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Abstract 20 

Bioenergy with carbon capture and storage (BECCS) is crucial in many stringent climate 21 

scenarios. Although irrigation can enhance BECCS potential, where and to what extent it can 22 

enhance global BECCS potential are unknown when constrained by preventing additional 23 

water stress and suppressing withdrawal of nonrenewable water resources. With a spatially 24 

explicit representation of bioenergy crop plantations and water cycle in an internally consistent 25 

model framework, we identified the irrigable bioenergy cropland based on the water resources 26 

reserve. Irrigation of such cropland enhanced BECCS potential by only 5–6% (< 60–71% for 27 

unconstrained irrigation) above the rainfed potential (0.82–1.99 Gt C yr-1) by the end of this 28 

century. Nonetheless, it limited additional water withdrawal (166–298 km3 yr-1), especially 29 

from nonrenewable water sources (16–20%), compared to unconstrained irrigation (1392–30 

3929 km3 yr-1 and 73–78%). Our findings highlight the importance of irrigation constraints in 31 

global BECCS potential.32 
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To prevent dangerous anthropogenic interference with the climate system, the Paris Agreement 33 

set goals of limiting the global temperature increase to well below 2°C and pursuing efforts to 34 

limit it to 1.5°C1. To achieve such an ambitious temperature goal, removal of CO2 and other 35 

greenhouse gases from the atmosphere (also known as negative emission) is considered 36 

inevitable2-5. Among the different negative emission technologies, large-scale deployment of 37 

bioenergy with carbon capture and storage (BECCS) has been considered one of the most 38 

promising methods in many stringent climate scenarios3,6-8. For example, a comprehensive 39 

review showed that a median BECCS deployment of around 3.3 Gt C yr-1 in 2100 is needed in 40 

scenarios consistent with the 2°C climate goal3,9. Large-scale BECCS deployment would 41 

require more land for bioenergy crop plantations. For example, a median range of 250–910 42 

Mha of bioenergy cropland is needed across the different socioeconomic scenarios in 43 

representative concentration pathway (RCP) 2.610. However, without adequate, careful 44 

management for environmental sustainability, bioenergy crop plantations on such a large 45 

spatial scale would lead to adverse effects, such as water scarcity, diminished biodiversity, land 46 

degradation, and desertification2,9-19.  47 

 48 

Reductions in the land area needed for bioenergy crop plantations could be achieved by 49 

enhancing biomass yields. Several studies have shown that irrigation can increase yields and 50 

thus reduce cropland area, but the global total irrigation water consumption would double or 51 

even triple9,12,20-23 if water were limitlessly available at any location and time. Apparently, 52 

large-scale irrigation would further exacerbate the future water stress associated with the 53 

increasing demands of conventional water use (i.e., agricultural, industrial, and municipal 54 

water use)14,24-29. For instance, a recent study showed that irrigation would lead to severe water 55 

stress even exceed the impact from climate change itself when increasing bioenergy crops 56 

productivity to the level consistent with 1.5°C goal30. Without such prescribed external demand 57 
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for productivity, where and to what extent irrigation can enhance the global BECCS potential 58 

remains unknown under sustainable water use, which we define as water use securing the local 59 

and downstream water availability for conventional water use and environmental flow 60 

requirements, suppressing nonrenewable water resources withdrawal, and preventing 61 

additional water stress. A previous study considered water availability at grid-cell level22, but 62 

the downstream water availability, nonrenewable water resources use, and possible additional 63 

water stress were neither the focus nor included. Here, we addressed these knowledge gaps by 64 

incorporating the concept of sustainable water use as defined above into the irrigation 65 

management of bioenergy crop plantations. This enabled us to determine the global BECCS 66 

potential constrained by sustainable irrigation. 67 

 68 

To prevent adverse effects pertaining to biodiversity, food production, land-use change 69 

emission, land degradation, and desertification due to large-scale land conversion, we adopted 70 

protections for the areas protected for biodiversity, areas of cropland, forest and wetland, and 71 

areas under land degradation and desertification. Under this perquisition, two land scenarios 72 

were developed for plantations of the dedicated second-generation bioenergy crops, namely 73 

Miscanthus and switchgrass. In the first scenario, pastureland is also protected (scenario PP). 74 

To consider the uncertainty of land-use conversion and dietary change (e.g., shifting toward 75 

less relying on livestock products31), we developed another scenario in which pastureland 76 

conversion (scenario PC) is allowed (see Fig. 1a and Methods for details). To reveal the 77 

irrigation water constraints for global bioenergy crop plantations, we investigated three distinct 78 

irrigation scenarios: no irrigation (rainfed; RF), irrigation of all bioenergy cropland without 79 

any water constraints (full irrigation; FI), and irrigation of some bioenergy cropland with 80 

constraints of water availability (sustainable irrigation; SI). In SI, we simulated the volume of 81 

water available for bioenergy crop irrigation as the reserve of the renewable water resources at 82 
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the grid-cell level. Then, we assigned the irrigable bioenergy cropland within the availability 83 

of the reserved water based on the bioenergy crop water consumption (see Fig. 1b and Methods 84 

for details). Simulations were conducted with the global hydrological model H08, which 85 

includes anthropogenic water use and management (see Methods for details). H08 specifies the 86 

source of water globally at a spatial resolution of 0.5° at daily time steps. Water sources are 87 

divided into surface water (river, aqueduct, reservoir, desalinated seawater, and non-local and 88 

nonrenewable surface water) and groundwater (renewable groundwater and nonrenewable 89 

groundwater). The environmental flow required to safeguard river ecosystems is considered. 90 

For the six scenario combinations, simulations were conducted for 2080–2099 using H08 (see 91 

