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Abstract

:

Water use within power supply chains has been frequently investigated. A unified framework to quantify the water use of power supply chains deserves more development. This article provides an overview of the water footprint and virtual water incorporated into power supply chains. A water-use mapping model of the power supply chain is proposed in order to map the analysed research works according to the considered aspects. The distribution of water footprint per power generation technology per region is illustrated, in which Asia is characterised by the largest variation of the water footprint in hydro-, solar, and wind power. A broader consensus on the system boundary for the water footprint evaluation is needed. The review also concludes that the water footprint of power estimated by a top-down approach is usually higher and more accurate. A consistent virtual water accounting framework for power supply chains is still lacking. Water scarcity risks could increase through domestic and global power trade. This review provides policymakers with insights on integrating water and energy resources in order to achieve sustainable development for power supply chains. For future work, it is essential to identify the responsibilities of both the supply and demand sides to alleviate the water stress.
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1. Introduction


Water and energy security have become two major challenges in the world due to the growing gap between demand and supply [1], with constantly emerging new water pollution threats [2] that have to be minimised and prevented. Water use for power production is reported to contribute 25% (51.9 km3) of the total global water consumption in energy production, of which 75% is contributed by fuel production [3]. It is reported that up to 93% of the water for energy production is contributed by the power supply in some Eastern countries [4]. In 2050, the total power generation is estimated to be double that in 2020 (see Figure 1a), while the share of energy sources is projected to be dominated by renewables in 2050 [5]. Figure 1b shows the world power demand for 2020 and the projection for 2050 broken down by regions, whose overall trend is in line with the projection of the power supply. It is essential to understand the water use of the power supply chain to ensure water sustainability in terms of availability, minimising ecosystem pollution and maximising power supply security.



The water footprint [8] is a well-established metric, defined as the volume of consumed or polluted freshwater required to produce a certain amount of goods or services [9]. The water footprint includes green water, referring to the rainwater stored in soils, blue water (freshwater from rivers and wells and greywater), and greywater (polluted water) as has been overviewed [10]. It has been widely used to quantify water use at various scales [11] using the Life Cycle Assessment (LCA), and it has been detailed further [12]. This concept has been extended to be more general so as to describe embodied water when compared to the original definition of virtual water [13]. Virtual water is proposed as a concept to measure the (direct and indirect) embodied water of products or services in international trade [14]. Recently, virtual water has been widely applied to analyse the water resources used in the food trade [15].



The impact of the power supply chain on water sources has been assessed in terms of power supply, trade, and demand. The scope of study on the power supply side mainly focuses on assessing the water footprint for various fuel types [16], different cooling technologies (open-, closed-, hybrid, and dry cooling) [16], low-carbon technologies (solar, wind, and carbon emissions capture technology) [17], and environmental issues (climate change, water scarcity, pollution) contributed by the power supply chain [18]. Power supply and demand are typically spatially nonuniform [19], which induces regional power trade, and regional differences in power supply and water resources are reallocated. Figure 2 shows the power generation and net trade, as well as the global distribution of water scarcity over the world’s regions, for the year 2017. The Water Stress Index (WSI) ranges widely from 0.98 (Egypt) to 0.1 (Canada). The total power generation of the listed countries (24 countries in Figure 2) accounts for over 80% of the global amount. The top three power generation countries in 2017, China (6.2 PWh), the United States (4.0 PWh), and India (1.2 PWh), face a conflict between water resources and electricity generation, with the WSI being as high as 0.48, 0.50, and 0.97. The question of how to assess and evaluate the power trade effect on water resource relocation becomes an issue. This is of increasing concern to virtual water resource transfers in cross-regional power trade. This is motivated by the significant footprints that stem from satisfying power demands via both local generation and regional power trade flows.



A network of transferring virtual water resources was assessed based on the inter-regional power trade [20], and the spatial virtual water transfers were analysed. Water scarcity has been highlighted as another essential indicator for characterising the regional water consumption and availability [21], and it allows for a better understanding of what is causing water scarcity and which regions are suffering from it [22]. To understand and compare the spatial distribution of water use in the power supply chain, it is important to (a) evaluate the water footprint on the supply side, (b) identify the driving water use on the demand side, and (c) assess the virtual water transfers in the power trade that trigger the water scarcity effect.



