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Abstract 
Bioenergy is a necessity in most climate change mitigation scenario limiting global warming 

to below 2°C at the end of century relative to pre-industrial times. The large land-

requirements associated with large-scale production of dedicated bioenergy crops has led to 

concerns of how sustainability trade-offs with food security and biodiversity can be avoided. 

Irrigated bioenergy production can ramp-up bioenergy crop yields relative to rain-fed 

conditions and contribute to alleviate pressure on land resources, but risks increased water 

stress. Promising opportunities include targeting abandoned cropland or degraded cropland 

where a switch to bioenergy crops can co-deliver environmental benefits. These areas are not 

yet sufficiently mapped, sustainable irrigation expansion opportunities are unclear, and 

bioenergy and climate change mitigation potentials are still poorly understood.  

 

In this thesis, I integrate multiple models and approaches to determine sustainable bioenergy 

potentials, including satellite-based land cover data, a crop yield model, and datasets of water 

scarcity and availability. The thesis provides a first-of-its-kind spatially explicit and high-

resolution global assessment of cropland abandonment and associated management 

dependent bioenergy potentials. It contributes to unravel the complex interactions between 

bioenergy production and land and water use, considering opportunities for nature 

conservation and irrigation constraints induced by water scarcity. The likelihood of 

abandoned cropland to be developed is assessed by integrating suitable land with 

development potential indices. I also produced refined estimates of suitable abandoned areas 

for bioenergy production in the former Soviet Union, which is a region with major historical 

abandonment and irrigation expansion opportunities. Beyond abandoned cropland, the 

opportunity to deploy perennial bioenergy crops on areas threatened from soil erosion by 

wind and water is explored in a Nordic case study. Finally, I investigate the climate change 

mitigation potential of liquid biofuel production with and without carbon capture and storage 

(CCS) in Nordic countries and compare with achievable carbon dioxide removal through 

natural regrowth.   

 

I find 83 million hectares of abandoned cropland globally between 1992 and 2015. Global 

bioenergy potentials from recultivating abandoned cropland are 6-39 exajoules per year, or 

11-68% of today’s bioenergy demand, depending on agricultural management, water use for 

irrigation, and land sparing efforts for nature conservation. A total of 20 exajoules per year is 

achievable by increasing global cropland extent with 3% and global agricultural blue water 

withdrawals by 8%, whilst avoiding production in biodiversity hotspots and irrigation in 

water scarce areas. Regions with both high bioenergy potentials from abandoned cropland 

and high development potentials are mainly found in Central America, southeastern parts of 

South America, Southeast Asia and in the southern parts of North America. Furthermore, the 

former Soviet Union is highlighted as a region with high land availability, high marginal 

energy gains of irrigation, and with opportunities for irrigation expansion. Refined bioenergy 

potentials on abandoned land in the former Soviet Union are 3.5 to 23 exajoules per year, 

with high-end estimates requiring complete irrigation. An upper potential of 9 exajoules per 

year is achievable through sustainable irrigation expansion. This would require recultivating 

35 million hectares of land combined with 67 billion cubic meters per year of blue water 

withdrawals. 

 

Bioenergy production deployed on abandoned cropland and cropland threatened by soil 

erosion in Nordic countries can provide -7.4 to -18 megatons of carbon dioxide equivalents 

per year of climate change mitigation, depending on biorefinery technology and CCS 
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availability. Natural regrowth on the same areas can provide -10 megatons of carbon dioxide 

equivalents per year of negative emissions. High bioenergy yields are key to ensure larger 

climate benefits than natural regrowth without gains in biorefinery energy conversion 

efficiency or CCS. Biofuel production outperforms natural regrowth in 61% of abandoned 

croplands with a current biorefinery technology, and nearly everywhere with technological 

gain. For willow deployed as windbreaks, improved biorefinery technology or CCS is 

typically required to outperform natural regrowth. Biofuel production delivers larger climate 

benefits on 17% of cropland threatened by soil erosion with current technologies, and on 95% 

of the land with improved energy conversion efficiencies and CCS.  