Methods for details). Based on a series of simulations, we identified the spatial distribution and 92 

extent of the irrigable bioenergy cropland from the total bioenergy cropland, quantified the 93 

gain of the global BECCS potential due to sustainable irrigation, specified the sources of the 94 

additional irrigation withdrawal, analyzed the water stress additionally imposed, and conducted 95 

the sensitivity analysis.  96 

 97 

Results 98 

Our results follow. 99 

Global BECCS potential 100 

Under the rainfed condition (RF), the average global BECCS potential in 2090 was only 0.82 101 

and 1.99 Gt C yr-1 in the PP and PC scenarios, respectively (Fig. 2a). The BECCS potential 102 

reached 1.32 and 3.42 Gt C yr-1 (60% and 71% increases compared to that under RF) under full 103 

irrigation (FI) in PP and PC, respectively, whereas under sustainable irrigation (SI), the BECCS 104 

potential was 0.88 and 2.09 Gt C yr-1 in PP and PC, respectively (5% and 6% increases 105 

compared to that under RF). This indicates that the gain in the BECSS potential is largely 106 

constrained if implementing sustainable irrigation management as we defined in SI. Note that 107 
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the carbon capture rate and conversion efficiency are important parameters and have a large 108 

impact on the BECCS potential12,32. For instance, with lower capture ratios, the BECCS 109 

potential could be reduced to 50% or 75% of current estimates (Supplementary Fig. 1). 110 

Therefore, our estimates appear optimistic because the calculation was based on the assumption 111 

of converting the biomass into synthetic natural gas with a higher capture rate (see Methods). 112 

 113 

Global bioenergy plantation land and irrigated area 114 

In total, 188 and 444 Mha were assigned to bioenergy crop plantations in the PP and PC 115 

scenarios, respectively (Fig. 2b). Although the land area under PP is smaller than that under 116 

PC, it is beneficial for reducing greenhouse gas emissions induced by land-use change from 117 

pastureland33. The respective areas irrigated under RF, SI, and FI with the different irrigation 118 

scenarios, were 0, 39, and 188 Mha in PP and 0, 64, and 444 in PC, respectively. The ratio of 119 

irrigated land to total bioenergy plantation land under SI was small (21% and 14% in PP and 120 

PC, respectively). Spatially, the land available for bioenergy crop plantations was mainly 121 

distributed in Russia, South America, middle Africa, and parts of southeast Asia and the United 122 

States (Supplementary Fig. 2a and 2b), whereas the irrigated areas under SI were mainly 123 

concentrated in high-latitude areas in Russia and central Africa (Supplementary Fig. 3a and 124 

3b). 125 

 126 

Global additional irrigation water withdrawal 127 

Sustainable irrigation resulted in little volume of additional water withdrawal (166–298 km3 128 

yr-1) (Fig. 2c), corresponding to only 6–11% of the current agricultural water withdrawal (2769 129 

km3 in 2010)34. From the perspective of water sources, water was taken mainly from renewable 130 

sources under SI. The largest water source was rivers (73–76%), followed by renewable 131 

groundwater (5–6%). Only 16–20% of the water was sourced from non-sustainable water 132 
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sources35 (non-local and nonrenewable surface water and nonrenewable groundwater). By 133 

contrast, under full irrigation, a large volume of irrigation water withdrawal (1392–3929 km3 134 

yr-1) was additionally needed, and the lower and higher bounds of this range were comparable 135 

to the sum of current industrial and municipal water withdrawal (1232 km3 in 2010)34 and the 136 

present total water withdrawal for all sectors (4001 km3 in 2010)34, respectively. Moreover, 137 

water was taken mainly from non-sustainable water sources (73–78%) because streamflow or 138 

renewable groundwater is unavailable for most locations in arid or semiarid zones when it is 139 

needed in the daily interval simulation. Water taken from rivers accounted for only 16–19% 140 

and that from renewable groundwater accounted for only 4%. This indicates that sustainable 141 

irrigation largely reduces the total amount of water withdrawal and the fraction of non-142 

sustainable water withdrawal.  143 

 144 

Note that the additional water withdrawal under sustainable irrigation was accompanied by 145 

very low additional water stress (Fig. 3a and Supplementary Fig. 4a; Supplementary Table 1 146 

details the water stress categories), whereas it was accompanied by significant additional water 147 

stress under full irrigation in many regions, such as the Southeastern South America, Southern 148 

Africa, North-East Brazil, East Africa, North Asia, West Africa, Central North America, 149 

Central Europe, West Asia, Central America, Central Asia, and East Asia especially in the land 150 

Scenario PC (Fig. 3b and Supplementary Fig. 4b, see Supplementary Fig. 5 for region details). 151 

 152 

Sensitivity analysis 153 

Theoretically, our simulation of SI was sensitive to two parameters: the water use fraction 154 

(WUF; set at 10% under SI) and the reference flow (REF; set at Q95 under SI). Here, WUF is 155 

the fraction of the available water used for bioenergy crop irrigation and REF is the streamflow 156 

rate to define the local available water resources; see Methods for parameter details). Parameter 157 
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combinations can enhance the BECCS potential via intensified irrigation (Fig. 4a–4c), but there 158 

is a tradeoff between additional irrigation water withdrawal and the corresponding BECCS 159 

potential. For instance, in land scenario PP, if we set WUF=50% or 90%, and fix REF=Q95, 160 

the average irrigation water withdrawal and the non-sustainable water withdrawal would 161 

increase to 2.2 or 2.8 times, and 5.3 or 8.4 times of the original values (when WUF=10% and 162 

REF=Q95), respectively (Fig. 4d–4i). The findings were similar in land scenario PC. This 163 

indicates that increasing WUF allows more irrigation water withdrawal for bioenergy crops, 164 

but it eventually results in increased use of non-renewable and non-local water resources. 165 

However, the increase in the corresponding BECCS potential was quite limited at 7% (from 166 

