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ABSTRACT
Renewable biofuel production depends on many factors, including feedstock availability, refinery and shipment infrastructure, and in particular, water availability. This study assesses water requirement and availability for the mainstream biorefinery technologies in the Contiguous United States (CONUS). The assessment is conducted in newly defined spatial units, namely biorefinery planning boundaries (RPBs), considering feedstock availability, transportation cost, and refinery capacity requirement for cost-effectiveness. The results suggest that the total biorefinery water use in the CONUS by 2030 is low compared to the total water availability. However, biorefinery water requirements can aggravate the water stress situation in many regions, including the Great Plains, California Central Valley, and the upper Columbia-Snake River Basin in Washington. Bioenergy productions in those regions can be largely constrained by water. It is projected that biofuel production will concentrate in Northern Plains, Lake States, and Corn Belt regions, which contribute 94.4% of the conventional, 86.1% biodiesel, and 54.8% cellulosic biofuel production mandated by Renewable Fuel Standard (RFS). If biorefineries are constrained to use less than 10% of the locally available water, up to 7% of planned cellulosic biofuel production will be affected. Findings from this study can aid the sustainable planning of national bioenergy production.


1. INTRODUCTION
The renewable fuel standard (RFS1) mandates the US transportation sector to consume at least 15 billion gallons per year (BGY) of conventional biofuel, 5 BGY of biomass-based diesel (biodiesel), and 16 BGY of cellulosic biofuel by 2022. These statutory amounts are expected to continue beyond 2022, given their role in maintaining and stimulating a biomass-based renewable energy market2. Expanding the existing biofuel production to the mandated amount (e.g., from the existing 0.59 BGY cellulosic biofuel3 to 16 BGY) faces many challenges, among which water availability is a critical one at the local and even the regional level. 
According to Wu and Xu4, 1 liter (L) of biofuel consumes 39-642 L of water, depending on the feedstock and location, most of which attributes to evapotranspiration during biomass production. Another major source of bioenergy water requirement is the biorefinery conversion process, which requires 3-6 L water per liter biofuel, mostly for heating and cooling4. Especially, cellulosic biorefineries use more water than refineries based on other feedstocks (e.g., corn and soybean) because of the higher temperature and pressure required to destroy the cellulose, hemicellulose, and lignin structures and to release sugar and other reactive intermediates5. It is estimated that the blue (water in freshwater lakes, rivers, and aquifers) and green (water in the soil from precipitation)6 water use of biofuel production (for both biomass production and biorefinery) account for about 3% of the total water consumption in the US7, compared to about 10% for the whole energy sector8. 
Although biorefinery water use consists of a relatively smaller part of biofuel water consumption, it is particularly important as it requires blue water and competes directly with the existing municipal, industrial, and agricultural water uses. In contrast, feedstock production, especially dedicated energy crop production (i.e., crops grown specifically for biofuel production, such as Miscanthus and switchgrass) mostly uses green water and does not directly compete with existing water uses. The increase in blue water requirement imposes the need for additional infrastructure investments for water supply and the pressure of water price increase9. As a result, biorefinery water requirement has attracted much attention from local communities and caused conflicts10,11. For example, in 2008, a proposed 150 million gallon per year (MGY) refinery in Champaign, Illinois, did not materialize as it was estimated to consume ~10% of the Mahomet Aquifer’s water available to the county10. Therefore, previous evaluations of bioenergy development without consideration of biorefinery water use7,12 would lead to impractical results, because some planned biorefineries may never be established due to local water use conflicts. This study revisits the question on water availability for bioenergy production, with a focus on biorefinery water use, which still presents a knowledge gap in the literature. More specifically, we aim to answer this research question: how will water availability limit biorefinery development in different areas of the Contiguous United States (CONUS)?
Assessing water requirements and water availability for biorefineries is complex. There can exist a spatial mismatch between water and feedstock availabilities in an area with a certain size12, i.e., some areas can provide sufficient feedstock but insufficient water for biorefinery (e.g., the Great Plains13), and vice versa (e.g., the northeastern US14 and lower Mississippi river basin15). Such spatial mismatches of resources required for biorefinery could be partially solved through feedstock transportation, but only when the transportation is cost-effective. In addition, a minimum refinery capacity is usually needed for the economy-of-scale. The multi-faceted nature of biorefinery development calls for a holistic analysis framework to incorporate the feedstock and water availability, the consideration of transportation cost, and refinery capacity requirement.