The currently available reviews are found to be power supply-oriented and to focus on the water footprint of power generation. The supply and trade stages of the supply chains are not well covered. Water footprints of power generation technologies were harmonised, including fossil fuel-based (coal, natural gas, oil), nuclear, and other renewable power [23]. That work provides a foundation and dataset for the further assessment of water footprints in power generation. However, the origin of the data is specific to the United States. The accuracy of the harmonisation results is affected by the method choices, defined boundary, and selected parameters. However, the uncertainties in the results have not been explored or discussed. An inventory of water footprints was presented for power generation technologies in China in [24]. The study is focused on the operation stage, where the footprints of fuel supplies and infrastructures are not considered. These leave open the question of adding the water footprints of natural gas and oil to the assessments, overcoming some of the data limitations.



An inventory of the water footprint for power production was compiled in [25] using a global meta-analysis. It highlights the importance of accounting for different geographic conditions and a complete life cycle stage identification, as well as performance parameters, in estimating water footprints. It cited the research from [23] as an example for analysing the uncertainty caused by differences of data sources. However, the uncertainty analysis in a data source can be relatively simple. Only a qualitative analysis is conducted, using the correlations of different parameters. For the uncertainty in method choices, only process-based and hybrid life cycle assessments are analysed and compared. A more detailed comparison of methods would be beneficial. It should also be noted that the life cycle definition in that work has again been limited to power generation only, leaving out trade and distribution.



With the increase of regional linkages in the inter-regional power trade, a more recent review emphasised footprints from the perspective of power consumption [26]. It identified space cooling/heating and hot water demands as an important part of the water used for power in households. However, the virtual water transfers between power generation and consumption as well as the water scarcity effect have not yet been understood in full. Dai et al. [27] published another review of 35 methods for assessing the water-energy-food nexus and provided a detailed introduction of these methods, grouped by the geographical scale and nexus scope. From the viewpoint of the overall power supply chain and impacts, only some models for assessing water use for power generation are partly discussed, and there is a lack of systematic methods for evaluating water use for power trade, power use, and the link to water footprints.



From the provided analysis, it can be seen that the existing reviews focus on partial aspects in the power supply chains—most notably on power generation. Some of the studies point to the need for a complete Life Cycle evaluation but stop short of including essential stages such as power trade and use, as well as water footprint impacts’ relation to these elements. It has become apparent that a review on assessing the impact of power demand and trade from the perspective of water footprints, including virtual water flows and water scarcity, still requires more development.



This study aims to review the methods for analysing the water footprints from power generation, linked to the virtual water of power trade and the water scarcity effects. The explicit consideration of the strong regional linkages of power supply, demand, and virtual water transfers is considered. This is expected to further help researchers and decision-makers in understanding and evaluating the impact of power trade on water resources. Another goal is to link power demand to the analysis, which would help improve water use efficiency. The objective of linking water footprints and water scarcity on the one hand to power demands on the other via virtual water transfers is essential for completing life cycle definitions and providing a proper understanding, for decision-makers, on how to minimise footprints.




2. Water Footprint and Virtual Water of Power Supply Chains


This section is divided into two parts: one focuses on the water footprint of power generation, and the other is related to the virtual water transfers within power trade.



Figure 3 shows a cause-effect diagram tracking water use in the power supply chain. On the supply side, after water withdrawal, part of the water is consumed in cooling towers (or fuel power plants) or is evaporated from hydroelectric dams [30]. The rest water would return to the natural system through water reuse or discharge [31]. Water consumption in this process is defined as the water footprint of power. Power is traded to the demand side, and water embodied in the power trade is virtual water. Water scarcity plays an important role in the conflict between power generation and water withdrawal, which induces some environmental and social issues during the power supply chain. The increasing power on the demand side increases the required water on the supply side [32]. In particular, when the power transfers from a high water scarcity region (supply side) to a low water scarcity region (demand side), the water stress burden shifts from the demand side to the supply side.



2.1. Water Footprint of Power Supply


2.1.1. Comparison of Water Footprints of Different Power Types


Power can be generated from fossil fuels or renewable sources. Thermal power generation (including coal, natural gas, oil), accounting for nearly 70% of the global power generation, has been studied the most. A shift to renewable energy, such as hydro-, solar, and wind power, has become a new focus. Water footprint quantification highly depends on the boundary setting. For the water footprints of fossil fuel, nuclear, geothermal, and hydropower, the water footprint of the operation stage accounted for 70% to 94% of the life-cycle water footprint (see Figure 4). The second most significant contribution comes from the stage of fuel supply (extraction, production, transportation)—from 10% to 29% [33]. A similar result is reported by Mekonnen et al. [34], where the operation, fuel supply, and infrastructure stages contribute 57%, 43%, and 0.02% of the global average level. An indirect water footprint incurred during the infrastructure building stage dominates the water footprints of renewable energy—such as solar photovoltaic and wind power [35]. It was shown that more than 70% of the LCA-based water consumption of solar and wind in Europe is due to infrastructure building and materials. A similar result is shown for the solar power infrastructure in China [35].



