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1. Key contributions
Based on the state-of-the-art for deploying Sankey diagrams as tools to inform and communicate anthropocentric transformation strategies, this paper aims to tap into research opportunities, closing the most prevalent and discussing residual research gaps. Overcoming these gaps will support quantitative approaches in transformation research, namely by providing means for envisioning, illustrating, analyzing and communicating such strategies.
Addressed research opportunities:
The European statistics (Eurostat) publish individual Sankey diagrams and underlying databases for statistically recorded energy flows, biomass, mineral, non-metallic ores and waste streams. Working with this data presents many opportunities. European Member states are obliged to regularly report the data on a national level to Eurostat, while the right of access is guaranteed for everybody. Furthermore, adopting Eurostat based Sankey diagrams and databases for transformation research holds the opportunity to experiment with and propose statistical indicators that can be relatively easily implemented into statistical reporting procedures.
Research gaps addressed in the methodological part:
Research gaps addressed in the methodological part of the presented work include the joint representation of all Eurostat energy, material and biomass flows in two measurement units, weight and energy content, respectively. Furthermore, and in contrast to MFAs, we provide a minimum resolution for illustrating resource flows covering primary societal needs, including food, durable and non-durable materials, energy for transportation and other energy services (e.g. residential heating, electricity for appliances). We further explain the selection and definition of these societal needs in section 2.1. Lastly, and inspired by the Circularity Gap Research, we propose a methodology to comprehensively illustrate resources flowing out of the economy and looping back through recovery and recycling.
Residual research gaps addressed in the discussion:
Research gaps addressed in the discussion part of the presented work include an overview of other resource flows and measurement units, including moisture, water, carbon, nutritional content and monetary flows, which have been excluded so far. We discuss why respective resource flow accounts will be necessary for supporting transformation research. Furthermore, we discuss research gaps regarding the dynamic presentation to enable the comprehensive illustration of long-term economic metabolism scenarios and potential indicators that have been proposed but not yet implemented in economy-wide energy, material and biomass flow assessments.
Section 2 of this paper presents the methodology used to construct the unified Eurostat based economy-wide energy, material and biomass flow diagram. Section 3 illustrates the results, limitations, and discussion on residual research gaps. Section 4 concludes this work.
2. Theory and methodology
[bookmark: _Hlk126577004][bookmark: _Hlk126581680]Significant progress has been made in statistics to collect, report and illustrate data for separately assessing the relevance of renewable electricity, biobased energy, material, biomass and circular flows (Estat, 2022, 2018; Gurria et al., 2020). The progress enables us now, and for the first time to construct a unified Sankey database solely based on Eurostat data. Therefore, five Eurostat data sets have to be harmonized and unified. This methodology section explains the meta-structure under which the different datasets are unified and justifies the selection of primary societal needs (section 2.1). Section 2.2 – 2.4 reveals the particularities of the individual datasets and how they are overcome to unify the datasets (section 2.5) finally. The methodology aims at being as reproducible as possible. Therefore, the source code, conversion and reattribution tables, addressed in the methodological section in cursive, and explanatory Sankey diagrams can be found in the supplementary sheets. Underlying datasets are addressed in the methodological section in bold.
2.1. Meta structure to unify Eurostat Sankey data
A well-thought-out meta-structure is necessary for the Sankey diagram to ensure (1) a holistic depiction of energy, material and biomass flows and (2) conciseness of the final visualization to fulfil its purpose to inform a broader audience effectively. These two objectives can be balanced by grouping resource types that flow through the economy and the different processes through which the resources flow. In graph theory, functions such as electricity production and energy consumption for transportation are denoted as nodes. At the same time, the resource flows, e.g., consisting of solid fossil fuels or renewable electricity, are denoted as edges (see, e.g., (Ishizaki et al., 2018)). Resources typically flow from the inputs nodes from left to the right, except for circular flows, which can loop back to the input nodes. The nodes are again grouped into node levels giving the main process types and avoiding or minimizing "vertical flows", i.e., flows between nodes on the same node level. Edges are grouped into edge levels. The presented meta-structure, outlined in table 1, is inspired by the Circularity Gap Reports (Circle Economy, 2022) and the data available on Eurostat (Estat, 2022, 2018; Gurria et al., 2020) following the two objectives outlined at the beginning of this paragraph.