To resolve this fundamental methodological request, we present an approach based on biorefinery planning boundaries (RPB), which are delineated according to all factors stated above. The delineation of RPB helps researchers and policymakers understand the various resource constraints of biorefineries at local and regional scales, and support biorefinery planning by suggesting potential locations of refinery plants. In this way, our study addresses sustainable bioenergy development, with a focus on the water resources point of view but within a holistic framework considering other needed resources and infrastructures. This is particularly important because water use conflicts are growing worldwide as a result of uncoordinated developments of food, energy, water, and other sectors in a watershed16–18.
2. METHODS
We first identify the major biorefinery technologies and their associated feedstock and water requirements (section 2.1); we then describe the steps for RPB delineation and those for the RFS mandate allocation (section 2.2); following that we set up indicators to assess the impact of water use constraint on RFS realization. Sources of data used in this study are shown in Section II of the supporting information (SI).
2.1 Identification of refinery technologies 
According to the RFS2, biofuels are categorized into three types: i) conventional biofuel (ethanol) produced from grain-based feedstocks (mostly from corn, see section I of the SI); ii) biomass-based diesel (biodiesel, mostly from soybean, see section I of the SI); and iii) cellulosic biofuel produced from cellulose, hemicellulose, or lignin feedstocks. We adopt these three types of biorefineries in this study and assume corn as the feedstock for conventional biorefineries and soybean for biodiesel biorefineries. The feedstocks for cellulosic biorefineries are complex, and there is very limited existing cellulosic biofuel production (Figure S2 in the SI). We assume the feedstocks for cellulosic biofuel as agricultural residuals, dedicated energy crops, forest residues, and yard trimmings, according to the Billion-Ton (BT16) report15. 
[bookmark: _Hlk86934799][bookmark: _Hlk86100315]The availabilities of various feedstocks are adopted from the projected feedstock productions under various biomass prices and crop yield assumptions in 2030 from the BT16 report15. The BT16 data is based on the results of a policy simulation model POLYSYS, which simulates land use decisions under various biomass prices, including a variety of row crops (covering more than 90% of the US agriculture lands) and energy crops. The model used the most up-to-date crop yield and cost data. The BT16 data has been widely adopted for cellulosic feedstock availability by bioenergy-related studies, especially those addressing water requirements and the associated impacts12,19. As shown in Figure S3 in the SI, the feedstock availabilities for conventional biofuels and biodiesels concentrate in the traditional Corn Belt region and the California Central Valley; the cellulosic feedstocks are mostly distributed in the Eastern and Midwestern CONUS. It should be noted that the spatial distribution of feedstock availabilities might vary under different economic and biophysical factors, e.g., under different biomass prices (Figure S1 in the SI). 
According to an extensive literature survey (section I of the SI), we identify four mainstream biorefinery technologies for water requirement assessment: i) hydrolysis and fermentation for conventional biofuel, ii) transesterification for biodiesel, iii) hydrolysis and fermentation after pretreatment for cellulosic biofuel (referred to as ‘biochemical’ for simplicity), and iv) thermochemical technology (including gasification and pyrolysis) for cellulosic biofuel (which is referred to ‘thermochemical’). The biochemical technologies for cellulosic biofuel utilize dilute-acid pretreatment and enzymatic hydrolysis to convert cellulosic feedstock to bioethanol, as described in the National Renewable Energy Laboratory (NREL) report5. The lignin components in cellulosic feedstocks are difficult to break down into sugars through the above technology, and the treatment of lignin components leads to two different systems with different water uses19: i) on-site combustion of lignin to generate heat and electricity for biorefinery, and ii) offsite export of lignin to local power plants for co-firing, with imported natural gas to meet the heat and electricity requirements of the biorefinery. The former is identical to the NREL technology and requires additional cooling water for on-site lignin combustion, as compared to the latter that exports lignin for offsite cofiring19. The gasification process in the thermochemical technology first converts dry cellulosic feedstocks into syngas through heat and pressure, further purifies and compresses the syngas, and finally converts the pressurized syngas into bioethanol and other byproducts with the aid of catalyst20. The fast pyrolysis process in the thermochemical technology uses fast pyrolysis to produce highly oxygenated liquid products, which are further hydrotreated, hydrocracked, and distilled into biodiesel and bio-gasoline (each accounts for approximately 50% of the final products)21.