Figure 5 summarises the water footprint estimation of power generation reported in different reference sources. A significant difference exists in the estimates of the water footprints of power generation. On a comparable basis (specific water footprint per unit of power generation), Asia has the largest variation of water footprints in hydro-, solar, and wind power, while Europe has the largest values in fossil-fuel-based power. Hydropower is the energy generation with the highest reported water footprint and variation (0.11–552 m3/MWh, see Figure 5). The reasons for such a huge gap of three orders of magnitude between the minimum and the maximum can be explained by two observations. One is that the variation changes with geological and climatic conditions, as well as the facility types of hydropower plants [36]. The other possible reason is that there is little agreement on water footprint methods—which stages and flows to include in an assessment. Water footprints may be overestimated if a reservoir’s water use is attributed entirely to power generation only. Besides hydropower generation, more than 40% of the world’s reservoirs have multiple purposes, such as irrigation, residential and industrial water supply, flood protection, fishing and recreation, and more [37]. An economic benefit model was used for water consumption allocation in multipurpose reservoirs, and the results showed that hydropower was the major contributor to economic benefits [38].



The water footprints of coal range from 0.03 m3/MWh [25] to 3.79 m3/MWh [34]; the water footprint of natural gas is 0.4 m3/MWh [39]–3.33 m3/MWh [34]; and the water footprint of oil is 0.33–3.83 m3/MWh [34] (see Figure 5). The differences in water consumption are caused by different technological levels and conditions for burning fossil fuels. For example, comparing the four regions of Europe classified by [45] (see the orange diamond markers shown in Figure 5), the technological levels (such as average hourly loads) lead to the water footprints ranging with different regions, even when using the same method [46]. Based on the different boundary settings (fuel supply stage, infrastructure stage, and operation stage), the water footprint of nuclear power fluctuates between 0.13 and 4.03 m3/MWh. Excluding the water consumption in the fuel supply stage would lead to a lower estimation (36%) [34]. For other renewable powers, when the infrastructure stage is considered, the water footprint is larger than when only the power generation operation stage is considered [47]. An uncertainty analysis is often introduced to provide the ranges of water footprints and to prevent the data from being too deterministic.




2.1.2. Comparison of Different Methods


The methods applied for the water footprint estimation mainly include the process-based (bottom-up method) and input-output based methods (top-down method) (see Table 1). The process-based method has been widely used to estimate water footprints in Europe [33] and America [44] within different boundary settings. From a life-cycle assessment, Jin et al. [25] compared the estimations by process and hybrid methods for the water footprint of power (such as fossil fuel, nuclear, wind, concentrated solar, and photovoltaic power), and the estimations based on the hybrid method were larger than those using the process method. The opposite result occurred for water footprints of hydropower. This is because the estimation of hydropower largely depends on direct water consumption during the operation stage. It can be found that water footprints in upstream stages (fuel supply and infrastructure stages) are more important for thermal power. The hybrid method has advantages in reflecting the water consumption in the upstream stage, but it is not suitable for estimation at a global level and would render the specific processes for a case study vague. A global assessment for the water footprint of power generation was conducted based on the different regions, using the bottom-up process method, and Europe was identified as featuring the largest water footprints for power generation [34]. The water footprint of a run-of-river plant was lower than that of a reservoir-based plant located in southern Norway, and the annual reinvestment was regarded as an important part of the water footprint in a run-of-river plant [48].



The input-output based method is useful for estimating the water footprint at a regional level [51], applying the Multi-Regional Input-Output (MRIO) model. It is usually calculated through the monetary interactions with other sectors (see Standard and Hybrid MRIO). Weinzettel et al. [50] compared these two methods and found that the hybrid MRIO model could match the total imports and exports with a balanced system; moreover, the standard MRIO model might introduce a significant error due to low resolution and poor data quality. Chai et al. [42] incorporated physical power flows into the Input-Output table rather than only relying on the monetary interaction, indicating that the water footprint based on the Mixed-Unit Input-Output (MUIO) method had a clear physical meaning. There is a lack of comparative studies to verify the advantage of the MUIO model.