0.88 to 0.94 Gt C yr-1) or 10% (from 0.88 to 0.97 Gt C yr-1) (Fig. 4j–4i) because most of the 167 

increased irrigated area is concentrated in Russia and the central Africa (Supplementary Fig. 168 

3), where the biomass yield is relatively high, even under rainfed condition, and irrigation has 169 

limited effects on the biomass yield. In comparison, in land scenario PP, if we fix WUF=10%, 170 

but set REF=Q10, the average irrigation water withdrawal and the non-sustainable water 171 

withdrawal would increase to 3.0 times and 9.6 times the original values (when WUF=10% 172 

and REF=Q95), respectively (Fig. 4d and 4g). Similarly, the increase in the average BECCS 173 

potential would be quite limited at 11% (Fig. 4j). Our sensitivity test indicated that the BECCS 174 

potential could not reach the level under full irrigation even with the setting for the maximum 175 

water use (e.g., when WUF=90% and REF=Q10), because the irrigable area is constrained by 176 

the available water in the arid regions, especially in the PC scenario. Moreover, for the 10%, 177 

50%, and 90% water use fractions, our results indicated that there are apparently nonlinear 178 

relationships between the reference flow and the irrigated area, irrigation water withdrawal, 179 

and the non-sustainable irrigation withdrawal, with an inflection point at REF of Q50, above 180 

which the volumes of these three terms increase sharply (Fig. 4a–4l). Note that the ranges 181 

shown in the shaded area represent the uncertainty, mainly due to the biomass source of 182 
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Miscanthus or switchgrass. For example, the higher bound of the range of the BECCS potential 183 

is based on Miscanthus, while the lower bound is based on switchgrass (Supplementary Figs. 184 

6 and 7).  185 

 186 

Implications and caveats 187 

With increasing concerns about, and continuing discussion of, the feasibility and adverse 188 

effects of large-scale BECCS deployment, investigating the BECCS potential by considering 189 

sustainability constraints of water and land is critical2,11,12,16,36-39. Our study proposes a 190 

sustainable irrigation method for bioenergy crop plantations that does not impose additional 191 

water stress, adding insight to the continuing discussion of the future of BECCS. Our 192 

simulation of only 0.88 Gt C yr-1 under PP_SI can be regarded as the maximum BECCS 193 

potential with strict consideration of water and land sustainability that would not lead to 194 

additional water stress, biodiversity loss, or competition with food production. This relatively 195 

low volume of BECCS potential implies that climate mitigation scenarios that rely mainly on 196 

BECCS deployment may have difficulty or present risk in achieving the 2°C or 1.5°C climate 197 

goal3,40 (e.g., the median BECCS demand varied from 1.6 to 4.1 Gt C yr-1 in scenarios that 198 

consistent with the 2°C or 1.5°C goal in 210041). This result is consistent with the opinion that 199 

BECCS might not be considered the dominant technology in IPCC and other scenarios aiming 200 

at the Paris climate goal42. Our specification of the amounts and sources of additional irrigation 201 

water withdrawal for bioenergy crop plantations among the different irrigation scenarios 202 

elucidates the BECCS potential and irrigation water tradeoffs, especially for distinguishing the 203 

sustainable and non-sustainable water sources, which are typically ignored in previous studies 204 

based on integrated assessment models, although they have more explicit economic 205 

frameworks39,43. This also complements the studies20,22 based on similar biophysically 206 

constrained models, because such source-specific water withdrawal has not yet been reported. 207 
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 208 

Although we quantified the constraints of sustainable irrigation on the global BECCS potential, 209 

continued research is needed. First, involvement of field water management measures (e.g., 210 

mulching, water collection, and conservative tillage) as adopted in a previous study22 in the 211 

sustainable irrigation scheme can provide valuable complementary insights into the tradeoffs 212 

between BECCS potential and additional water withdrawal. For example, there might be a 213 

considerable reduction of the additional water withdrawal due to the decrease of crop 214 

evapotranspiration or irrigation target although such measures might be hampered due to the 215 

large economic investments22. Second, detailed combination of the sustainable irrigation 216 

scheme with a temporal evolution of the land use scenario that systematically considers the 217 

peak warming level, peak warming time, and post-peak temperature change36 can further 218 

illustrate the nexus of water, BECCS potential, and the climate goal in a temporally specific 219 

manner. Third, the bioenergy plantation land described here excludes current cropland, which 220 

means additional irrigation equipment would be needed; therefore, an explicit consideration of 221 

the cost and feasibility of the additional infrastructure implementation for bioenergy crop 222 

irrigation would provide a better understanding of the feasible BECCS potential. Finally, we 223 

acknowledge that the BECCS potential could be increased with an optimized plantation scheme 224 

that also includes woody biomass, although its yield is generally lower, and the harvest interval 225 

is much longer than for the herbaceous biomass considered here44. Similarly, including the 226 

feedstocks from the managed forest and agricultural residues could also increase the BECCS 227 

potential45,46. 228 

 229 

Overall, our findings help to reveal the constraints of sustainable water management on 230 

irrigable area for bioenergy crop plantations and therefore the final global BECCS potential. 231 
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Our study highlights the importance of determining the biophysically constrained BECCS 232 

potential when pursing the 2°C or 1.5°C climate goal. 233 

 234 

Methods 235 

To quantify the water availability constraints on the global BECCS potential explicitly, in this 236 

study, we used the global hydrological model H08, which allows the simultaneous simulation 237 

of the bioenergy crop growth, yields, and corresponding irrigation water withdrawal and 238 

sources within a detailed spatiotemporal representation of the global hydrological cycle with 239 

major anthropogenic activities. With strict protections for natural protected areas, forest, 240 

cropland, pastureland, wetland, etc., we developed two land scenarios for bioenergy crop 241 

plantations, treating one as a comparison to consider the land uncertainty. For each land 242 

scenario, we considered three distinct irrigation scenarios (no irrigation, full irrigation, and 243 

sustainable irrigation). Finally, we estimated the average global BECCS potential and 244 

additional irrigation water withdrawal of the two bioenergy crops under each scenario for 245 