Table 1. Biofuel water use rates and feedstock conversion rates by biofuel type and biorefinery technology
	Biofuel Type
	Biorefinery Technology
	Main Product
	Water Use Rate (L water/L fuel)
	Feedstock conversion rate
(kdt/ML)*
	References

	Cellulosic
	Biochemical 
(offsite export of lignin, biogas, and natural gas-fired heat and power generation)
	Bioethanol
	5.4
	4.02
(herbaceous)
3.52
(woody)
	Wu and Xu4
Humbird et al.5
Piccolo et al.24

	
	Biochemical 
(onsite combustion of lignin and biogas)
	Bioethanol
	9.8
	4.02 (herbaceous)
3.52 
(woody)
	Scown et al.19
Humbird et al.5
Piccolo et al.24

	
	Thermochemical (gasification)
	Bioethanol
	1.9
	3.74
(herbaceous)
3.15
(woody)
	Wu and Xu4
Phillips et al.20
Dutta et al.25

	
	Thermochemical (fast pyrolysis)
	Biodiesel, Bio-gasoline
	2.3
	4.71
(herbaceous)
2.96
(woody)
	Jones et al.21
Howe et al.26

	Biodiesel
	Transesterification
	Biodiesel
	0.77
	4.75
	Chiu and Wu7

	Conventional
	Hydrolysis and fermentation
(wet mill)
	Bioethanol
	4.1
	  2.65
	Mishra and Yeh23

	
	Hydrolysis and fermentation
(dry mill)
	Bioethanol
	3.6
	2.84
	Mishra and Yeh23


*kdt/ML: thousand dry ton per million liters.
The feedstock conversion rates (volume of biofuel production per unit weight feedstock) vary among the four biorefinery technologies, specific conversion pathways, and different feedstock types (corn, soybean, herbaceous cellulosic, and woody cellulosic) (Table 1). The water use rates of different technologies are shown in Table 1. Biodiesel has a small range of water use rates, and a fixed value of 0.77 L water/L fuel is adopted. The wide ranges of cellulosic and conventional biofuel water use rates are caused by different biorefinery technologies and plant designs (e.g., with various water recycling rates)4. In the following, a baseline scenario is used assuming the less water-intensive options among the mainstream technologies: biochemical technology with offsite export of lignin for cellulosic biofuel, 5.4 L water/L fuel4,22; and dry mill for conventional biofuel23, 3.6 L water/L fuel. Section 3.4 further investigates the potential impacts of different biofuel water use rates on the analysis through a sensitivity analysis.
2.2 Refinery planning boundary delineation and RFS mandate allocation
[bookmark: _Hlk86954496]The water use impacts of biorefineries over the CONUS largely depend on the spatial allocation of the RFS mandate. Traditionally, the RFS mandate is allocated based on county or crop reporting district boundaries12,27, and only depending on feedstock availabilities. Here we emphasize that biorefinery water use impacts should be evaluated in considerations of i) feedstock availability, ii) water availability, iii) transportation cost, iv) biorefinery capacity, and v) biorefinery costs and benefits. More specifically, when identifying the spatial unit of RFS mandate allocation, both feedstock and water availability should be considered to support biorefineries with minimum capacities for necessary economy-of-scale; if there are spatial mismatches between feedstock and water availabilities, transportations should be incorporated to ship feedstock from water-scarce to water-rich region when the transportation costs are affordable for biorefineries (Figure 1).
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Figure 1. A diagram showing the concept of refinery planning boundary (RPB).