 

This work shows that current opportunities to sustainably deploy bioenergy crops exists at a 

scale which is meaningful for future climate change mitigation pathways. It is vital to 

simultaneously consider land and water use sustainability when designing bioenergy 

deployment strategies. Lack of proper governance risks increased land-use competition with 

trade-offs on food security and biodiversity, and to increase water stress due to unsustainable 

blue water withdrawals. With sustainable governance, bioenergy and BECCS will contribute 

to decarbonize the energy sector and deliver climate change mitigation, whilst co-delivering 

other environmental benefits and enhancing ecosystem services. The findings presented here 

helps enlighten the importance of sustainable land and water management strategies in 

bioenergy production systems and can essentially contribute to achieve global sustainability 

targets. 
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Sammendrag 
Bioenergi er en nøkkel i scenarioer som begrenser global oppvarming til under 2°C i 2100. 

De store arealkravene til dedikerte bioenergivekster i slike scenarioer har ledet til en debatt 

om hvordan utplassering av bioenergiproduksjon kan unngå å negativt påvirke matsikkerhet 

og biologisk manfold. Vanning kan bidra til økte avlinger og å lette trykket på landressurser, 

men risikerer også å skape økt vannmangel. Lovende muligheter for en bærekraftig 

ekspansjon av bioenergiproduksjon inkluderer å rekultivere tidligere dyrkamark, eller å 

konvertere forringet dyrkemark til bioenergiproduksjon hvor bioenergivekster kan bidra til å 

redusere degraderingsprosesser og gi miljøgevinster. Slike områder er til nå ikke tilstrekkelig 

kartlagt, ekspanderingspotensialet for bærekraftig vanning er uklart, og bioenergi- og 

klimavernpotensialer er ikke godt nok forstått.  

 

Her integrerer jeg flere modeller og datasett for å fastslå bærekraftige bioenergipotensialer, 

inkudert satellitbaserte landdata, vekstmodeller, og datasett på vanningsmuligheter. 

Avhandlingen presenterer den første høyoppløselige globale kartleggingen av tidligere 

dyrkamark og bioenergipotensialer på disse områdene. Den bidrar til å nøste opp de 

komplekse interaksjonene mellom bioenergipotensialer, arealbruk og vannbruk, tatt i 

betraktining muligheter for naturvern og tilgjengelige vannressurser. Gjennomførbarheten for 

å rekultiverere tidligere dyrkamark blir vurdert ved hjelp av indikatorer på lokalt 

utviklingspotensiale for bioenergiproduksjon. Forbedrede anslag av bioenergipotensialer blir 

produsert for den tidligere Sovietunionen, en region med mye historisk nedleggelse av 

dyrkamark over de siste tre tiårene og med store vanningsmulighter. Videre blir fokus også 

satt på mulgiheten for å introdusere bioenergivekster på dyrkamark som er truet av 

jorderosjon i et Nordisk case studie. Tilslutt kvantifiseres potensielle klimagevinster av å 

produsere biodrivstoff fra tidligere dyrkamark og på dyrkamark truet av jorderosjon, tatt i 

betraktning ulike bioraffineriteknologier og muligheten for karbonfangst og lagring (CCS).  

 

Jeg identifiserte 83 millioner hektar tidligere dyrkamark som ble nedlagt mellom 1992 og 

2015. Bioenergipotensialer er 6-39 exajoule per år, eller 11-68% av dagens globale 

bioenergibruk, avhengig av landbruksdrift, naturvernstiltak og vanningsbruk. Det er et 

potensiale for å produsere 20 exajoule per år ved å øke globale landbruksarealer med 3% og 

globalt vannuttak for jordbruk med 8%, uten produksjon i hotspots for biologisk mangfold og 

uten vannuttak i områder med vannmangel. Regioner med både høye bioenergipotensialer og 

høy gjennomførbarhet for rekultivering inkluderer Mellom-Amerika, Sørøst-Asia, sørvestlige 

deler av Sør-Amerika, og sørøstlige deler av Nord-Amerika. Den tidligere Sovietunionen 

fremheves som en region med mye tidligere dyrkamark, høy marginal gevinst av vanning, og 

stort potensiale for vanningsekspansjon. Forbedrede estimater av bioenergipotensialer i den 

tidligere Sovietunionen er 3.5 til 23 exajoule per år, med høye potensialer avhengig av 

storstilt og ikke bærekraftig bruk av vanning. Et øvre potensial på 9 exajoule per år kan 

oppnås med bærekraftig vanning og innebærer å rekultivere 35 millioner hektar kombinert 

med 67 milliarder kubikkmeter blått vannuttak i den tidligere Sovietunionen.  