Comparing these process-based and Input-Output-based methods, Figure 5 shows (see the purple square) that the water footprints calculated by the input-output method for coal [42] and wind [43] are larger than those calculated by the process-based methods. The reasons for this can be explained by the boundary cut-off of different method choices. The results were compared under assumed and real conditions, using these two methods: the truncation error caused by the boundary cut-off of process-based method outweighed the aggregation error of the input-output-based method [52]. The water footprint calculated by the input-output-based method usually has a higher and more accurate value than the process-based method. However, the use of the input-output-based method is limited by access to the input-output table (only published in a specific year), and the process-based method can be used in more flexible conditions (more data source choices). A more consistent method for the water footprint evaluation of power generation is still missing. This points to the need to analyse the power supply chains in their entirety, which is currently mainly contemplated for power generation [1], in order to be able to assess footprint contributions to the various stages and their interactions.



Using data published by authorised institutions, parameter-based and statistics-based methods can be used to uncover the characteristics of water footprints. The parameter-based method (see the dash symbol indicated in the legend of Figure 5), heavily relying on performance parameters, seems to be more accurate for estimating the water footprint. Water footprints for coal-fired power generation [41], natural gas-fired power generation [39], and seven renewable power generations considering different cooling technologies were developed and compared, where the water footprints were harmonised at the most likely conversion efficiencies assumed in the base case [40]. However, this method may lead to an inaccurate estimation when some key performance parameters are omitted. As Figure 5e illustrates, water footprints of geothermal power technologies are obviously lower than for other methods. The reason for this can be explained: the conditions of air temperature and humidity constraint also have a large impact on water footprints [53]. Only relying on the conversion efficiency parameter would mislead the estimation. The statistics-based method usually provides a more comprehensive and wider inventory for water footprints of different power generation pathways, but it requires high-resolution and accessible data. Jin et al. [25] used the statistics-based method (meta-analysis) to characterise the global water footprints of different power technologies (see the green dot in Figure 5), and Larsen and Drews [54] estimated the water footprints for Europe on spatial-temporal scales, while different data sources with inconsistent system boundaries and unclear definitions cannot be controlled. The water footprint of power was calculated considering the total annual amount of water that evaporated from reservoirs areas [55] and using the data from 875 representative hydro-reservoirs. This argues that the water footprint of hydropower is more consistent with the energy-related water intensity when using the net evapotranspiration from local land cover [56]. Even with a complete and available data source, there is still little agreement on what the exact water footprint range is.



Comparing these four available methods (process-based, input-output based, parameter-based, and statistics-based analyses), the lack of consistent conclusions about the exact impacts of the different technologies on the water resource has become apparent. This reveals the need for a methodological approach in order to perform a more reliable comparison of the water footprints of the various power technologies. A benchmark is needed to compare the different water footprints of power technologies. In this context, the example of the study by Bakken et al. [57] can be seen as a step forward. It proposed that an improved conceptual framework for the water footprint of hydropower was needed in a fairer way, one that did not attribute all evaporation losses from dams to power generation—as further discussed in [58]. There have been studies that have tried to develop benchmark values for water footprints from the life cycle of coal-based power generation [41], natural gas-fired power generation [39], and renewable energy technology-based power generation [40]. However, these factors are regarded as relating to the global level, and in further work, the solution needs to extend to the regional level.





2.2. Virtual Water Transfers of Power Trade


2.2.1. Virtual Water Transfers of Power Trade in Different Countries


Cross-regional power trade brings about an economic benefit for the supply side [59]. Still, it would increase the water requirements for local power generation [60]. A definition of the approximate end-use water from power at different geographic coverages and resolutions could provide the level of detail necessary to inform policy and to characterise a more accurate water-use inventory. It is crucial to analyse the virtual water embodied in power trade. The recent work related to virtual water transfers is summarised in Table 2.



Global power trade has been steadily increasing in the past decades. As illustrated, the global power trade has covered North and South America, Europe, Asia, and the southern parts of Africa. Europe has the largest power trade (up to 37.6 TWh in 2017). Germany (Europe) and Canada (North America) are identified as the largest exporters of virtual water; the United Kingdom, Italy, and the United States (North America) are the largest virtual water importers. Similar results are available from [61] in relation to identifying importers and exporters, but there are only a few studies that seek to cover the detailed power trade pathways on a global level, and just some analyses for a specific region. In Europe, the virtual water was transferred from France to Germany in 2014 but from France to Italy in 2016 [62]. Within specific countries, virtual water transfers increase: from 9.21 km3 to 11.21 km3 in the United States [63] and from 0.47 km3 to 1.79 km3 in China. Only the domestic virtual water transfer effect was involved, which can be explained by the domestic power trade effect being stronger than the global power trade effect in these countries (see Figure 6a,c—the callouts showing the trends of the virtual water flows with time for (a) the United States, (b) Europe, (c) China.). Studies on virtual water transfer and its effect by both global and domestic supply chains are still lacking and present an avenue for further work.