2080–2099, with explicit consideration of climate and socioeconomic changes. The model, 246 

scenario, simulation, and method used to calculate the BECCS potential are described in detail 247 

in the following sections. 248 

 249 

Global hydrological model H08 250 

H08 is a grid-cell-based global hydrological model that has the function of addressing the 251 

impacts of major human activities, such as irrigation and reservoir operation, on the global 252 

hydrological cycle. It has six sub-models, including land surface hydrology, river routing, 253 

reservoir operation, crop growth, environmental flow, and anthropogenic water withdrawal47,48. 254 

It was updated by the inclusion of groundwater recharge and abstraction, aqueduct water 255 

transfer, local reservoir, seawater desalination, and return flow and delivery loss schemes35. 256 
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These sub-models and schemes enable H08 to simulate natural and anthropogenic hydrological 257 

processes and crop growth, at a spatial resolution of 0.5° and a daily interval. 258 

 259 

Specifically, the land surface hydrology sub-model is a standard land surface model that solves 260 

the surface water and energy balance and simulate the main water cycle components, such as 261 

evapotranspiration and runoff. Streamflow is simulated by the river routing through the global 262 

digital river network. The simulation explicitly includes the flow regulation of 963 major world 263 

reservoirs. The crop growth sub-model is based on heat unit theory to accumulate the biomass 264 

and can simulate the cropping duration and crop yields for 18 traditional crops and 2 bioenergy 265 

crops (Miscanthus and switchgrass). Factors such as water and air temperature are regulated to 266 

constrain the biomass production. The simulated bioenergy crop yields for Miscanthus and 267 

switchgrass have been calibrated and validated through site-specific data globally, which 268 

agreed well with the observations49. The simulated yield of Miscanthus was generally higher 269 

than that of switchgrass (Supplementary Figs. 8 and 9), e.g., with respective mean values of 270 

19.2 and 7.6 Mg ha-1 yr-1 under PP (pastureland protection)_RF (rainfed), because Miscanthus 271 

has a higher radiation use efficiency and a longer cropping period. Sustainable irrigation 272 

increased the yield marginally, e.g., the yield was increased by 15% and 16% under PP_SI 273 

compared to 50% and 48% under PP_FI for Miscanthus and switchgrass, respectively. A 274 

complete description of the model and its performance, including information on the bioenergy 275 

crop water consumption, water use efficiency, and the irrigation effect among different climate 276 

zones can be found in Ai et al.49. The environmental flow sub-model can estimate the 277 

streamflow that is needed to maintain the aquatic ecosystem. The anthropogenic water 278 

withdrawal sub-model can simulate the water requirements for irrigation (for both food and 279 

bioenergy), industry, and municipalities, which are allocated to seven sources (rivers, 280 

aqueducts, local reservoirs, seawater, non-local and nonrenewable surface water, renewable 281 
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groundwater, and nonrenewable groundwater)48. Irrigation water demand is simulated by the 282 

difference in the soil moisture deficit (i.e., the discrepancy between the targeted and actual soil 283 

moisture) during crop- and site-specific cropping periods. The estimated major hydrological 284 

components (streamflow and total water withdrawal) have been validated in a series of 285 

previous studies35,47,48. The simulated irrigation water demand by Miscanthus is generally 286 

higher than that by switchgrass (Supplementary Fig. 10), varying from less than 200 mm yr-1 287 

to over 1000 mm yr-1 depending on the spatial variation in precipitation and crop water 288 

consumption. 289 

 290 

Water withdrawal in H08. In H08, water withdrawal is designed to meet the water use of the 291 

municipal, industrial, and irrigation sectors. To meet the entire water requirements, water is 292 

abstracted from both surface water and groundwater. Note that water is first abstracted to meet 293 

municipal use, then industrial use, and finally irrigation water use. The order of water 294 

abstraction from each source of surface water and groundwater follows. For surface water, 295 

water is first taken from river until it meets the requirements, or the streamflow reaches the 296 

environmental flow requirements. If streamflow cannot meet the requirements, water is taken 297 

from an aqueduct, local reservoir, seawater (assumed for municipal and industrial uses only) 298 

and the so-called non-local and nonrenewable surface water. For groundwater, water is first 299 

taken from renewable groundwater and then from nonrenewable groundwater. A schematic 300 

figure is shown in Supplementary Fig. 11. Additional details are provided in Hanasaki39. 301 

 302 

Environmental flow requirements in H08. Environmental flow is the flow needed to maintain 303 

the river ecosystem. H08 uses Shirakawa’s model50 to estimate environmental flow. The 304 

mechanism is as follows: first, the land area is divided into the four climate categories of dry, 305 

wet, stable, and variable based on the monthly streamflow (q); then, the environmental flow 306 
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requirements are calculated using different equations under each climate and specific condition 307 

(Supplementary Table 2). 308 

 309 

Land and irrigation scenarios 310 

In the standard H08, one grid cell is separated into the four sub-cells (four mosaic land uses) 311 

for double-irrigated cropland, single-irrigated cropland, rainfed cropland, and other land uses51. 312 

Here, we added the two land uses for irrigated bioenergy crops and rainfed bioenergy crops in 313 

each grid cell with explicit consideration of two bioenergy land scenarios and three irrigation 314 

scenarios. This enabled us to estimate soil moisture and other hydrological fluxes specific to 315 

bioenergy crops. 316 

 317 

Two bioenergy land scenarios were developed (Fig. 1a). First, similar to a previous study22, a 318 

whole grid cell was excluded from conversion to bioenergy land if it was in the World Database 319 

for Protected Areas (WDPA)52, a biodiversity sensitive and land degraded area53, or a wetland54. 320 

