generation. At the end of target period 1, the required share of regenerative energies is tightened by the government equally for every consumer in each country, for period 2 to incentivize further regenerative energy investments.



The following chart (Figure 4) summarizes the essential components of the drafted innovative supply and pricing scheme for Europe’s electricity market.



To date, four major impediments hamper the rapid implementation of the suggested flexible regional market scheme in Germany. These are sticky large supply structures, inflexible multilevel contract systems, fixed pricing agreements, and mental fears concerning the marketability of regenerative resources.




7.5. Sticky Large Supply Structures


Established structures in Germany’s electricity sector are at odds with a cellular flexible approach as designed in this study. Traditionally, the German electricity grid has been designed in a hierarchical way and is a compact compound of few large energy producers [143]. his structure is rooted in the classical tradition of energy production in big nuclear or coal-fired power plants, which necessarily are controlled by large corporations. The switch of Germany’s energy supply from fossil and atomic fuels to regenerative resources, however, has initiated a reorganization of these overcome structures. By 2015, the largest German providers covered a market share of 38% only (down from 0% in the early 2000s). Regenerative resources can effectively be generated decentrally in wind and PV plants. These technologies offer themselves for the application by private providers or small businesses since investment and operation costs by energy unit are moderate and the ecological impact of the units is low (as compared to large power plants). Germany requires further restructuring of its energy production and distribution sector from large centralized to small decentral providers [144].



Although the EEG 2017 basically obliges grid operators to connect local plants to the grid [21], the present design of the EEG 2017 reimbursement scheme curtails the contribution of decentral entities by bureaucratic structures, that are manageable by large energy providers only. Access restrictions to the market tender scheme prevent those producers below 750 kW for photovoltaic and 150 kW for biomass participate in the market at all at cost-covering conditions. In this scheme, small producers keep the electricity they produce in their entity which causes losses for local storage or reduces the utilization of available local production capacities. The obligation of producers from 750 kW to contribute to EEG 2017 demotivates private investments in regenerative energies.




7.6. Inflexible Multilevel Contract Systems


The present electricity provision scheme is based on multiple and hierarchically structured contract relationships, which are inadequate to the direct marketing of electricity between a large number of equal participants. To date, consumers dispose of a (fixed-price) delivery agreement with electricity providers, which includes grid utilization and a metering agreement with the grid operator. Electricity providers dispose of fixed provider framing agreements with regional grid operators. These dispose of a grid connection and utilization contracts with transmission system operators [52]. Fees, taxes, and apportionment are raised on the electricity price by the government and redistributed among the providers depending on their balance reports. This concept is inflexible for a smart metering system with free grid access for all grid participants.




7.7. Fixed Pricing


Under the present EEG scheme in Germany, electricity prices are not flexible to the demand and supply situation. Households are charged a price per kWh. Sometimes a night tariff is agreed on, but the actual situation on the grid is not reflected in the price [145]. This system is convenient since consumers do not have to assess when to consume energy. Providers do not have to plan prices but calculate fixed annual revenues from long-term contracts. However, this system is inadequate to a market in electricity from intermittent regenerative energies. Under a fixed-price scheme, consumption follows the life and work pattern of consumers, while regenerative energy inflow follows seasonal and weather-related conditions. Coordination of supply and consumption requires the adaptation of consumption patterns. The EEG 2017 scheme, however, does not motivate to adapt consumption to grid loads.



Regional flexibility markets, work out only if grid loads are priced, which transfers the burden on grid participants, i.e., consumers and feeders on the grid. These can influence the burden they have to bear by their actual behavior. Smart metering systems enable grid operators to guide user behavior and supervise and predict utilization habits, which is pre-conditional to adapt grid inflows and in the long-run grid size. Adequate technologies exist for the interaction of TSO and DSO but have not yet been implemented for consumers in DSO grids at a large scale [131].