In order to obtain clear accounting boundaries and reliable data, most studies do not include hydropower. For other energy sources, such as wind and solar power, although they impose a small impact due to their negligible water footprints, recent work has begun to pay more attention to renewable power in power trade. The virtual water transfers via China’s electric grids (including renewable power) [64] are nearly four-fold as important as those (excluding renewable power) [65] in 2014. However, renewable power cannot be missing in the power trade.




2.2.2. Comparison of Different Methods


In the exploration of virtual water transfers of power trade, the quantitative method of virtual water transfers has been continuously improved with the improvement of data accuracy. On a coarse level, the MRIO (Multi-Region Input Output) model [70] and ecological network analysis [67] were used to estimate virtual water transfers. As has been mentioned in Section 2.1.1, the measurement of virtual water transfers is not accurate because it depends on monetary or ecological flows rather than physical power flow. A Quasi-Input-Output model [73] was first built to estimate the emission factors for purchased power from interconnected grids at the country and global levels [74]. The total electricity trade amount is divided into many power trade pathways. In this method, however, many power trade pathways are created without reasonable geographical ranges, and the amount of power transfers in real power flows is therefore cut down.



Besides these methods, network-based methods are more suitable for the quantification of virtual water transfers because the model is based on the specific power transmission data of different grids. Direct trade-adjustment [66] and Node-Flow model [69] are two typical methods. The Node-Flow model takes the indirect imports and exports of power into account and is hence more suitable than the direct trade-adjustment approach for quantifying virtual water transfers of power trade. Comparing these two methods, the virtual water transfers in China calculated by the Node-Flow method [64] are twice as important as those calculated with the direct trade-adjustment method [69] in the same year. The large difference of these two methods can be explained as follows: with virtual water estimation, the consumed power may be generated by multiple regional grids, where power is generated under different energy sources, technologies, and different geological and climatic conditions. But in the direct trade-adjustment method, the basic assumption is that consumed power is just generated under the same conditions.



The virtual water transfers in the power sector would increase regional water scarcity. Compared to virtual water trade based on the comparative advantage theory, the results for virtual water transfers within power trade are different. This is because the theory needs to consider the opportunity cost of water resources, which can only play a role when water resources become a limiting factor, and land use and labour also play important roles in the virtual water transfers in the power sector [75]. The key results are as follows:




	
Identification of specific regions that would suffer water scarcity: North-western and central regions are the largest virtual water exporters within China [69]. Germany and France are the largest virtual water exporters in Europe [62].



	
Assessment of regional water scarcity using the water stress index (WSI): the virtual scarce water footprint per unit of power consumption is used to value the potential impact of the purchasing power of end-users on water resources. It is suggested that water-stressed regions would be mitigated by using imported power generated in the water-abundant region [68].



	
Future water scarcity in the main water-exporting regions is likely to increase further due to socioeconomic and technical factors. For example, the water scarcity in north-western regions would be serious, with many ongoing long-distance power transmission projects in China [69].










2.3. Effects of Power Supply Chains on Water Scarcity


There is a conflict between water resource sustainability and power development. Water scarcity is a useful concept for characterising the environmental effects (the regional water consumption and availability) caused by the power supply chain (power supply, trade, and demand). Water scarcity can be physical or social, based on political power, policies, and socioeconomic relations. A series of indicators have been developed to describe water scarcity. Recent work has provided an inventory for them (see Table 3). All these indicators can describe the water quantity, but only the LCA-based water stress indicator and Quantity-Quality-Environmental flow requirement (QQE) indicator can describe the water quality. Under the Sustainable Development Goals (SDGs) [76], water use efficiency and the level of water stress, water abstraction, water availability, water storage, Environmental Flow Requirements (EFR), and temporal and spatial disaggregation are considered the essential characteristics of water scarcity [77]. Although there are many indicators to describe water scarcity, only a few indicators (such as the Water Stress Index (WSI)) have been applied in order to measure the impact of the power supply chain on water resources.



There are two approaches that reflect the impact of power generation on a water resource. One method is to measure the related energy by dividing the amount of water used for power generation by the total available water or by the remaining available water after other uses not related to power generation. Another method uses the water scarcity footprint, which is obtained by multiplying the water used for power production by the regional water scarcity index. Therefore, the water scarcity footprint includes the volumetric water footprint (i.e., water use inventory) and regional water scarcity information. An assessment of the water scarcity footprint of power indicated that power generation had put a serious threat to local water availability and storage, especially for northern regions in China [79].