Table 1: Identified optimal grouping of node levels, nodes, edge levels and edges for the Sankey diagram illustration in this work. Source: own elaboration based on the Circularity Gap Reports and Eurostat data availability (refs)
[image: ]
While the majority of the grouping efforts in Table 1 stem from underlying data itself and represent the state-of-the-art and shared understanding, especially some node levels and nodes are particular to this publication and thus require further explanations:
The node-level "availability" summarises all inflows into domestic inputs. On the one hand, this is an auxiliary node since statistics are rare to differentiate between flows from different sources and flows looping back from waste treatment going into the various processes. On the other hand, it elucidates the different magnitudes in mobilized non-renewable resources, renewable power from intermittent generation and biogenic resources flowing into the economic metabolism.
A differentiation between "pre-processing" and "processing" is still necessary, mainly separating the first processing steps in the energy sector from other industrial processes to illustrate the flows between those sectors. In "pre-processing" and providing an illustration basis for transformation strategies, it is necessary to differentiate between electricity and heat production and other primary energy carrier transformation processes. The latter, comprising all refinery processes and other transformation processes, will have to decline significantly compared to electricity and heat production, which renewables can provide.
The "Societal needs" node-level groups the primary societal needs covered by the resource flows in the scope of this work. Compared to ewMFAs, energy flow accounting provides a more anthropocentric view and thus information on different final use types. The novel biomass flow accounting from Eurostat seems to adopt this strategy. We mainly transfer the final use of energy and biomass to this node level with some adjustments:
· Energy resources for final energy use for industrial processes and energy resources for non-energy use are directed into the "material industry" node under the "processing" node level, which provides the materials covering the primary societal needs.
· A node "Energy services" comprise all final energy use for other sectors, including households, services, agriculture, forestry, fishing, and other non-specified sectors.
· "Transport" includes next to final energy consumption for road and rail transportation also aviation and shipping, domestic and international.
· "Food "summarizes animal-based and plant-based food.
For the "Societal needs" node level, we finally have to provide a grouping for non-food materials. Therefore, we aim to introduce the minimum differentiation between throughput material and in-use material stocks, as discussed in (Mayer et al., 2019). Thus, we discern between 
1. consumables for materials that typically do not exceed a one-year lifetime which is the time resolution of the Sankey diagram. This node includes all types of fossil-based plastics and biomaterials from agricultural biomass.
2. and longer-lived products and services that add to the in-use material stocks. This agglomeration mainly contains the built environment, including buildings and infrastructure and mobile stock (e.g., industrial equipment, heavy machinery, vehicles) as per (Lanau et al., 2019).
The node-level "Loopbacks" includes processes for resource recovery as waste treatment. Also, exports loop back into the economic metabolism, however, with spatial distance and out of the selected geopolitical area. The node-level "Outflows" groups the emissions, waste and dispersed flows either as losses or landfills. We considered lost and landfilled resources to be currently inaccessible to be looped back into the economic metabolism.
2.2. Eurostat Energy Flow Accounting – nrg_bal_sd
The interactive Eurostat Energy Flows Sankey diagram can be accessed online under the following link:
(1) https://ec.europa.eu/eurostat/web/energy/energy-flow-diagrams
In contrast to the remaining Eurostat dataset, the underlying data is well integrated in the Eurostat database under the handle nrg_bal_sd and is best sourced using an SDMX call (Statistical Data and Metadata eXchange) via a statistical programming environment; in our case, RStudio using the rSDMX package (Blondel et al., 2018). Also, this way, limitations in downloading more extensive datasets can be easily overcome, e.g., by looping the data query. The SIEC-sheet in the supplementary materials lists and defines the 19 energy carriers based on the Standard International Energy Products Classification (SIEC) as documented in (EUROSTAT, 2019) p.12f. While we aim for illustrating the highest agglomerates, i.e. fossil fuels, renewable electricity and bioenergy, this distinction is not available in the original dataset and would also not include sufficient information for unit conversion between energy and mass values. The native unit of this dataset is kilo tonnes of oil equivalent [ktoe]. The SIEC-sheet lists the conversion factors for unit conversion between energy and mass values, mainly derived from the Energy Balance Guide. Additional assumptions are documented in the same sheet. The specific weight of electricity and heat are set to 0 kt/ktoe.