We denote a refinery planning boundary (RPB) to assess the five factors listed above for three types of biorefineries (conventional, biodiesel, and cellulosic). RPBs adopt the boundaries of watersheds, the natural boundaries of water. Following the hydrologic unit codes (HUCs)28, an RPB adopts the boundary of a watershed at the HUC8, HUC6, or HUC4 level (which represent sub-basins, basins, and sub-regions, respectively). Whenever applicable, the RPB adopts a lower level HUC boundary to minimize the biomass shipment cost. The basic rule of thumb is that an RPB is first identified as a HUC8 watershed; if there is insufficient feedstock or water to support any of the three types of biorefineries with a minimum required capacity, the RPB will be shifted to a HUC6 watershed; and so on to a HUC4 watershed, the highest level of RPB in our definition. In this way, within some HUC4 RPBs, the feedstock or water, or both are not sufficient. Such RPBs may not be appropriate to produce one or any of the three bioenergy since they will either need shipment of biomass with high costs or there is a water availability restriction on biorefineries.
The largest RPBs are set to be the HUC4 watersheds, as the feedstock transportation cost of a higher-level watershed would not be affordable for biorefineries. The HUC4 level RPBs have areas close to a 155 km - radius circle (Table S3), which is close to the maximum feedstock transportation distances reported from the literature of supply chain modeling. According to Ng and Maravelias29,30, the distance threshold at which truck transportation for feedstock becomes non-economical is within the range of 81-155 km based on different assumptions. The 81 km estimation is based on assumptions including (i) corn stover with a uniform yield of 8.5 ton/(km2·year) as the biomass feedstock; and (ii) biorefineries with capacities of processing 2,000 dt (dry ton)/day biomass with dilute acid pretreatment and separate hydrolysis and fermentation29. The 155 km estimation is based on non-uniform high-resolution feedstock availability data and multi-period MILP model that accounts for depot and biorefinery selection, biomass allocation, transportation modes selection, capacity, production, and inventory planning decisions30. US Environmental Protection Agency also uses the cumulative biomass sources within ~80 km as the screening criterion for selecting suitable sites for biorefinery facilities31. 
Furthermore, regarding the minimum capacity required for each type of biorefinery, we set the minimum capacities of the conventional (10 MGY) and biodiesel (4.25 MGY) biorefineries as the 5% quantiles of the corresponding existing refinery capacities (Figure S2, SI). The minimum capacity of the cellulosic biorefinery is set to be the same as the conventional biorefinery because of the lack of empirical data, and it is further tested via sensitivity analysis. Section III of SI provides details and justifications about the identification of the minimum biorefinery capacity for RPB delineation.
The RFS mandate could then be allocated based on the spatial units of RPBs. Meanwhile, the delineation of RPBs allows the researchers and policymakers to understand the various resource constraints of biorefineries, which can be important for local resources planning and management. The delineated RPBs also provide guides for local policymakers about the direction of future biofuel-related infrastructure development (e.g., the expansion of water supply infrastructure to meet the biorefinery water demands or the investment in transportation infrastructures to reduce feedstock transportation cost), which will be further explained in sections 4.
To allocate the RFS mandate, we assume the existing biorefineries32 will maintain their full capacity by 2030. The unmet mandate for each type of biofuel is proportionally allocated to the RPBs based on their feedstock availabilities under constraints of minimum biorefinery capacities identified previously. It should be noted that our allocation of the RFS mandate is based on a simplified assumption that biofuel production will be proportional to feedstock availability. The actual biofuel production at each RPB is affected by many factors such as biofuel price, feedstock price, local political constraints, etc. More details about the RFS mandate allocation are provided in section IV of the SI.