Since local water scarcity risk can be transmitted to downstream sectors in the power supply chain, it is necessary to use virtual water scarcity indicators to characterise water scarcity from the power trade. Under the background of climate change, virtual water scarcity risk was assessed for global trade [80]. Embodied Water Export Risk and Crisis Indexes (EWERCI) is proposed to evaluate the influence quantitatively, and the results show that energy exporters lacking water resources will potentially suffer significant water shortages [61]. Virtual Water Scarcity Risk (VWSR) is used to examine the impacts of local water scarcity risk on the global trade system [81]. At the subnational level, it is necessary to consider regional water scarcity between different regions proposed to assess the scarce water of different regions by multiplying the local WSI [82]. Using this method, some studies focus on regional virtual scarcity water transfers, but a global analysis still needs some extensions. These indicators are related to water quantity, not the water quality within virtual water transfers; Chini et al. [67] tried to measure the water quality for United States electric grids using the concept of greywater, but it could not connect to the local water resources and environmental requirement.





3. Challenges and the Way Forward


The water use in power supply chains helps to understand and clarify the status and problems of water resource allocation and management in some areas, so as to ensure water sustainability alongside power development. However, there are still many issues in the actual operation and application of water footprint accounting, and these issues are also the frontier areas that should be studied in further work.



The water footprint evaluation of power generation is a crucial step, and the results show that water footprints vary significantly according to different assumptions, the selected method, and data, even for the same power generation technology. Particularly for hydropower, the precipitation, temperature, and size of hydropower plants have a significant influence on the estimation of the water footprint. It has been observed that the variations of estimates can reach up to three orders of magnitude, prompting a unification of the selection of system boundaries and elements for an evaluation.



Precipitation has not been taken into consideration in this study due to data limitation, and the accessed data also cannot provide a quantitative uncertainty analysis due to a poor basic dataset. With the development of the database on a spatial-temporal level, further work will provide a good basis for comparisons of different power technologies in different regions. For instance, the European Commission has begun to build a high-resolution database [33]. In addition, previous studies also evaluated virtual water transfer by the single domestic or global power supply chain effects, and further work should consider these two effects. The evaluation of water use embodied in power supply, demand, and trade has been studied alone. A consistent accounting framework for power supply chain evaluation is still lacking.



Water scarcity is useful for characterising the linkages between environmental impacts induced by water consumption in the power supply chain. Current studies assume the water scarcity to be a constant indicator on a temporal level. This would weaken the effects of water scarcity on water footprint quantification and virtual water transfers. The other issue is that water quality has not been well explored when compared to water quantity in terms of these water scarcity indicators. In further work, an impact-oriented water scarcity indicator should be constructed to reveal the impact of the power supply chain on water quality.



More attention should be paid to the environmental effects caused by power trade. The environmental responsibilities related to virtual water transfer are more “invisible” [83]. The exact origin of a power generation source for its end users is difficult to identify due to cross-interregional power transmission [84]. When incorporating water scarcity, the results show that inter-regional power trade can increase the water stress for the supply side, especially for a water-intensive region. It is important to identify the responsibilities on both the supply and demand sides and to compensate for a water-intensive region through subsidies and regulations that will help the development of water resource management in the power supply chain. In assessing the virtual water of power trading, the current accounting is usually limited to the trading of the power grid. The virtual water of outsourced fuel (e.g., biomass) and technology (photovoltaic panels) should also be included for a comprehensive assessment. A link can be made to other economy areas via the water footprint of the power supply chains, as can be seen from the analysis of water footprint research by Zhang et al. [85]. This is a good illustration of the importance of water for all spheres of human activities, all competing for water resources of varying quality.




4. Conclusions


This paper reviews the methods for evaluating water footprints and virtual water flows in the power supply chain. Water footprint quantification principles based on top-down and bottom-up methods are analysed and compared.



The water footprint estimates of the various power generation technologies per region vary widely. They fall within intervals spanning over three orders of magnitude. In general, the water footprint of renewable power is lower than fossil-fuel power, except for hydropower, which is significantly higher. In the available research, the occurrence of such differences could not be explained. More attention is needed for an advanced definition and standard quantification method, especially in relation to the stages and flows to be included in the assessment. A water footprint assessment framework, which considers the quality of water and spatial aspects, could provide a better basis for comparison than using only the amount of water consumed. The main restriction of a water supply arises from the quality and uneven distribution rather than from the amount.



A key observation of this review is that virtual water transfers also feature similar variations with different methods and regions. The trend of virtual water transfers in time features an upward trend in developing countries and regions (such as China), while it is stable for developed countries and regions (such as the United States and Europe). Virtual water transfer caused by domestic power trade is larger than that in regional power trade. This problem points to the need for future research for establishing a unified and agreed framework for water footprint assessment within the power generation and trade areas.