We automatically query datasets for the selected energy carriers and create a "selected energy flow dataset". The nrg_bal_sd data source does not contain the meta-information to locate the nodes to the different parent node levels of the Sankey diagram. However, we anyway like to restructure the respective parent node levels. Thus, an exemplary Sankey diagram from the homepage is reverse engineered, and the separate indicators for each node are identified as documented in the supplementary materials E-Sankey-sheet. Based on this clear understanding of indicators, the reattribution table for this dataset to fit the unified Sankey database is recorded in the NRG-sheet in the supplementary materials. The Eurostat energy flow dataset contains bioenergy flows next to fossil fuel flow data. Thus, double-counting has to be avoided when merging the datasets, as described in section 2.5.
2.3. Eurostat Material Flow Accounting – env_ac_mfa, env_ac_sd and env_wassd
The interactive Eurostat Material Flow Sankey diagram can be accessed online under the following link:
(2) https://ec.europa.eu/eurostat/web/circular-economy/material-flow-diagram
No SDMX code for the underlying dataset could yet be identified. The online documentation of the Eurostat MFA offers three data sets, namely env_ac_mfa.tsv, env_wassd.tsv and env_ac_sd.tsv for the Material Flow Accounts, Waste Management Statistics and additional environmental Sankey data, respectively. Again, we focus on selected flow aggregates only, as documented in the MAT-sheet in the supplementary materials. 15 different material flows include different types of biomass from agriculture, forestry and fisheries, metal ores, non-metallic ores and the main agglomerates for fossil energy carriers. The native unit of this dataset is kilo tonnes [kt], thus, the dataset does not include the energy carriers, electricity and heat. The heating value of all metal and non-metallic-ores is simplified to be 0 ktoe/kt for further conversions.
Similar to our approach with the energy flow dataset, we use an exemplary Sankey diagram from the homepage to inspect how the indicators of the different datasets are used and merged into the MFA Sankey following non-available meta-data on parent nodes. The results of this reverse engineering are documented in the supplementary materials M-Sankey-sheet. The env_ac_mfa dataset contributes mainly to the left side of the Sankey diagram. The right side, including out- and backflows, can mostly be found in the env_wassd and env_ac_sd datasets. Based on this clear understanding of indicators, the reattribution table for this dataset to fit the unified Sankey database is documented in the MFA-, WASSD- and ENV-sheets in the supplementary materials.
The Eurostat material flow dataset contains biomass, and fossil fuel flows next to mineral ores and non-metallic ores. Thus, double-counting has to be avoided when merging the datasets, as described in section 2.5.
2.4. Eurostat Biomass Flow Sankey
The interactive Biomass Flows Sankey diagram can be accessed online under the following link:
(3) https://datam.jrc.ec.europa.eu/datam/mashup/BIOMASS_FLOWS
This dataset seems yet to be least integrated into Eurostat, but the whole dataset can be downloaded in the online documentation of the homepage (3). On the upside, however, the whole dataset is the most comprehensive, including the meta-data, useful biomass agglomerates for our purposes and documentation from the European Commission Bioeconomy Observatory (Gurria et al., 2020). The native unit of this dataset is kilo tonnes [kt] dry mass.
For a lower aggregation level, thus, when requesting detailed flow information of forestry, agriculture and fishery biomass, the Eurostat Sankey does not yet allow for a joint illustration of all biomass types. The visual inspection documented in the B-Sankey-sheet thus includes three distinct exemplary Sankey diagrams. Based on this clear understanding of indicators and edge levels, we report the reattribution table for this dataset to fit the unified Sankey database in the BM-sheet in the supplementary materials.
2.5. Unifying the datasets from the energy, material and biomass Sankey diagrams
The energy, material and biomass flow datasets are harmonized and merged into a single database. Double- and triple counting of the resource flows need to be avoided, especially for the biomass flows and flows of fossil fuels and emissions. The following paragraphs explain the chosen methodology and highlight flow substitution inaccuracies mainly induced by inaccuracies in unit conversion:
All biomass and energy flows are suppressed from the MFA dataset but for the share of the waste management account (WASSD). The WASSD dataset contains information on waste treatment, recovery and landfilling of materials based on fossil fuels and biomass, which are not included in the energy flow accounts nor the biomass flow accounts. Domestic Material Inputs (DMI) of fossil fuels and biomass from the MFA dataset are substituted by the more detailed flow data from the energy and biomass flow datasets. The former dataset requires converting energy into mass units, which results in an inaccuracy of +6% in total mass input into the economy compared to the MFA dataset. Biomass flows are reported in mass units in the Eurostat MFA and the biomass flow data. However, the latter reports the data in dry tonnes compared to wet tonnes in the MFA dataset. The final Sankey representation includes -29% in total biomass input into the economy compared to the MFA dataset.