An entire grid was also excluded from conversion to bioenergy if the yield was less than or 321 

equal to 2 Mg ha-1 yr-1 or if it was covered by a desert climate. Then, the land use fractions for 322 

cropland51, pastureland55, forest (both managed and unmanaged)55, and built areas55 in each 323 

grid cell were excluded from conversion to bioenergy land under the pastureland protection 324 

(PP) scenario. By contrast, pastureland55 was not excluded under the pastureland conversion 325 

(PC) scenario to investigate the land uncertainty. Finally, the land fraction remaining in each 326 

grid cell refers to the fraction of the total bioenergy land. Here, the fraction of pastureland, 327 

forest, and built areas in each grid cell in 2090 under RCP 2.6 and SSP1 (sustainability), SSP2 328 

(middle of the road), and SSP5 (fossil-fuel development) that are compatible with the 2°C 329 

climate goal are from AIM/Hub56 and AIM/PLUM57 outputs55. The global areas for each land 330 

use are shown in Supplementary Fig. 12. To maintain the current cropland area, the fraction of 331 
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cropland used here is from the default setting in H08, because the cropland areas from the 332 

AIM/Hub and AIM/PLUM outputs are lower than those in H08 (Supplementary Fig. 12). 333 

 334 

After determining the fraction of total bioenergy land in each grid cell, as shown in Fig. 1b, we 335 

partitioned it into the fractions of irrigated and rainfed bioenergy land. In total, we considered 336 

three distinct irrigation scenarios (no irrigation, full irrigation, and sustainable irrigation). For 337 

sustainable irrigation (SI), the available water rate used for irrigating the bioenergy crop was 338 

estimated as the product of reference flow (REF) and water use fraction (WUF). Here, the 339 

reference flow (kg s-1) is the flow rate used to estimate the local water availability and is 340 

expressed as the different percentiles of the mean monthly streamflow (2080–2099) (e.g., Q95 341 

is the 95th percentile flow, while Q10 is the 10th percentile flow). This was then aggregated to 342 

annual values as the annual amount of the available irrigation water (kg yr-1) for bioenergy 343 

crops. To calculate a given percentile flow (Pth, e.g., P is 95 for 95th percentile flow), the mean 344 

monthly flow was firstly arranged in a descending order. Then, the Pth percentile flow was 345 

obtained by taking the value from the ordered list that corresponds to the rank (calculated as 346 

! !
"##

× 12%). In this sense, Q95 indicates a low flow rate, while Q10 indicates a high flow rate. 347 

That is, the amount of available irrigation water in a grid cell increases with the change in 348 

reference flow from Q95 to Q10. The water use fraction is the ratio of irrigation water 349 

withdrawal to the reference flow. These two parameters were set as Q95 and 10%, respectively. 350 

This ensures that the remaining 90% of the low flow can be used for downstream water use 351 

(i.e., agricultural, industrial, and municipal water withdrawal), especially in dry periods. To 352 

evaluate the variability of the two parameters, a sensitivity test was conducted by replacing the 353 

10% water use fraction with 50% and 90%, as well as by replacing the Q95 flow with other Q 354 

values (Q90, Q80, Q70, Q60, Q50, Q40, Q30, Q20, and Q10). Then, the irrigated bioenergy 355 

area could be obtained by dividing the annual amount of available irrigation water (kg yr-1) by 356 
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the annual water consumption per area (kg m-2 yr-1) for each bioenergy crop (Miscanthus and 357 

switchgrass). The fraction of irrigated bioenergy land was then calculated as the irrigated 358 

bioenergy area divided by the total land area in each grid cell. Finally, the fraction of rainfed 359 

bioenergy land was obtained by calculating the difference between the fractions of total and 360 

irrigated bioenergy land in each grid cell. For rainfed (RF), the bioenergy crop in a grid cell 361 

was all rainfed with no irrigated fraction. For full irrigation (FI), the bioenergy crop in a grid 362 

cell was all irrigated with no rainfed fraction. 363 

 364 

Simulations 365 

A series of simulations was conducted with H08 for different purposes. First, the crop sub-366 

model was used to obtain the annual yield and water consumption per area for each bioenergy 367 

crop, which were used in the process of making the bioenergy land mosaic. Second, the coupled 368 

model of H08 (without bioenergy) was used to obtain monthly discharge, which was used to 369 

calculate the reference flow. Third, the coupled model of H08 (with bioenergy) was used to 370 

obtain the main outputs, such as bioenergy crop yield and irrigation water withdrawal for each 371 

combined irrigation and land management scenario. Additional water withdrawal for bioenergy 372 

crops under full and sustainable irrigation conditions was determined by calculating the 373 

difference compared to that under the rainfed condition. Note that environmental flow was 374 

considered in each coupled model simulation. Future projections24 of water demand for 375 

domestic use and industry were used in each coupled simulation. With the goal of the 2°C 376 

climate target, we used ISIMIP2b58 data generated using the outputs from four bias-corrected 377 

general circulation models (GCMs): GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and 378 

MIROC5 under RCP2.6. Here, daily gridded data (0.5°) for air temperature, wind speed, air 379 

pressure, specific humidity, rainfall, snowfall, and downward shortwave and longwave 380 

radiation for the period 2075–2099 were used as the climate forcing to H08. The simulations 381 
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for the period 2080–2099 were used for the analyses, and the first 5 years (2075–2079) were 382 

used as spin-up. 383 

 384 

BECCS potential calculation 385 

Here, BECCS potential was estimated as follows9,32: 386 

BECCS	potential = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 × 𝐶𝐸 × 𝐶𝑅	 × 𝑓$$ × 𝑓%&'()* 387 

where Production is the bioenergy crop production obtained as the product of the bioenergy 388 

crop yield and the bioenergy land area, CE is the CCS capture efficiency, CR is the ratio of 389 

captured carbon to the carbon content per unit of produced biofuel, which depends on the 390 

scenario of the CO2 capture application, fcc is the carbon content of dry matter, and fbiosng is the 391 

fraction of carbon in synthetic natural gas to the carbon in biomass. Here, CE was set as 0.9, 392 