The future framework has to provide sound guidelines for the selection of evaluation methods, and a clear definition of comparable system boundaries, how to obtain and process data, and the assumptions made in the evaluation. A methodological approach is also lacking, one that would provide a more reliable evaluation and comparison of the various water footprints of different power technologies. Despite there having been many assessments on the water footprint of power, a consensus is still difficult to achieve due to the variations of various aspects (e.g., methods, assumptions, location, resources, technologies), as summarised in this review. A meta-analysis can be applied in the future.



Another significant issue that this review has identified is the lack of a method for the global virtual water assessment of the power trade. The association with virtual water transfers within the power trade will provide a new perspective for water footprint assessments.



An improved tool for the management of water and energy resources is needed and should be developed in future work. The identification of the responsibilities of both the supply and demand sides is necessary for the development of water resource management in the power supply chain. One of the essential changes that could potentially help reduce water scarcity could be the switch from higher water footprint energy sources to lower water footprint energy sources.
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Figure 1. Global power supply and demand. (a) Global power generation from 2000–2050; (b) Comparison of power demand in different regions worldwide in 2020 and 2050. (Data source: The International Energy Agency during the period 2000–2017) [6]; the predicted data from 2020–2050 [7]. 
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Figure 2. The global distribution of water scarcity, regional power generation, and net trade-in 2017. (High values of WSI represent high water scarcity in regions; data source: WSI comes from [28], the power generation data comes from [6]. The total power generation of the listed countries accounted for over 80% of the global amount; power trade data comes from [29]; the global map was extracted from the Advanced World Data Map in Microsoft Excel.) 
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Figure 3. A cause-effect diagram tracking water use in power supply chains based on the water footprint and virtual water. 
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Figure 4. Percentage contributions of life-cycle stages to water footprints in power generation (Data are extracted from [33]). 
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Figure 5. Water footprints of different power technologies in resolutions of North America, South America, Europe, Africa, Asia, Oceania, and the world. (a) coal; (b) natural gas; (c) oil; (d) nuclear; (e) geothermal; (f) hydropower; (g) solar; (h) wind. (Note: The orange diamond marker in Figure 5 represents the process-based method at the regional level [34]. The purple process-based marker represents the assessment at the country level. For example, a country in Asia). (In the calculation of the water use of power generation for Combined Heat and Power (CHP) systems, the fuel input provides both heat and power. It is assumed that thermal production contributes 90% of the total water use and heat contributes 10% and that no cooling water is required for district heating systems [34]; the green dot denotes the statistic-based method using a meta-analysis [25]; the short line is the parameter-based method for different cooling technologies for natural gas-fired power generation [39], renewable power generation [40], and coal-fired power generation [41]; the purple square is the input-output method for calculating the water footprint of coal-fired [42] and wind power [43] in China; the long line represents the process method in Europe [33] and in the USA [44].) 
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Figure 6. The global virtual water flow of power trade in 2017 (the power trade data are extracted from the United Nations database [29], and the virtual water flows are estimated using the water footprints provided by [3]); virtual water transfers of regional power trade during 2010–2016. Virtual water transfers in the United States [63] and Europe [62] are calculated by the direct trade-adjustment method, and the Node-Flow method is used for virtual water transfers in China [64]. Callouts: trends of the virtual water flows with time (a) the United States, (b) Europe, (c) China. 
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Table 1. Comparisons of different methods for quantifying water footprints.
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Process-Based Method (Bottom-Up Approach)

	
Input-Output Based Method (Top-Down Approach)




	

	
Process [41]

	
Hybrid [49]

	
Standard MRIO [50]

	
Hybrid MRIO [50]

	
MUIO [42]






	
Data source

	
Measurement data or Empirical data

	
Input-Output Table and power statistics

	
Input-Output Table

	
Input-Output Table and power statistics

	
Input-Output Table and power statistics




	
Units in tracking production chain

	
Physical

	
Physical (for power processes) and monetary for all sectors

	
Monetary

	
Physical (for power sector) and monetary for all other sectors

	
Physical (for power sector) and monetary for all other sectors




	
Matrix Allocation

	
-

	
Economic value

	
Economic value

	
Economic value

	
Physical flows for the power sector; Economic value for all other sectors




	
Life cycle coverage

	
Dependent on selective life-cycle stages

	
Yes

	
Yes

	
Yes

	
Yes




	
Technology assumed

	
Specific case/country/regional/global average

	
Specific case

	
Average case/specific country

	
Average case/specific country

	
Average case/specific country




	
Cut-off error

	
Yes

	
Yes

	
No

	
No

	
No




	
WF of a single power technology

	
   W F =    ∑  i   D  W i    

	
   W F =  (      D  W p     0     0    D  W  I O        )  ×    (       A p      −  C d        −  C u      I −  A  I O        )    − 1     