However, as reported in the novel biomass flow accounts, the biomass inflows into the economy are state of the art and comprehensive (Gurria et al., 2020). Thus, we also suppress the domestic extraction, and imported bioenergy flows from the energy flow accounts. We hide all flows for biofuels and bioenergy for electricity and heat from the biomass flow accounts. The energy flow accounts include these flows too, however, with a more helpful resolution fitting our selected meta-structure. Converting the bioenergy flows into mass units results in a +10% overestimation of included biomass flows for energy purposes compared to the Eurostat biomass flow dataset.
Emissions originating from fossil fuels and biomass are only part of the ewMFA dataset. For the continuous flow representation in our Sankey diagram, we opt to create emission flows from scratch by prolonging all fossil fuels and biomass flows used for energy purposes. This bottom-up emissions estimation results in a mass value of about 50% of the emissions mass value given by the Eurostat ewMFA. However, the MFA emissions account for the weight of CO2, while our estimate accounts for the weight in a mix of different carbohydrates before undergoing the combustion process. Based on the molecular weight of carbon (~12 g/mol) and oxygen (~16 g/mol), each gram of carbon atom forms about 3.67 grams of CO2. The fixed carbon content per weight in different fuels can be as low as 30% for solid fossil fuels and about 85% for liquid fossil fuels (Jurich, 2016). Thus, the derived top-down estimation on the carbon content of about 55% for all fuels contributing to the emissions is accepted as a plausible magnitude.
3. Results and discussion
The underlying Eurostat data consists of five datasets of varying integration and data qualities and are primarily generated to be illustrated in five Sankey diagrams (one energy, one MFA and three biomass Sankey diagrams). In Figure 2 and Figure 3, we illustrate Sankey diagrams combining for the first time the energy, material and biomass flows from the Eurostat database in mass units [kt] and energy units [TJ], respectively. Merging these datasets allows us, on the one hand, to extend the anthropocentric focus of the energy and biomass flows to the MFA data. On the other hand, information from the MFA data on circular flows and outflows, including emissions, landfills, and losses, is now also related to the more detailed energy and biomass flows.
Based on this more holistic representation of the economic metabolism, and the yearly EU28 population (ref estat), we are able to derive and discuss valuable key performance indicators; 
The EU28 yearly domestic input per capita in 2010-2017, in mass and in energy values, was about 17 tonnes or 233 GJ (equal to 64 MWh) respectively. Considering all services these resources provide directly to the European population including food, energy services, transportation, consumables, stocks and exports, we can identify an overall resource efficiency of our services of 78% on a mass basis. On an energy basis, the overall resource efficiency of our services is at 61% in 2017, only slightly increased from about 60% since 2010. Import dependencies in 2017 are at 24% on a mass basis or 56% on an energy basis, both with positive trends in the covered period, starting from 23% in 2010 on a mass basis or 54% on an energy basis. Also export share trends compared to all services are positive from 11% in 2010 to 13% in 2017 on mass basis or from 29% in 2010 to 34% in 2017 on energy basis.
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Figure 2: Unified EU27 material flows in mass volumes. Source own illustration.
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Figure 3: Unified EU27 material flows in energy volumes. Source own illustration.

With this work, we facilitate the illustration and discussion of synergies and trade-offs between transformation strategies focusing on (1) renewable power (2) circularity measures and (3) the broader bioeconomy. Still, the presented methodology and illustrations are only a first step to supporting quantitative approaches in transformation research. Before addressing selected residual research gaps in the final subsections, we have to outline the significant limitations of the presented methodology:
The varying levels of integration of the data sources in the Eurostat database are discussed in section 2, resulting in varying data quality: While all data sets contain time series, we illustrate the Sankey diagrams for the year 2015 since respective data is most comprehensive in all involved datasets. Furthermore, and due to the exit of Great Britain (GB) from the European Union (EU) and thus also from its statistical services, EU agglomerates do not include GB data any longer. GB data has been excluded retrospectively for the well-integrated MFA and energy flow datasets, while the biomass data set still reports a EU28 agglomerate. Thus, the presented Sankey diagrams and database are mainly an EU27 agglomerate with inaccuracies due to GB data in the biomass flows. We expect that this inconsistency will be resolved with the following updates of the underlying Eurostat databases.