7.8. Fears Concerning the Marketability of Regenerative Energies


Critics of a liberalization of electricity markets, fear that regenerative energies in Germany are not competitive as compared to cheap coal, gas and nuclear energy from other European countries [146]. The EEG 2017 (German regenerative energy law) regulation, it is argued, provides a reliable calculation basis for wind and solar plants, since the amounts and basic feed-in prices are defined by government. Under the protection of EEG, novel technologies which are not marketable yet, would develop towards a stable basis [147]. While government is obliged to public welfare, market is not, Felber [148] argues. Government subsidies for regenerative energies ensure that CO2 emissions diminish reliably and Germany contributes to sustainable global development [149].



Developments in other countries, however, prove that regenerative energies thrive without subsidies.



A merit order effect is observed for the feed-in of regenerative electricity in European electricity markets: Regenerative suppliers offer lower energy prices in the European stock market than their conventional competitors, which puts them in a market leading position [150]. In Italy, regenerative energies account for a wholesale price decrease by 2.3 to 4.2 €/MWh [151]. Equally in Australia, regenerative energies crowd out fossil fuels in liberally priced electricity spot markets. Regenerative energy can be offered at very cheap prices, since the fixed costs of operation are much lower than for gas, oil and coal fired plants [152]. Regenerative electricity pushes conventional electricity out of the market due to lower tender offers. If these cost savings are handed down to consumers, regenerative electricity is available at much cheaper prices than presently in Germany, and a win-win situation is provided for consumers and the environmental results.



Germany’s present policy, however, prevents that this positive outcome is realized: German regenerative producers do not have to compete in this market due to the EEG 2017 price assignment [139] scheme and subsidized by government have no incentive to improve their production scheme [153]. Prices remain high since there is no necessity for German regenerative industries to purport their position in the spot market [154]. While, initially, German regenerative providers enjoyed an advantage due to the additional gratifications, in the long run, German providers could lose in comparative efficiency on European competitors who have to compete in the liberal market [155].





8. Conclusions


The present condition of the German energy grid and the pricing scheme established by the German government impairs the development of a market for regenerative energy. A restructuring of Germany’s and Europe’s energy supply and pricing scheme according to the suggestions of Section 4 is urgent to meet the targets for a sustainable redesign of Germany’s and Europe’s electricity sector. Of course, this is not done in one day, since significant restructuring processes have to be planned and implemented. The following sections develop policy suggestions to step-by step progress to a flexible and regional electricity distribution and pricing scheme. Study limitations and further research requirements are outlined.



8.1. Policy Suggestions to Implement Regional Flexibility Markets in Germany


To switch from the scheme of centralized electricity provision by large market-dominating electricity suppliers to a system of regional subsidiarity of procurement, consumers have to be encouraged to produce electricity for self-consumption at first and step-by-step build-up capacities for delivering energy on the grid. The obligation of PV plants from 10 kW to pay an EEG 2017 apportionment according to § 62, even if the generated electricity is only self-consumed, is certainly the wrong message and demotivates small businesses and private individuals to invest in regenerative energy production. This obligation should be abolished at once.



Smart metering systems are preconditional to transgress to a scheme of flexibility markets [156]. To motivate a possibly large number of households and businesses to invest in smart meters, energy providers should be encouraged to offer time and amount-based tariffs to consumers that dispose of smart metering technologies. As soon as a broad number of consumers dispose of smart meters, providers and grid operators obtain better control of grid inflows and consumption, which enables them to reorganize grid structures in a targeted way, e.g., reinforce trains of high feed-in and consumption. Since grid operators and providers benefit from the smart metering technology, they could support consumers’ investment in the system financially.



The collaboration of transmission and district system operators has to be improved to realize a comprehensive grid structure without this strict division of authorities across Europe in the long run. A first step could be to encourage German DSO and TSO to define a transmission fee based on distance and volumes to cover the cost of the necessary future grid investments. The strict cost regulations as provided by EEG 2017 [53] should be abolished and a marketable rate should be found in a consortium of grid stakeholders rather than by external lawmakers. This grid tariff design could be gradually be rolled out to other European partner countries to allow the participation of foreign grid operators and regenerative providers in the German supply system. This means that § 5 of EEG 2017 should be modified to ease the access of providers in neighboring countries.