	
   W F = D  W p  ×    (  I − A  )    − 1   ×  y n    

	
   W F = D  W c  ×    (  I − A  )    − 1   ×  y n  + D W  y  np     

	
   W F = D W ×    (  I −  (        e l e c t r i c i t y   e l e c t r i c i t y    (    M W h   M W h    )        e l e c t r i c i t y   o t h e r   s e c t o r    (    M W h   m o n e y    )          o t h e r   s e c t o r   e l e c t r i c i t y    (    m o n e y   M W h    )        o t h e r   s e c t o r   o t h e r   s e c t o r    (    m o n e y   m o n e y    )       )   )    − 1     








Note: MRIO refers to Multi-Regional Input-Output; MUIO refers to Mixed-Unit Input-Output. WF denotes water footprint; DW is the direct water withdrawal in power generation; A usually represents the intermediate consumption matrix; y is the matrix of final consumption; C represents the upstream or downstream cut-off flows in the system.
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Table 2. Virtual water transfers in power trade.






Table 2. Virtual water transfers in power trade.





	Study
	Method to Account for Power Trade
	Geographic Coverage and Resolution
	Time Frame-Work
	The Source of Power
	Main Results





	Zhu et al. [66]
	Direct trade-adjustment
	China
	2010
	Thermal Hydropower
	Interregional virtual water flows largely depend on the water stress index (WSI) and virtual scarce flow concept.

The virtual water transmission pattern varies with the WSI.



	Guo et al. [67]
	Ecological network analysis
	China
	2007–2012
	Thermal power
	The northern and central grids were the most important import and export for virtual water during 2007–2012.



	Wang et al. [68]
	Direct trade-adjustment
	Regional level
	2010–2014
	Thermal power
	The water problem in water-stressed regions was mitigated by power imports from a water-abundant region.



	Zhang et al. [69]
	Network-based
	China
	2011
	Thermal power
	Water stress in north-western regions would be serious, resulting from long-distance power transmission projects.



	Liao et al. [70]
	MRIO model
	China
	2000–2015
	Thermal Hydro-
	Virtual water transfers across provinces accounted for 47.5% of the power sector’s water use.



	Chini et al. [63]
	Direct trade-adjustment
	United States
	2010–2016
	Thermal power
	Virtual water transfers in power transmission increased significantly.



	Wang et al. [71]
	Direct trade-adjustment
	China
	2014
	Power
	Interbasin power transmission would lead to a 12% increase in the water-stressed population, especially in the southern part of China.



	Chu et al. [72]
	Direct trade-adjustment
	China
	2014
	Thermal, hydro, nuclear and other
	Efforts should also be made to improve the provincial self-sufficiency through demand-side conservation and supply diversification.



	Chini and Stillwell [62]
	Direct trade-adjustment
	Europe
	2010–2017
	Thermal power
	The largest virtual water exporters are Germany and France.



	Zhang et al. [65]
	Network-based
	China
	2006–2016
	Thermal power
	Water stress in north-western China increased with virtual water exporters.

The improvement of water efficiency was the main driver for decreasing virtual water transfers.



	Zhang et al. [64]
	Network-based
	China
	2005–2014
	Thermal, hydro-, wind, and solar
	Virtual water increase is mainly driven by the change of the power generation mix and power transmission.
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Table 3. Summary of the characteristics of physical water scarcity indicators [78].






Table 3. Summary of the characteristics of physical water scarcity indicators [78].












	Indicator Name
	Measurement
	Water Quantity
	Water Quality
	EFR





	Falkenmark indicator (water shortage)
	Per capita water availability
	√
	
	



	Water stress index
	The ratio of water use to availability
	√
	
	√



	International Water Management Indicator (IWMI) (physical and economic water scarcity)
	The proportion of water supply that is water availability, accounting for water infrastructure
	√
	
	



	Water Poverty Index
	The weighted average of five components (water availability, access, capacity, use, and environment)
	√
	
	√



	Water Footprint-based assessment
	The ratio of water footprint to water availability
	√
	
	√



	Cumulative abstraction-to-demand ratio
	Cumulative abstraction-to-demand ratio
	√
	
	



	The LCA-based water stress indicator
	The ratio of water use of water footprint to availability
	√
	√
	



	Quantity-Quality-Environmental flow requirement (QQE) indicator
	Incorporating water quantity, quality, and EFR
	√
	√
	√
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