Due to the harmonization of datasets and conversion inaccuracies, the resulting dataset does not fulfil the thermodynamic principles of representing exact mass and energy balances. We calculate the (im-) balances for all nodes and present them in the supplementary materials' balances-sheet. We address significant imbalances and particularities in the following:
· System boundary cut-offs are placed in different node levels after outflows, including emissions, losses, landfilling, and all exported energy, material, and biomass flows. Additionally, stocks accumulation of ores results in a significant imbalance since those stocks remain in use in the economy without flowing through it. We will discuss in Section 3.1.3 how this node representation could be altered to support dynamic scenario modelling.
· For the presented Sankey illustrations, we deliberately choose to account for energy flows lost to the environment. This way, we can balance inputs and outputs, e.g., transportation and energy services. These services include significant emission flows when measured on a weight basis, but no emissions flow is calculated on an energy basis in traditional representations. In our representation, all consumed final energy is ultimately lost to the environment, resulting in significant energy flows to the "Loss" node when measured in energy values. Still, non-vanishing material flows are lost to the environment, as reported by the waste statistics.
3.1. Selected residual research gaps
(D'Amato et al., 2017) outline the diversity in focus, scope and emphasis of different transformation strategies, denoting them 'sustainability avenues'. They base their analysis on a comparison between Bioeconomy (BE), the Circular Economy (CE) and the Green Economy (GE) concepts. These concepts and their respective strategies have in common that they aim "to reconcile economic, environmental and social goals." According to (D'Amato et al., 2017), literature on GE captures ecosystem services more comprehensively, BE and CE discussions emphasize resource extraction in rural and urban areas.
Until the end of 2021, about 13,000 scientific papers have been published, including CE in their title, abstract or keywords, growing exponentially. The remaining concepts, BE and GE, have been subject to about 3,500 cumulated publications, growing exponentially. This count is comparable to search results for the Hydrogen Economy (HE) and Low-carbon Economy (LE), however, with the latter two exhibiting much lower growth rates in publications[footnoteRef:2]. Furthermore, (Giampietro, 2019) discusses three different bioeconomy concepts, with the first "considering the limits of the biosphere", the second concept focusing on biotechnologies, and the third on all flows between the biosphere and the techno-sphere. (Frisvold et al., 2021) similarly, differentiate a "bioecology-" "biotechnology-" and a "bioresource vision" in existing national bioeconomy strategies. They conclude that the EU and the United States emphasize the ecological and the technological vision, respectively. [2:  Analysis in Scopus on March 8th 2022] 

Depending on the transformation strategy under discussion, supporting Sankey diagrams have to focus on presenting different edges and nodes. Figure 2 and Figure 3 aim at allowing the discussion of synergies and trade-offs between renewable power, circularity and bioeconomy strategies. However, Sankey diagrams supporting strategies to balancing environmental impacts and resource provision for primary societal needs would require additional measurement units (section 3.1.1), other structures and indicators (section 3.1.2) and especially also the means for the illustration of change for dynamic scenario analysis (section 3.1.3). Finally, we also want to address some identified programming challenges in section 3.1.4.
3.1.1. Measurement units
The results present a comprehensive view of energy and materials flowing through the European economy. Therefore, we illustrate the flows in energy and mass units, although this renders some flows to zero kilo tons or zero terajoules. Still, it will be indispensable to show how renewable electricity flows could supersede currently prevailing material flows. This finding certainly holds for, e.g., energy carriers being used for transportation and room heating, but could also play a particular role for chemicals, other materials or even nutrients synthesized from captured CO2 and renewable electricity (see, e.g., (García Martínez et al., 2021)).
Focusing on the energy transformation, (Ma et al., 2018) allocate the CO2 backpack to each energy carrier flow, resulting in non-zero flows from electricity and heat produced from fossil fuels. To integrate a CO2 or carbon-based illustration in our unified Sankey, we would have to solve the allocation problem for electricity and heat with dedicated balancing approaches (Hawkes, 2010). For such an illustration to inform about strategies to mitigate global warming, arguably an extension to other greenhouse gas (GHG) emissions, including methane emissions, would be further beneficial.