2.3 Water use impacts of biofuel production on water resources sustainability and water infrastructure
The water use impacts of biofuel production in each RPB are represented by two indices IWA and IWU, which compare biorefinery water consumption to local water availability and to local existing non-agricultural water use, respectively:
									(1)
									(2)
where Ci is the biorefinery capacity,  is the water use rate, and subscript . QWA is the water availability for new requirements, i.e., the annual surface runoff and groundwater recharge minus the projected water use and environmental flow in 203033,34; QWU is the existing non-agriculture water use by 2015, including municipal and domestic water supply and industrial water supply for mining, thermoelectric plants, etc., collected from the USGS water use dataset35. Therefore, IWA reflects the biorefinery water use impact on remaining water resources sustainability in an RPB; IWU represents the impact on existing non-agricultural water supply capacity. It should be noted that IWU is only an approximation of the biorefinery water use’s impact on non-agricultural water supply capacity in an RPB, as biorefineries may self-supply water from local groundwater sources36 and do not affect water supply capacity with existing domestic, municipal, and industrial water uses. The existing agriculture water use capacity is not included because its infrastructure and operation are different from those of biorefinery water use (which is usually classified in the industrial water use category). For example, in some places (e.g., the Delaware river basin), agricultural water use is unregulated, but non-agricultural water use is not37. The competition of water between biorefineries, agricultural water users, and other non-agricultural water users can be reflected by IWA, an index accounting for the remaining water availability for all categories.
These two indices IWA and IWU are first assessed for a baseline scenario, assuming: i) a biomass price of 60 $/dt (BT16 report15), ii) a feedstock yield increase rate of 1% (BT16 report15), iii) a minimum cellulosic biorefinery of 10 MGY, and iv) a cellulosic biofuel water use rate of 5.4 L water/L fuel and a conventional biofuel water use rate of 3.6 L water/L fuel (Table 1). We further conduct a sensitivity analysis to investigate whether the limitation to achieving the RFS mandate due to the water use constraint is sensitive to the four factors listed above. 
3. RESULTS
3.1 Refinery planning boundaries
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Figure 2. Refinery planning boundaries under the baseline scenario and the existing biorefinery plant locations.
We identify 509 RPBs in the CONUS under the baseline scenario. We use the 10 major farm production regions (Figure S6) to assist the analysis of our result. Figure 2 shows that most sub-basin (HUC8 level) and basin (HUC6 level) RPBs are traditional agriculture areas in the Midwest (Northern Plains, Lake States, and Corn Belt), which have abundant feedstock and water availabilities (also see Figure S3 in the SI), therefore satisfying all RPB criteria. The RPBs in the rest of the CONUS are mainly at the sub-region level (HUC4 level) with different conditions. Many sub-region RPBs (altogether 45 RPBs) in Delta, Appalachia, and Northeast can provide sufficient feedstock and water for any type of biorefinery (Figure 2). However, the feedstock transportation distances in these sub-region RPBs would be higher than sub-basin and basin RPBs. Most RPBs in the Mountain region cannot provide either sufficient feedstock or water to support biorefinery, which may not support new biorefinery in the future. 16 RPBs, mostly in the Pacific and Southern Plains, can provide enough feedstock for one or two types of biorefineries but not sufficient water. Biorefineries in these sub-region RPBs will be most affected if a water use constraint is added to avoid water overuse. Finally, 105 RPBs, mostly located in the Southern Plains, Southeast, Mountain, and Appalachia, have sufficient water but cannot provide enough feedstock for at least one type of biorefinery. The latter two groups of RPBs partially fulfill the minimum biorefinery capacity conditions (with either feedstock or water limitation), but feedstock transportation may not be cost-effective in resolving the spatial mismatch of feedstock and water in these RPBs. More detailed statistics (including numbers and sizes) about the RPBs at different regions are available in Section III of the SI.
As shown in Figure 2, most of the existing biorefineries are in the RPBs with sufficient water and feedstock, which verifies our delineation of RPBs. Our delineation of RPBs is also consistent with changes in the minimum cellulosic biorefinery capacity, as is shown in Figure S4 in the SI.