CR was set as 2.0, fcc was set as 0.4545, and fbiosng was set as 0.4 for the two bioenergy crops, 393 

as used in previous studies9,32. 394 

 395 

Data availability 396 

The AIM/Hub and AIM/PLUM outputs are available from the website: https://www-397 

iam.nies.go.jp/aim/data_tools/aimssp/aimssp.html. The input meteorological data are available 398 

at: http: //h08.nies.go.jp. All datasets used in this study are also available from the 399 

corresponding author on reasonable request. 400 

 401 

Code availability 402 

The code and technical information about the H08 model are available at: http: //h08.nies.go.jp. 403 

The code used for the simulation is also available from the corresponding author on reasonable 404 

request. 405 

 406 
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Figure captions 426 

Fig. 1 Schematic figures showing the process used to develop the two land scenarios (a) and 427 

the three distinct irrigation scenarios (b) for bioenergy crop plantations. 428 

 429 

Fig. 2 The global BECCS potential (a) and corresponding bioenergy land area (b) and 430 

additional irrigation water withdrawal (c) under each combined scenario in 2090 (average of 431 

2080–2099). PP and PC denote the two land scenarios of pastureland protection and 432 

pastureland conversion, respectively. SI, FI, and RF denote the three irrigation scenarios of 433 

sustainable irrigation, full irrigation, and rainfed, respectively. NNS denotes non-local and 434 

nonrenewable surface water. The three red lines in the panel (c) show the industrial and 435 

municipal water withdrawal, agricultural water withdrawal, and total water withdrawal in 2010 436 

according to the FAO, respectively. 437 

 438 

Fig. 3 Additional water stress due to additional irrigation water withdrawal for bioenergy crop 439 

plantations under PP (pastureland protection)_SI (sustainable irrigation) (a) and PP 440 

(pastureland protection)_FI (full irrigation) (b).  441 

 442 

Fig. 4 Sensitivity tests for irrigated area (a–c), additional irrigation water withdrawal (d–f), 443 

non-sustainable water withdrawal (g–i), and the BECCS potential (j–l) with different water use 444 

fractions (10%, 50%, and 90%) and reference flows (Q95, Q90, Q80, Q70, Q60, Q50, Q40, 445 

Q30, Q20, and Q10). The solid and dashed lines are the mean values under PP (pastureland 446 

protection) and PC (pastureland conversion), respectively, and the shaded area shows the 447 

minimum to maximum ranges across the scenarios and bioenergy crop types.  448 

 449 

 450 



 20 

 References 451 

1. UNFCCC.FCCC/CP/2015/7:Synthesis report on the aggregate effect of the intended 452 

nationally dtermined contributions p. 66 (UNFCCC, Bonn, 2015). 453 

2. Slade, R., Bauen, A. & Gross, R. Global bioenergy resources. Nature Climate Change 4, 454 

99-105, doi:10.1038/nclimate2097 (2014). 455 

3. Smith, P. et al. Biophysical and economic limits to negative CO2 emissions. Nature 456 

Climate Change 6, 42-50, doi:10.1038/nclimate2870 (2015). 457 

4. Minx, J. C. et al. Negative emissions—Part 1: Research landscape and synthesis. 458 

Environmental Research Letters 13, doi:10.1088/1748-9326/aabf9b (2018). 459 

5. Rogelj, J. & Knutti, R. Geosciences after Paris. Nature Geoscience 9, 187-189, 460 

doi:10.1038/ngeo2668 (2016). 461 

6. Rogelj, J. et al. Scenarios towards limiting global mean temperature increase below 1.5 °C. 462 

Nature Climate Change 8, 325-332, doi:10.1038/s41558-018-0091-3 (2018). 463 

7. Daioglou, V., Doelman, J. C., Wicke, B., Faaij, A. & van Vuuren, D. P. Integrated 464 

assessment of biomass supply and demand in climate change mitigation scenarios. Global 465 

Environmental Change 54, 88-101, doi:10.1016/j.gloenvcha.2018.11.012 (2019). 466 

8. Muratori, M. et al. EMF-33 insights on bioenergy with carbon capture and storage 467 

(BECCS). Climatic Change, doi:10.1007/s10584-020-02784-5 (2020). 468 

9. Yamagata, Y. et al. Estimating water–food–ecosystem trade-offs for the global negative 469 

emission scenario (IPCC-RCP2.6). Sustainability Science 13, 301-313, 470 

doi:10.1007/s11625-017-0522-5 (2018). 471 

10. IPCC, 2019: Summary for Policymakers. In: Climate Change and Land: an IPCC special 472 

report on climate change, desertification, land degradation, sustainable land management, 473 

food security, and greenhouse gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, 474 

E. Calvo Buendia, V. Masson-Delmotte, H.- O. Pörtner, D. C. Roberts, P. Zhai, R. Slade, 475 



 21 

S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, 476 

J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, J. Malley, (eds.)]. In 477 

press. 478 

11. Stokstad, E. Bioenergy not a climate cure-all, panel warns. Science 365, 527-528, 479 

doi:10.1126/science.365.6453.527 (2019). 480 

12. Heck, V., Gerten, D., Lucht, W. & Popp, A. Biomass-based negative emissions difficult 481 

to reconcile with planetary boundaries. Nature Climate Change 8, 151-155, 482 

doi:10.1038/s41558-017-0064-y (2018). 483 

13. Reid, W. V., Ali, M. K. & Field, C. B. The future of bioenergy. Global Change Biology 484 

26, 274-286, doi:10.1111/gcb.14883 (2020). 485 

14. Hejazi, M. I. et al. 21st century United States emissions mitigation could increase water 486 

stress more than the climate change it is mitigating. Proceedings of the National Academy 487 

of Sciences 112, 10635-10640, doi:10.1073/pnas.1421675112 (2015). 488 

15. Fujimori, S. et al. Inclusive climate change mitigation and food security policy under 489 

1.5 °C climate goal. Environmental Research Letters 13, 074033, doi:10.1088/1748-490 