A limitation of the current metabolism database is that it neglects moisture content, i.e., water mixed with other substances. We decided to integrate the Eurostat biomass Sankey dataset, which is based on dry tons, and to hide the biomass flows of the Eurostat MFAs, which would carry information on their water content (European Commission. Statistical Office of the European Union., 2018). The differentiation between different moisture grades of biomass is an important one, since it is negatively correlated with the transportability and storability of biomass for any nutrient, material or energy purposes (see e.g., (Schipfer and Kranzl, 2019)). The inspiring Sankey diagram (Kalt, 2015) for Austria can show how significantly the weight distributions between forestry, agriculture and manure change when shifting from dry weight to wet weight of biomass. 
Furthermore, the Eurostat MFA does not include flows of bulk water other than the water content of the materials because these flows "represent enormous mass flows one order of magnitude bigger than other flows of all materials" (European Commission. Statistical Office of the European Union., 2018). A Sankey diagram explicitly shows how water flows through the Canadian economic metabolism (Agrawal et al., 2021), differentiating between surface and ground water and mine dewatering being consumed or discharged in sectors including agriculture and residential use, the power sector and manufacturing. (Lehrman, 2018) tackles the challenges to bridge the gap between geospatial, enviro-hydrological and economic metabolism data showing how complex a Sankey representation of water flows can get. In contrast to approaches including available or environmental water flows, anthropocentric bulk water flows could consider narrower system boundaries. Anthropocentric bulk water flows include public (or municipal) water supply, irrigation, industrial processes and cooling of electric power plants (OECD, 2022), from withdrawal via uses, reclamation and reuses, losses and discharges. Similarly, the WORLD BANK and FAOSTAT databases differentiate between domestic, agricultural and industrial water uses. Integrating these would include the human demand and the available wastewater flows, which represent a largely un-utilized resource of secondary productive water and nutrients. Wastewater flows should be differentiated by sectors including municipal, agricultural and industries and should be allocated to individual industrial processes (including energy conversion). Such a representation could indicate secondary water availability for uses in agricultural irrigation. For example, nature-based solutions could recycle significant volumes of municipal wastewater (Kisser et al., 2020).
Furthermore, the current version of the Sankey diagram only differentiates between biomass from agriculture, fishery, and aquaculture for food purposes. Especially to inform anthropocentric transformation strategies based on circular bioeconomy measures, a more detailed representation of 
the flows of plant macronutrients including nitrogen (N), phosphorus (P) and potassium (K), or the basic building blocks including proteins, fat, oils, fibres and sugars would be beneficial. Sankey diagrams can provide insights into demands and primary and secondary nutrient sources and potential nutrient cycles that must be closed. For example, the substance flow analysis and Sankey diagram by (Wirth et al., 2021) illustrate the considerable potential of cities, which currently represent nutrient sinks, to recover nutrients and make them available for agricultural production. Wastewater could be a significant source of inputs to food production. Therefore, Sankey diagrams on macroeconomic resource flows should include this resource flow to inform mainly circular Bioeconomy based transformation strategies.
Other resource flows and measurement units that can and have been used in Sankey illustrations include, first and foremost monetary flows. The Exiobase database is primarily constructed based on economic flows, mass and volume units are derived (Aguilar-Hernandez et al., 2019). A financial perspective is of particular interest, e.g. for pharmaceutical products in the bio-based flows or for precious metals and rare earth, which might exhibit low volumetric or mass flows but considerable monetary flows. On the other hand, this perspective can only illustrate flows with a price tag and disregards significant streams of wood flows that never enter any market (Mantau, 2015). There are many more resources flows that are not captured by economic accounting, e.g. water flows and many waste flows that do not result in monetary transactions. We urge the scientific community to critically assess case by case, where price tags and commodification are essential to render transformation strategies feasible.
Also, the Eurostat MFA discuss how air flows through the metabolism via, e.g. oxidation processes (European Commission. Statistical Office of the European Union., 2018). Differentiation between pure oxygen, fresh/breathable air, and contaminated air could provide systemic insight into, e.g. the basic needs of an urban population that, after all, keeps the metabolism running and how air pollution decreases their capacity. No matching publications could be identified when writing illustrating air flows through the economic metabolism. Similar to the resource bulk water, the complexity expected for such a representation increases with the increasing system boundaries that have to be considered for a comprehensive illustration of air flows between the techno-sphere, atmosphere and biosphere, potentially with relevant temporal and geospatial variabilities.