3.2 RFS mandate allocation
Figure 3 shows the spatial distribution of biofuel production capacities according to RFS mandate allocation principles in section 2.2. By our projection, 100% of the conventional biofuel production, 47.2% of the biodiesel, and 2.1% of the cellulosic biofuel planned by RFS are fulfilled by the existing biorefineries (Figure S2 in the SI). The Northern Plains, Lake States, and Corn Belt regions are projected to be the major biofuel production bases in the CONUS, contributing 94.4% of the conventional, 86.1% biodiesel, and 54.8% cellulosic biofuel production mandated by RFS (Figure 3d). The Southern Plains is another major region for cellulosic biofuel production, contributing 18.2% of the RFS mandate (Figure 3d). Compared to conventional biofuel and biodiesel, cellulosic biofuel productions have a relatively even distribution in the central and eastern parts of the CONUS, attributing to the relatively even distribution of cellulosic feedstock availability in these regions (Figure S3 in the SI). Within the central and eastern parts of the CONUS, the Great Plains have the highest cellulosic biofuel production concentration.
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Figure 3. (a) Cellulosic biofuel production, (b) biodiesel production, (c) conventional biofuel production, and (d) total biofuel production by region at 2030 under the baseline scenario.
Related studies report similar even distribution of cellulosic biofuel production in the central and eastern parts of the CONUS but with different areas of high feedstock concentration38–40. The major differences are due to the different assumptions about feedstock availability in different studies. Oliver and Khanna40 restricted the cellulosic feedstocks to only agricultural residues and perennial grasses. They reported heavy production of cellulosic biofuel from the Corn Belt region, in addition to the even distribution of feedstock availability in the central and eastern CONUS. Gonzales and Searcy38 also assumed agricultural residues and perennial grasses as cellulosic feedstocks and further restricted the feedstocks to be only available from regions with average annual precipitation over 635 mm41. Their model reported relatively low cellulosic biofuel productions in the Southern Plain region. In contrast, our analysis assumes cellulosic biorefineries use the various feedstocks, including agricultural residues, perennial grasses, and forest residues (whose availabilities are simulated from the BT16 report15), thus showing relatively high cellulosic biofuel production in the Southern Plains.
3.3 Water use impacts of biofuel production
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Figure 4. Biorefinery water use as percentages of (a) total water availabilities (IWA), and (b) total existing non-agricultural water uses (IWU) of the RPBs under the baseline scenario.
Nationwide, biorefinery water use accounts for less than 0.01% of the total water available in the CONUS. However, it is projected to cause water-related concerns locally, especially in the Great Plains and California. Figure 4(a) shows that the most affected sub-regions (HUC4 level RPBs) (with the ratio between biorefinery water requirement and water availability - IWA higher than 50%) in these regions by biorefinery development include watersheds along the High Plains aquifer (e.g., the Arkansas-White-Red river basin and the Republican river basin), California Central Valley, and the Columbia-Snake river basin in Washington. Producing biofuels in the above RPBs will cause severe water-related problems, from groundwater depletion to instream ecosystem deterioration42,43, and competition with existing municipal and industrial water users. In the Northern Plains RPBs, the projected biofuel production would account for up to 30% of the existing non-agricultural water use (IWU) (Figure 4b). Such high additional water demands would demand the expansion of water supply infrastructure and drive water price increase44,45. 
In the long-term, with the development of low water consumption or even zero water consumption conversion technologies22, it is expected that the refinery water use impact could be greatly alleviated. However, in the short-term, to produce the planned biofuel sustainably, it is necessary to redirect part of the biofuel production from the water-scarce regions to water-rich regions (e.g., the Corn Belt and Lake States region). Among the three types of biofuels, cellulosic biofuel has the highest water requirement (Table 1). Moreover, cellulosic biofuel is the major type of biofuel that is expected to expand in the future. Therefore, a natural strategy is to redirect part of the cellulosic biofuel production in water-scarce regions. Under the baseline scenario, if a constraint is implemented to restrict biofuel water use to be less than 10% of the local water availability, ~1.1 BGY (~7% of the RFS mandated amount) of cellulosic biofuel capacity would be redirected. Overall, biorefineries in watersheds along the High Plains aquifer (e.g., the Arkansas-White-Red river basin and the Republican river basin), California Central Valley, and the Columbia-Snake river basin in Washington would need to redirect more than 80% of their production capacities (Figure S7) based on the current feedstock production planning and the 10% biorefinery water use constraint. 