Concerted action at the level of the European Energy exchange is required to develop a market price mechanism open for all market participants. This requires first assign two electricity spot rates: a regenerative and a conventional rate. Both rates should be published minutely in the way electricity futures are reported as of now. If minutely pricing of both electricity types is available the EEG and energy laws in other European countries should be changed so that providers can bill based on this rate optionally at first, while the EEG feed-in tariffs are still available as a second alternative. The German tendering system could be sopped at once, as soon as spot market prices can substitute tender prices.



Finally, a Europe-wide agreement on the individual sustainability targets of the partner state by year would have to be realized. Countries could participate in the European electricity network as soon as a law on sustainable electricity provision targets has been ratified. At that stage, the self-reliant European market concept could start in the participating countries.



The joint action of the member states of the European Union, energy producers, and grid operators could step by step realize a market concept for regenerative electricity, which leads to a Europe-wide accomplishment of comprehensive sustainability targets. This eager objective could be realized with few regulations and is open to a nation-specific timeline. Urgent action is required to ensure Germany’s and Europe’s energy security base on regenerative resources.




8.2. Study Limitations and Further Research Needs


Based on a critical analysis of the present German EEG 2017 electricity allocation scheme, and a systematic review of academic research and practitioner studies in regional flexibility markets this study has drafted a conceptual design for a market-oriented Europe-wide energy supply and pricing scheme. It would ease the achievement of sustainable electricity production standards across the European Union. As compared to the German EEG 2017, the approach is more liberal and flexible. It effectively uses market forces to enhance the attractiveness of regenerative resources for energy generation and a demand-based pricing scheme. As compared to the existing framework is saves transaction and supervision costs for all market participants and in the long run results in lower regenerative energy prices and regenerative electricity quotas of 80 to 100%.



Still, the study does not provide a system ready for application but remains conceptual. Many more details have to be considered to implement the draft. The EEG has to be fundamentally redesigned, and European agreements on grid usage and the access of electricity providers to national markets have to be found. Grid infrastructure has to be developed and smart metering systems have to be installed for the majority of consumers.



Liberalizing the European energy market will meet the resistance of diverse powerful stakeholder groups: Under EEG 2017, the German government takes in more than half of the turnovers from electricity consumption in the form of levies, fees, and taxes, while the new system would reduce this income to the VAT [67].



Large energy providers today account for about 80% of Germany’s energy market. Decentralization of energy production would redistribute production capacities to small businesses and private investors. Both stakeholders are likely to raise concerns about the draft which counters their financial interests.



The concept for a flexible market-price electricity supply and distribution system so far is purely conceptual. Empirical studies quantifying the factual impacts of the ideas laid out here are outstanding and probably will reveal the need for refinement and development of the concepts. Constructive discussions on energy market liberalization are indispensable to advance technological innovations and market-adequate pricing to the benefit of a sustainable electricity economy.



Finally, the safety measure for grid operators is now conceptual, as well, and needs to be investigated further. Business processes on how the capacities can be commercialized need to be developed. Uniform processes for the transmission between the different grid status to another, and, hereby, the rebound effect needs to be considered. And a standardization for the capacity products is needed to simplify the processes.
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Figure 1. Sources of Germany’s electricity [11]. 
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Figure 2. Lignite production in Germany from 1999 to 2019 [12]. 
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Figure 3. Mindmap classifying issues and stages of the development of flexibility grids. 
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Figure 4. Summary of the essential components of the innovative supply and pricing scheme. 
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Table 1. Overview on reviews studies discussing technologies to realize “regional flexibility markets.
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	Author, Year
	Technology
	Advantages/Potentials
	Limitations/Development Needs
	Applicability Level





	Ambrosius et al. 2018 [87]
	Price zone optimization
	Welfare gains by price zone

Dynamic pricing techniques
	Complex and dynamic determination of price zones
	Case study (virtual)