Notable resource flows include physical and cognitive labor, distinguishable in skill levels and demography, allocation of time and land resources, which are, for example, discussed in (Kardung et al., 2021), but without respective Sankey diagram illustrations known to the authors at the point of writing.
3.2. Circularity and entropy indicators
(Stegmann et al., 2020) set the scene for a Circular Bioeconomy (CBE) definition based on stakeholder interviews, thus combining circularity and bioeconomy strategies. They find that only a little attention has been given to the "end-of-life of bio-based products." Post-consumption circular flows of materials per se have not been on the agenda. However, the circularity of nutrients, cascadic use, e.g., through energy use of post-consumer wood and the synergy flows of residues between, e.g. wood processing industries, are essential drivers of the Bioeconomy already today, as illustrated in Sankey diagrams, e.g., by (Mantau, 2015) or (Gonçalves et al., 2021)). Synergies and dependencies between industries providing secondary feedstocks to each other can be highlighted by including circular flows between all node levels.
In contrast to the Circular Bioeconomy discussion, (Milios, 2018) finds that CE policy in Europe strongly focuses on the end-of-life, especially of metals with other life-cycle steps. Production and product design and the use phases have not been in the policy focus at the time of publication. Since then, European strategies to improve this situation have been outlined, including eco-design standards and the right-to-repair to prolong the use phase, while stronger focus is now put also on plastics and other materials (EC, 2020, 2018). Circularity indicators, as used in the Circularity Gap Report (Circle Economy, 2022), can only do so much to inform about the end-of-life and the cycling back of outputs to inputs, disregarding the importance of waste reduction itself.
Alternatively, and in a direct indicator comparison between Circularity (C) and Substance Concentration Efficiency (SCE), (Tanzer and Rechberger, 2020) show in their Sankey diagrams how their statistical entropy approach can provide additional insights. They can show that SCE reveals how increased efficiency, system downsizing and waste reduction can improve the performance of the metabolism throughout the supply chain. This way, information on the "usefulness" of the state the resources are in is prioritized, with more pure resource flows being more valuable than diluted ones.
Furthermore, (Giampietro, 2019) argues that for thoroughly implementing an entropy perspective, especially in Bioeconomy metabolism analysis, a flow-stock-fund model is necessary; Ecological funds include the ecosystems, atmosphere, soils and aquifers, which can reduce the entropy of wastes and generate primary resources in biochemical cycles. Ecological funds are the biosphere equivalent to societal funds of the techno-sphere, including labour, land-use, technologies and infrastructure to reduce specific entropy by reuse and recycling. Similarly, the biosphere can " recycle," e.g., nutrients and greenhouse gases.
How these new indicators and structures can be integrated into Sankey diagrams remains to be seen. Rediscovering the non-equilibrium thermodynamic perspective for anthropocentric transformation strategies holds exciting opportunities to improve resource flow efficiency throughout the economic metabolism under broadened system boundaries. For the Sankey illustration of respective views and for the illustration of transformation strategies in general, we have to address a remaining significant research gap, namely the capability to support dynamic scenario analysis:
3.3. Improving the Sankey representation for dynamic scenario analysis
Continuous advancements in computer processing power have enabled improvements in modelling longer-time horizons and spatial, temporal and technological resolutions. (Lopion et al., 2018; Prina et al., 2020) The trend in increasing temporal horizons and resolutions furthermore outpaces the application of 'single snapshot year' models favouring multi-year timeframe models capable of transformation path analysis (Lopion et al., 2018). Path analysis is especially relevant for long-time planning horizons as it allows us (a) to simulate trajectories from the status-quo towards a sustainable metabolism in the year 2050 or even 2100 and (b) to depict possible developments for a "business-as-usual". Policy recommendations on achieving intended dynamic developments can be derived from comparing our simulated scenarios with the counterfactual reference scenarios.