3.4 Sensitivity analysis
The sensitivity analysis involves the perturbation of four factors: 1) the biomass price in 2030, which significantly affects the feedstock availability predicted by the BT16 report15; 2) the minimum cellulosic biorefinery capacity, which affects the RPB delineation and RFS allocation as mentioned in section 2.2; 3) the agricultural yield increase rate in the BT16 report15; and 4) the biorefinery technology choice and water use rate (Table 1). More specifically, the sensitivity analysis for biofuel water use rate investigates four scenarios: i) biochemical and high water use (9.8 L water/L cellulosic biofuel and 4.1 L water/L conventional biofuel), ii) biochemical and low water use (5.4 L water/L cellulosic biofuel and 3.6 L water/L conventional biofuel), iii) thermochemical and high water use (2.3 L water/L cellulosic biofuel and 4.1 L water/L conventional biofuel), and iv) thermochemical and low water use (1.9 L water/L cellulosic biofuel and 3.6 L water/L conventional biofuel). 
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Figure 5. Biorefinery production affected by various water constraints (10%-100% of the total water availability) and each of the following factors: (a) biomass price, (b) minimum cellulosic refinery capacity, (c) crop yield increase, and (d) biofuel water use rate.
[bookmark: _Hlk86935227]The results (Figure 5) suggest that the total affected cellulosic biofuel production is sensitive to cellulosic biomass price, the minimum cellulosic biorefinery capacity, the agriculture yield growth rate, and the conversion technology. The total affected cellulosic biofuel production correlates strongly with the water use constraint when the biomass price is higher than $50/dt, but such correlation diminishes as the biomass price decreases. The impact of cellulosic biomass price (Figure 5a) could be explained by the spatial distribution of cellulosic feedstock availability, which varies significantly under different biomass prices. In general, cellulosic biofuel production is more sensitive to the water use constraint if the cellulosic feedstock availability is more evenly distributed in regions with sufficient but not abundant water for biorefineries (e.g., the Great Plains). The cellulosic feedstock is mostly from the low-cost crop residues under a low biomass price, which are available mainly in a small number of RPBs (e.g., in the North Plains and Southeast regions). Under a high biomass price (larger than 50 $/dt), cellulosic biomass from dedicated energy crops (e.g., Miscanthus, biomass sorghum, energy cane, and switchgrass) will become profitable in more lands, which will lead to evenly distributed dedicated energy crops in the central and eastern US (Figure S1 in the SI). It should be noted that the impact of biomass price shown in Figure 5(a) relies on the assumption that cellulosic biofuels will be produced from crop and forest residues, as well as dedicated energy crops. While the future composition of feedstocks for cellulosic biofuels is uncertain, the above assumption is widely adopted in biofuel-related studies46,47, because dedicated bioenergy crops (which have higher carbon emission benefits) alone cannot support the 16 BGY cellulosic biofuel mandate by the RFS.
The minimum cellulosic biorefinery capacity affects the delineation of the RPBs. In general, a higher minimum cellulosic biorefinery capacity results in larger RPBs. The transition of small-size HUC6 and HUC8 level RPBs to large-size HUC4 level RPBs in the lower Mississippi River Basin and Northern Plains (Figure S4 in the SI) may significantly reduce the spatial mismatch between feedstock and water availability in these regions. As a result, the affected cellulosic biofuel production capacity decreases with the minimum cellulosic biorefinery capacity (Figure 5b). The impact of conversion technology (Figure 5d) is expected: the biochemical conversion technology is most water-intensive and thus the scenario adopting it is most affected by the water use constraint. 
4. DISCUSSIONS
4.1 Sources of uncertainty
Our estimation of RFS mandate allocation and refinery water use impact analysis is subject to some notable uncertainties. First, the biofuel yields and consumptive water use rates of different conversion technologies (Table 1) might vary from place to place because of the different feedstock traits (e.g., lignin contents)19,48, conversion pathways49, and temperatures (which affect the cooling water consumption)50 in different regions. Our analysis did not account for many other types of fuels eligible for RFS compliance, such as naphtha, butanol, renewable compressed natural gas, renewable liquefied natural gas, and renewable electricity. Coupling our analysis framework with techno-economic analysis (TEA) modeling can enable the incorporation of the factors discussed above into biorefinery water use impact evaluation. However, TEA involves detailed chemical process modeling and analysis, which is a field of research within itself.