9326/aad0f7 (2018). 491 

16. Humpenöder, F. et al. Large-scale bioenergy production: how to resolve sustainability 492 

trade-offs? Environmental Research Letters 13, doi:10.1088/1748-9326/aa9e3b (2018). 493 

17. Fuss, S. et al. Betting on negative emissions. Nature Climate Change 4, 850-853, 494 

doi:10.1038/nclimate2392 (2014). 495 

18. Creutzig, F. et al. Bioenergy and climate change mitigation: an assessment. GCB 496 

Bioenergy 7, 916-944, doi:10.1111/gcbb.12205 (2015). 497 

19. Boysen, L. R., Lucht, W. & Gerten, D. Trade-offs for food production, nature conservation 498 

and climate limit the terrestrial carbon dioxide removal potential. Glob Chang Biol 23, 499 

4303-4317, doi:10.1111/gcb.13745 (2017). 500 



 22 

20. Beringer, T. I. M., Lucht, W. & Schaphoff, S. Bioenergy production potential of global 501 

biomass plantations under environmental and agricultural constraints. GCB Bioenergy 3, 502 

299-312, doi:10.1111/j.1757-1707.2010.01088.x (2011). 503 

21. Bonsch, M. et al. Trade-offs between land and water requirements for large-scale 504 

bioenergy production. GCB Bioenergy 8, 11-24, doi:10.1111/gcbb.12226 (2016). 505 

22. Stenzel, F., Gerten, D., Werner, C. & Jägermeyr, J. Freshwater requirements of large-scale 506 

bioenergy plantations for limiting global warming to 1.5°C. Environmental Research 507 

Letters 14, doi:10.1088/1748-9326/ab2b4b (2019). 508 

23. Berndes, G. Bioenergy and water—the implications of large-scale bioenergy production 509 

for water use and supply. Global Environmental Change 12, 253-271, 510 

doi:https://doi.org/10.1016/S0959-3780(02)00040-7 (2002). 511 

24. Hanasaki, N. et al. A global water scarcity assessment under Shared Socio-economic 512 

Pathways &ndash; Part 1: Water use. Hydrology and Earth System Sciences 17, 2375-513 

2391, doi:10.5194/hess-17-2375-2013 (2013). 514 

25. Hanasaki, N. et al. A global water scarcity assessment under Shared Socio-economic 515 

Pathways &ndash; Part 2: Water availability and scarcity. Hydrology and Earth System 516 

Sciences 17, 2393-2413, doi:10.5194/hess-17-2393-2013 (2013). 517 

26. Hejazi, M. I. et al. Integrated assessment of global water scarcity over the 21st century 518 

under multiple climate change mitigation policies. Hydrology and Earth System Sciences 519 

18, 2859-2883, doi:10.5194/hess-18-2859-2014 (2014). 520 

27. Séférian, R., Rocher, M., Guivarch, C. & Colin, J. Constraints on biomass energy 521 

deployment in mitigation pathways: the case of water scarcity. Environmental Research 522 

Letters 13, doi:10.1088/1748-9326/aabcd7 (2018). 523 

28. Wada, Y., Gleeson, T. & Esnault, L. Wedge approach to water stress. Nature Geoscience 524 

7, 615-617, doi:10.1038/ngeo2241 (2014). 525 



 23 

29. Mouratiadou, I. et al. The impact of climate change mitigation on water demand for energy 526 

and food: An integrated analysis based on the Shared Socioeconomic Pathways. 527 

Environmental Science & Policy 64, 48-58, doi:10.1016/j.envsci.2016.06.007 (2016). 528 

30. Stenzel, F. et al. Irrigation of biomass plantations may globally increase water stress more 529 

than climate change. Nature Communications 12, 1512, doi:10.1038/s41467-021-21640-530 

3 (2021). 531 

31. Springmann, M. et al. Options for keeping the food system within environmental limits. 532 

Nature 562, 519-525, doi:10.1038/s41586-018-0594-0 (2018). 533 

32. Kato, E. & Yamagata, Y. BECCS capability of dedicated bioenergy crops under a future 534 

land-use scenario targeting net negative carbon emissions. Earth's Future 2, 421-439, 535 

doi:10.1002/2014ef000249 (2014). 536 

33. Daioglou, V. et al. Greenhouse gas emission curves for advanced biofuel supply chains. 537 

Nature Climate Change 7, 920-924, doi:10.1038/s41558-017-0006-8 (2017). 538 

34. FAO. 2016. AQUASTAT database . 539 

http://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en. 540 

35. Hanasaki, N., Yoshikawa, S., Pokhrel, Y. & Kanae, S. A global hydrological simulation 541 

to specify the sources of water used by humans. Hydrology and Earth System Sciences 22, 542 

789-817, doi:10.5194/hess-22-789-2018 (2018). 543 

36. Rogelj, J. et al. A new scenario logic for the Paris Agreement long-term temperature goal. 544 

Nature 573, 357-363, doi:10.1038/s41586-019-1541-4 (2019). 545 

37. Jans, Y., Berndes, G., Heinke, J., Lucht, W. & Gerten, D. Biomass production in 546 

plantations: Land constraints increase dependency on irrigation water. GCB Bioenergy 10, 547 

628-644, doi:10.1111/gcbb.12530 (2018). 548 

38. Fajardy, M., Chiquier, S. & Mac Dowell, N. Investigating the BECCS resource nexus: 549 

delivering sustainable negative emissions. Energy & Environmental Science 11, 3408-550 