Sankey diagrams could play an essential role in communicating how modellers envision a sustainable metabolism and how they intend to get there, i.e., the path. However, integrating dynamic developments into the Sankey diagram represents a non-trivial challenge. In the interactive version of our presented Sankey diagrams, we offer a timeline to compare historical data on the material and energy flow developments between 2010-and 2017. Rigorously adopting the timeline approach for scenario data would be the first step.
However and in our opinion, the timeline approach would have to be accompanied by a thermodynamically balanced representation of stocks, which are either depleting, filling or staying constant. (Wiedenhofer et al., 2019) proposes a Materials, Inputs, Stocks and Outputs (MISO) model for economy-wide material flow accounting. Although without Sankey's representation, they clearly explain how global in-use stocks have increased significantly since 1960. Leading in-use stocks include concrete, aggregates including sand and gravel, bricks, asphalt and iron and steel, adding up to about 1.000 Gigatonnes in 2014. Short-lived products flows from dissipative uses and processing wastes, and end-of-life wastes from the in-use stock mainly leave the economic metabolism. Future work could account for carbon stocks in the techno-sphere, e.g., based on carbon capture and storage or buildings and infrastructure based on biobased materials acting as carbon sinks (Churkina et al., 2020). Once again, the question of the system boundaries for respective Sankey representations emerges if, e.g., the interaction between potential carbon stocks in the techno-sphere, biosphere (e.g., soil carbon and forests) and atmosphere are to be illustrated.
The references mentioned above focus on stock accumulation, shortly reflecting potential stock depletion in the biosphere. These dynamics could be integrated into a dynamic Sankey diagram with yearly or multi-yearly timesteps. However, in (Schipfer et al., 2022) we can highlight the importance of stocks and storage capacity for equilibrating temporary resource surpluses and shortfalls. Power, gas, and biomass storage are essential measures to induce flexibility in economic metabolism. However, illustrating this functionality would require different time resolutions from hours to seasons, which we cannot envision being reasonably implemented into Sankey diagrams today.
3.4. Programming and other challenges
Recently, model collaboration and accessibility have been a priority for many policy-relevant modelling teams. More and more models subscribe to open-source principles and programming languages with low entry barriers, including the languages used in the presented paper (RStudio and Python), improving accessibility, transparency and reproducibility (Ridha et al., 2020). Joint analysis of ensembles of model runs and scenarios produced by different models and modelling teams ("multi-model ensembles") is a key methodology for the Intergovernmental Panel on Climate Change (IPCC) and its Integrated Assessment Modeling Consortium. The Horizon 2020 European Climate Energy Modelling Forum (ECEMF) will perform a multi-model ensemble comparison based on open data standards and in an openly accessible interactive online comparison tool, the IIASA Scenario Explorer (Huppmann et al., 2018). The code developed for the presented Sankey illustrations could, in a subsequent step, be integrated into the scenario explorer and its energy system models python-based software package called pyam (Huppmann et al., 2021). Preparatory work has been already initiated by designing the database after the scenario data format of the openENTRANCE project (Krey et al., 2019), also used in the Scenario Explorer.
Finally, and concerning the underlying datasets, we want to highlight different options for the way forward:
1. The presented Sankey diagrams and their database are based on five different datasets openly accessible from Eurostat. Three out of these five are already illustrated in a joint MFA Sankey from Eurostat. In contrast, Eurostat illustrates the biomass flows in three different Sankey diagrams for flows from forestry, agriculture, and fisheries, respectively. An official combined database (and illustration) could significantly improve the objective discussion and comparison basis of different transformation strategies. We want to offer this work and our expertise for this endeavour.
2. Independent from unification efforts, we urge further integration and accessibility via and to the SDMX handle. We could already download some datasets using the RSDMX package, which significantly improves efficiency, reduces error-proneness, and ensures reproducibility. Additionally, automatic yearly updates can be hard-coded if SDMX access to all datasets is enabled.
3. The presented work relies on the modelling work of Eurostat for ensuring the comprehensiveness of the underlying data. However, this way, we cannot provide a rigorous thermodynamic balance due to the unit conversion of relatively high aggregates. Existing input-output models do a better job here, as discussed in the introduction of this publication. Thus, future work could build upon, e.g., the EXIOBASE data or merge the Eurostat data sets into a similar modelling environment. Including, e.g., data from the International Energy Agency (IEA) and Food and Agriculture Organisation (FAO) would extend the work from the European to a global focus and integrate respective bilateral trade streams.
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