	Andoni] 2019 [88]
	Applications of blockchain technology in energy grids: grid management, decentral training, stationary & mobile feed in metering & coordination
	On-time coordination between grid operators

Availability planning and recording of energy market participants
	Limited through put and transaction speed
	Conceptual stage



	Agung and Handayani, 2020 [89]
	Blockchain to manage smart grid transactions
	Implementation, verification and recording of small user interactions
	Limited transaction frequency

Price sensitivity to speculation

Computer performance limits

Criminal attacks
	Conceptual stage



	Alskaif and van Leeuwen, 2019 [90]
	Private blockchain test in Amsterdam based on optimal power flow model & smart contracts
	Direct interconnection of provider/ consumers without third party
	Attack proof but only tested in small grid

Payment scheme required based on available electricity amount
	Practice test



	Alskaif and van et al., 2020 [91]
	Blockchain application for operational planning and scheduling, smart metering and verification & settlement
	Lower entrance barriers to electricity markets

Higher transparency & liquidity
	Limited number of participants and high transaction times due to technical limitations

Coordination by “virtual grid operator” to keep control
	Conceptual stage



	Devine, 2019 [92]
	Demurrage (devaluation in time) system for energy trading in blockchain (national token marketplace)
	Incentivize energy consumption when local abundance

Alignment of demand & supply
	
	Conceptual stage



	D’Oriano, 2018 [93]
	Blockchain for smart energy contracts based on penalties and incentives to control power flows
	Automatic control of prosumers enhances grid stability

Tamper proof documentation
	
	Conceptual stage



	Fang, 2019 [94]
	Blockchain to control energy flows, information and communication
	Enable bidirectional power flows

Failure protection

Coordination and communication of participants
	Diffusion of smart meters among small prosumers

Costs for smart metering, grid maintenance

Complex and defect-prone communication infrastructure
	Conceptual stage



	Gao, et al. 2018 [95]
	Sovereign blockchain technology based on smart metering, use of private tokens
	Transparency of origin
	Avoids: Abuse of sensitive data
	Conceptual stage



	Gong et al., 2020 [96]
	Semi-centralized-Blockchain technology located at energy routers at transmission & distribution networks
	Enhanced network control

Double stability control

Bottom-up control mechanism for autonomous energy coordination
	Bidirectional power flow complicates grid control & coordination
	Conceptual stage



	Guan et al., 2018 [97]
	Smart metering: privacy efficient data aggregation scheme in blockchain groups
	Collect private electricity consumption (habits)
	Users’ privacy

Develop pseudonyms
	Practice test



	Kotthaus et al., 2018 [98]
	Local flexibility markets in an auction timetable, traffic light concept to schedule grid inflow
	Concrete scheme for grid facility planning
	Lack of liquidity and gaps between individua grid territories
	Conceptual stage



	Kouveliotis-Lysikatos, 2019 [99]
	Smart grid applications with blockchain vehicle and central contract
	Decentralized markets

in microgrids already existent
	Smart meters have to be reliable

Infrastructure operator has to be trusted
	Conceptual stage



	La Fauci et al., 2018 [100]
	microgrids
	Lowering costs for communication, control and equipment
	Lack of a homogenous standard
	Early application



	Lazaroiu and Roscia, 2018 [101]
	Smart metering & blockchains for prosumers

Energy market trading agent algorithm communicates with smart meters
	Balancing supply and demand for unsteady sustainable resource supply
	Ensure security

Smart appliances in IoT required
	Case study



	Li et al., 2018 [102]
	Energy internet

Integrating diverse producers and prosumers by control center
	Energy production& consumption integrated

Asset investment & trading optimized

Information value added
	Market access and exit mechanism

Reward & punishment mechanism to be developed

Financing required
	Conceptual stage



	Marinopoulos et al., 2018 [103]
	Local energy communities in smart grids
	Regional/ local energy communities link prosumers and DSO
	Motivate DSO to integrate local prosumer communities
	Early application