 24 

3430, doi:10.1039/c8ee01676c (2018). 551 

39. Galik, C. S. A continuing need to revisit BECCS and its potential. Nature Climate Change 552 

10, 2-3, doi:10.1038/s41558-019-0650-2 (2019). 553 

40. Mander, S., Anderson, K., Larkin, A., Gough, C. & Vaughan, N. The Role of Bio-energy 554 

with Carbon Capture and Storage in Meeting the Climate Mitigation Challenge: A Whole 555 

System Perspective. Energy Procedia 114, 6036-6043, 556 

doi:10.1016/j.egypro.2017.03.1739 (2017). 557 

41. Rogelj, J., D. Shindell, K. Jiang, S. Fifita, P. Forster, V. Ginzburg, C. Handa, H. Kheshgi, 558 

S. Kobayashi, E. Kriegler, L. Mundaca, R. Séférian, and M.V.Vilariño, 2018: Mitigation 559 

Pathways Compatible with 1.5°C in the Context of Sustainable Development. In: Global 560 

Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C 561 

above pre-industrial levels and related global greenhouse gas emission pathways, in the 562 

context of strengthening the global response to the threat of climate change, sustainable 563 

development, and efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. 564 

Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. 565 

Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. 566 

Maycock, M. Tignor, and T. Waterfield (eds.)]. In Press. 567 

42. Jones, M. B. & Albanito, F. Can biomass supply meet the demands of bioenergy with 568 

carbon capture and storage (BECCS)? Glob Chang Biol, doi:10.1111/gcb.15296 (2020). 569 

43. Butnar, I. et al. A deep dive into the modelling assumptions for biomass with carbon 570 

capture and storage (BECCS): A transparency exercise. Environmental Research Letters, 571 

doi:10.1088/1748-9326/ab5c3e (2019).  572 

44. Heck, V., Gerten, D., Lucht, W. & Boysen, L. R. Is extensive terrestrial carbon dioxide 573 

removal a ‘green’ form of geoengineering? A global modelling study. Global and 574 

Planetary Change 137, 123-130, doi:10.1016/j.gloplacha.2015.12.008 (2016). 575 



 25 

45. Hanssen, S. V. et al. Biomass residues as twenty-first century bioenergy feedstock-a 576 

comparison of eight integrated assessment models. Climatic Change 163, 1569-1586, 577 

doi:10.1007/s10584-019-02539-x (2020). 578 

46. Hanssen, S. V. et al. The climate change mitigation potential of bioenergy with carbon 579 

capture and storage. Nature Climate Change 10, 1023-1029, doi:10.1038/s41558-020-580 

0885-y (2020). 581 

47. Hanasaki, N. et al. An integrated model for the assessment of global water resources – Part 582 

1: Model description and input meteorological forcing. Hydrology and Earth System 583 

Sciences 12, 1007-1025, doi:10.5194/hess-12-1007-2008 (2008). 584 

48. Hanasaki, N. et al. An integrated model for the assessment of global water resources – Part 585 

2: Applications and assessments. Hydrology and Earth System Sciences 12, 1027-1037, 586 

doi:10.5194/hess-12-1027-2008 (2008). 587 

49. Ai, Z., Hanasaki, N., Heck, V., Hasegawa, T. & Fujimori, S. Enhancement and validation 588 

of the state-of-the-art global hydrological model H08 (v.bio1) to simulate second-589 

generation herbaceous bioenergy crop yield. Geosci. Model Dev. Discuss. 2020, 1-22, 590 

doi:10.5194/gmd-2020-179 (2020). 591 

50. Shirakawa, N. Global estimation of environmental flow requirement based on river runoff 592 

seasonality. Annual Journal of Hydraulic Engineering 49, 391-396 (2005). in Japanese 593 

with English abstract. 594 

51. Hanasaki, N. H08 Manual User's Edition Second Edition, 77pp, National Institute for 595 

Environmental Studies, Tsukuba, Japan (2019). Retrieved from 596 

https://h08.nies.go.jp/h08/files/USERen_20190701.pdf. 597 

52. UNEP-WCMC Ia, 2015. The World Database on Protected Areas (WDPA). [On-line], 598 

[May 2015 of the version downloaded], Available at: www.protectedplanet.net. UNEP- 599 

WCMC, Cambridge, UK.  600 



 26 

53. Wu, W. et al. Global advanced bioenergy potential under environmental protection 601 

policies and societal transformation measures. GCB Bioenergy, doi:10.1111/gcbb.12614 602 

(2019). 603 

54. Lehner, B. & Döll, P. Development and validation of a global database of lakes, reservoirs 604 

and wetlands. Journal of Hydrology 296, 1-22, 605 

doi:https://doi.org/10.1016/j.jhydrol.2004.03.028 (2004). 606 

55. Fujimori, S., Hasegawa, T., Ito, A., Takahashi, K. & Masui, T. Gridded emissions and 607 

land-use data for 2005–2100 under diverse socioeconomic and climate mitigation 608 

scenarios. Scientific Data 5, 180210, doi:10.1038/sdata.2018.210 (2018). 609 

56. Fujimori, S., Masui, T., & Matsuoka, Y. AIM/CGE Basic Manual. Discussion paper series, 610 

Center for Social and Environmental Systems Research, NIES, Tsukuba, Japan. (2012). 611 

57. Hasegawa, T., Fujimori, S., Ito, A., Takahashi, K. & Masui, T. Global land-use allocation 612 

model linked to an integrated assessment model. Science of The Total Environment 580, 613 

787-796, doi:https://doi.org/10.1016/j.scitotenv.2016.12.025 (2017). 614 

58. Frieler, K. et al. Assessing the impacts of 1.5 °C global warming – simulation protocol of 615 

the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b). Geoscientific Model 616 

Development 10, 4321-4345, doi:10.5194/gmd-10-4321-2017 (2017). 617 

 618 