Second, the water availability in 2030 is affected by the various uncertainties associated with the hydrological processes and future climate change. It is projected that the groundwater storage in the Southern Plains will be declining at 2.331.14 mm/yr in the future because of climate-driven effects51, and the refinery water use impact of this region would be more serious than our estimations in section 3.3. We suggest future researchers incorporate a hydrological model and general circulation model simulations52 to fully investigate the uncertainty associated with future water availability.
[bookmark: _Hlk94168481][bookmark: _Hlk94297342]Third, the impacts of intra- and inter-annual variability in water availability on biorefinery production and water use are not included in the current analysis. Especially, droughts can have significant impacts for biorefineries. During a drought event, the reduced total water availability can lead to water right curtailment, especially when biorefinery water right priority is relatively low compared to some sectors such as domestic and municipal water use53. On the other hand, severe droughts can lead to biomass production reduction and hence difficulty in securing feedstock requirement from areas around biorefineries54, which, along with water use curtailment for the biorefineries, can cause additional risk in bioenergy production, as well as additional cost to transport feedstock from distant locations55. Furthermore, drought can lead to biomass composition changes such as the reduction of glucan, xylan, and lignin components and the increase of soluble sugars, which can create inhibitors during biomass pretreatment and lower the biofuel conversion efficiency56,57. To account for the impact of water availability variability (such as drought) on biorefinery water use and RFS mandate allocation, a stochastic modeling framework that accounts for various disrupting risks and uncertainties including but not limited to water right curtailment, transportation cost, feedstock composition, and conversion efficiency is needed58,59. A possible means is to allocate RFS mandate by minimizing the overall supply chain cost while limiting the maximum amount of drought-induced loss.
Fourth, our analysis is subject to uncertainties in feedstock prices. Because of the high transportation cost, the feedstock market (especially the cellulosic feedstock market) is expected to be regional rather than national. In addition, given the impact of various bioenergy policies (e.g., the Biomass Crop Assistance Program60) and land availabilities for cellulosic energy crops14,61,62, a nationwide consistent cellulosic biomass price is unlikely. To investigate the impact of feedstock price on refinery water use impact, the incorporation of an economic model such as Biofuel and Environmental Policy Analysis Model (BEPAM)63 is suggested. 
4.2 Implications for biorefinery planning
This study estimates the biorefinery water use to meet the RFS with the most up-to-date data. It is found that although refinery water use is not a major concern nationwide, it may cause water problems and biorefinery limitations at the local scale. The most affected watersheds locate in the Great Plains and California, which are the Arkansas-White-Red river basin and the Republican river basin in the High Plains, California Central Valley, and the Columbia-Snake river basin in Washington. New biorefineries in these regions would deplete the already limiting surface water and groundwater resources, especially watersheds in the Great Plains64.
[bookmark: _Hlk86934645]Bioenergy development should be analyzed as a multi-faceted problem that involves considerations in feedstock production, water supply, water security, transportation cost, and the costs and benefits of biorefinery investments. The implications of RFS water use impacts are diversified, which could be explained by the RPB delineation in Figure 2. Specifically, the sub-basin (HUC8 level) and basin (HUC6 level) RPBs in the Midwest, as well as the sub-region (HUC4) level RPBs located in the Delta, Appalachia, and Northeast satisfy all the three minimum capacities; these RPBs have both abundant water and feedstock and can be appropriate regions for new biorefineries. These regions may need to expand their existing water supply infrastructures to meet the increasing water demand from biorefineries, especially those RPBs in the Northern Plains where expected future biorefinery water demand accounts for more than 20% of existing non-agricultural water use (Figure 4). Most RPBs in the Southern Plains and California have either insufficient water or feedstock for biorefineries, and more investments for improved but cost-effective transportation infrastructure or new feedstock condensation technologies such as pelletizing65, briquetting66, and squeezing67 are needed in these regions to make feedstock and water availability match crossing adjacent areas. 
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