	Pop et al., 2018 [104]
	Blockchain mechanism for energy flexibility. Smart metering, smart contracts with rewards & penalties, rules for demand-supply balancing in grid
	Prototype prove success of matching demand and supply

In future: flexible peer-to-peer decentralized energy trading mechanism
	Limitations as grid level have to be observed
	Conceptual stage



	Samuel et al., 2019 [105]
	Grid access mechanism via blockchain enabling differential privacy and reputation scores, aggregators coordinate smart contract
	Proof of authority at aggregator level enables participation of small prosumers
	Smart metering data cannot be shared in between households due to privacy concern so aggregator required
	Conceptual stage



	Schmidt et al., 2018 [106]
	Short term energy market, balancing power auction, local flexibility markets for DSO
	Flexibility markets result in revenue increases in simulation
	
	Conceptual stage (local grids exist)



	Stevanoni, 2018 [107]
	Industrial microgrids in distribution networks
	Share locally produced energy

Surplus is sold outside
	Communication and operation costs, IT technique
	Industrial micro grids in application



	Verma et al., 2018 [108]
	Irish blockchain for P2P energy trade, coalition formation, double auction
	Subsidiarity of local communities
	Revenue/ cost distribution

Definition of adequate trading model
	Ener Port project (prototype)



	Wang et al., 2019 [109]
	Blockchain based individual P2P interaction, day ahead and hourly planning
	Seamless energy trade also for separated communities
	Potential malicious attacks

Malicious market operators & outsiders
	Prototype/ case study



	Wörner et al., 2019 [110]
	Swiss blockchain electricity market: individual P2P price determining and auction algorithm
	Subsidiarity of local communities

More efficient usage of regenerative energy resources
	Centralized power market
	Prototype/ case study



	Xu et al., 2021 [111]
	Energy bloc chain using smart grid architecture
	Autonomous and automated energy trading to integrate small decentral regenerative sources
	Present fully and semi-centralized electricity markets
	Conceptual stage



	Zhang et al., 2018 [112]
	Bidding process for prosumers in microgrids suing Bayesian game technology
	Efficient matching of supply & demand
	Application technology for large grids
	Conceptual stage



	Zhao et al., 2019 [113]
	Blockchain for P2P energy trading and share Ev charging, U.S. Projects
	Blockchain enhances information management in IOT
	Local versions have to be rolled out at larger scale
	Prototype/ case study (U.S.)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  energies-14-02403


  
    		
      energies-14-02403
    


  




  





media/file6.jpg
FLEXIBLE, SUBSIDIARY ELECTRICITY SUPPLY & DISTRIBUTION SCHEME FOR EUROPE

o e Flexibility
Targets Sustanabilky Sbdanty oftechnical
of electicity provision | | Of market participants Sl

Spot market pricing

continuous European spot market pices for regenerative and conventional
electicity as billing basis

Obligatory regenerative electricity consumption
Binding and annually tightening regenerative energy consumption quotas fo every.
consumer based on individua national targets

Grid-usage market prices
Market.defined grid fees based on on transportation distance and volume only

Liberal grid admission
for everybody and grid safety regulation according to traffic light system

¥ g 3

Encourage low distance

Diminish bureaucracy ek Fairtransparent pricing

Reduce transaction Encourage decentral Longterm price
costs production reductions

¥ ¥ ¥

Maximize regenerative electricity market share & protect environment






media/file1.png
Sources of electricity (Germany)

9.51,4% 14.43, 6%

’. 33.59, 14%

30.12, 12%

23.69, 10%

o A

75.05, 31%

27.97,12%

m hard coal

m lignite

= nuclear
gas

m wind

= solar
biomass

water





media/file7.png
FLEXIBLE, SUBSIDIARY ELECTRICITY SUPPLY & DISTRIBUTION SCHEME FOR EUROPE

Targets

Strategies

Sustainability Subsidiarity Flexibility
of electricity provision Of market participants of technical
’ ' P development

Spot market pricing

continuous European spot market prices for regenerative and conventional
electricity as billing basis

Obligatory regenerative electricity consumption
Binding and annually tightening regenerative energy consumption quotas for every
consumer based on individual national targets

Grid-usage market prices
Market-defined grid fees based on on transportation distance and volume only

Liberal grid admission
for everybody and grid safety regulation according to traffic light system

1 5 ¥ 3

R Encourage low distance . -
Diminish bureaucracy transport Fair transparent pricing
Reduce transaction Encourage decentral Long-term price
costs production reductions

1k 4

Maximize regenerative electricity market share & protect environment






media/file5.png
Growing range of technologies

Smart metering

technology

Alskaif et al., 2020

Gao et al,, 2018
Lazaroiu & Roscia, 2018

Smart contract
Alskakif & vn Lieuwen,
2019

Agung & Hadnayani,
2020

Privacy & security
Gao et al., 2018
Ambrosius et al., 2018
Samuel et al.,, 2019

Smart storage
Samuel et al., 2019
Li & Cheng, 2018

Incentive system
Devine, 2019
Doriano, 2018

Private smart grids
Alskaif & van Leeuvwen, 2019
Guan et al., 2018

Kotthaus et al., 2018

La Fauciet al., 2018
Marinopoulos et al., 2018

\ 4

L)

Flexible pricing
zones
Ambrosius et al., 2018

Power auctions
Stevanoni, 2018
Kotthaus et al., 2018

LI

Energy coupling
|» Fanget al., 2019

Blockchain

Gao et al, 2018 Price coupling

» Fanget al,, 2019

Semi-central grid
Gonget al.,, 2020
Kouveliotis, 2019
Marinopoulos et al.,
2018

Lazaroiu & Roscia, 2018

« Agung &
Hadnayani, 2020

Information

# coupling

- Fang et al., 2019

L ———

Individual P2P

market

Verma et al., 2018
Wang et al., 2019
Worner et al., 2019
/haoet al., 2019

Smart energy internet
Li et al., 2018; Xu et al. 2021

Growing subsidiarity





media/file3.png
Million Tons Lignite

Lignite production in Germany from 1999 to 2019
380

330
280
230
180
130

80
1990 1995 2000 2005 2010 2015

Years

2020





media/file4.jpg
Growing range of technologies

‘Smart metering

technology.

Private smart grids
AskafB.van Leewen, 2019
Guanet a, 2018

Kotthauset al, 2018

G faudetal, 2018
Marinopouios t 31, 2018

Aty 020
Gaveta, 208
i o 208 | 4

Smart contract
AskakitBn e,

019 -

Agung & adnayan,
200

Privacy & security
o0 | dm

Ambrosisetal, 2018
Samueletal, 2015

e
|

Incentive system
Desine, 2019 -
Dorians, 2018

S

Energy coupling.
Fangetal, 2019

Blockchain
Aqungs
Hadnayani, 2020
Gaoeta, 2018 Price coupling
Fangetal, 2019
Information
= coupling

Fangetal, 2019

Flexible priing
Ambrosiusetal, 2018

Power auctions
Stevanon, 2018
Kotthaus et a, 2018

Semi.central grid
Gongetal, 2020
Kouwelts, 2019
Marinopaosetal.,
2018

Laarois & Roscia 2018

Individual P2P.
market

Verma etal, 2018
Wangetal, 2019
‘Worneretal, 2019
Zhaoetal, 2019

Smart energy internet
Uetal, 2018;xuet 3. 2021

Growing subsidiarlty





media/file0.jpg
Sources of electricity (Germany)

951,4%  14.43,6%

< 30.12,12%

27.97,12%

23.69,10%

33.59,14%

27.87,11%

75.05,31%

= hard coal

= lignite

= nuclear
gas

= wind

= solar

= biomass

water





media/file2.jpg
Lignite production in Germany from 1999 to 2019
380

g 8

8

n Tons Lignite

180

130

80
1990 1995 2000 2005 2010 2015 2020

Years