 

Produksjon av biodrivstoff på tidligere dyrkamark og på dyrkamark truet av jorderosjon i 

Norden kan oppnå en klimagevinst lik -7.4 til -18 megatonn karbondioksid-ekvivalenter per 

år, avhengig av bioraffineriteknologi og CCS bruk. Naturlig gjengroing kan gi negative 

utslipp lik -10 megatonn karbondioksid-ekvivalenter per år på de samme områdene. Høye 

avlinger er nøvendig for å sikre større klimagevinst ved produksjon av biodrivstoff enn 

naturlig gjengroing uten forbedringer i energikonverteringseffektivitet ved bioraffineriet eller 

CCS. Biodrivstoffproduksjon utkonkurrerer naturlig gjengroing på 61% av tidligere 
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dyrkamark med dagens bioraffineriteknologi, og nesten overalt med CCS. For vindfang 

etablert med seljeproduksjon er forbedret energikonverteringseffektivitet eller CCS typisk 

nødvendig for å levere større klimagevinst enn naturlig gjengroing. Biodrivstoffsproduksjon 

er bedre enn naturlig gjengroing på 17% av jordbruksarealer truet av jorderosjon med dagens 

tilgjengelige bioraffineriteknologi, og på 95% av arealene med forbedret teknologi og CCS. 

 

Dette arbeidet viser at det finnes nåværende muligheter for en bærekraftig ekspansjon av 

bioenergiproduksjonssystemer på en stor nok skala til at det kan gi et meningsfult bidrag til 

globalt klimavern. Det må vurderes hvordan tilgjengelige land og vannressurser best kan 

forvaltes fra et bærekraftsperspektiv når gode strategier for bioenergiekspansjon skal 

designes. Uten tilstrekkelig forvaltning risikerer bioenergiproduksjon å negativt påvirke 

matsikkerhet og biologisk mangfold. Med god forvaltning vil bioenergiproduksjon bidra til å 

avkarbonisere energisystemet og levere ytterligere miljøgevinster gjennom reduserte 

degraderingsprosesser og forbedrede økosystemtjenester. Denne avhandlingen opplyser 

viktighten av bærekraftige arealbruksstrategier og vannforvaltning ved utplassering av 

storskala bioenergiproduksjon, og bidrar med nødvendig kunnskap i jakten på å nå globale 

bærekraftsmål.   
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Chapter 1: Introduction 

Bioenergy is energy derived from biomass. Bioenergy is supplied to the energy system 

through a variety of energy carriers, ranging from traditional sources such as firewood and 

animal dung, to more modern alternatives such as liquid biofuels, biogas, or electricity. 

Traditional biomass has historically been vital for human civilizations, as biomass 

combustion has provided energy used for cooking and heating. It was the dominant energy 

carrier worldwide up until the 19th century, before being overtaken by fossil energy carriers1. 

Today’s global primary bioenergy supply is 57 exajoules (EJ) per year, which corresponds to 

about 10% of global energy use2. The projected future bioenergy supply is dominated by 

modern bioenergy3,4.  

 

Modern bioenergy (hereafter, bioenergy) is typically grouped into first, second and third 

generation bioenergy5. First generation bioenergy is produced from biomass originating from 

food crops such as oil crops, sugar crops or grains. It is thus in direct competition with food 

production. Second generation bioenergy is based on biomass from lignocellulosic bioenergy 

crops (non-food) such as fast-growing woody crops and grasses, residues, and wastes. Third 

generation biofuels refer to production which avoids land use change such as microalgae6,7, 

but is still not commercially ready due to high production and energy costs5. This work 

focuses on second generation bioenergy produced from perennial grasses and woody crops.  

 

Bioenergy crop productivity depends on a variety of factors, such as local climatic 

conditions, soil characteristics, agricultural management and water supply systems8,9. 

Achieving optimal yields at a farm level may require the use of fertilizers, pesticides, 

mechanization, improved varieties, and irrigation10,11. After biomass has been produced, it 

can take different conversion routes into the energy system and be used to produce heat, 

electricity, or gasified and liquid fuels12. As bioenergy can take a variety of energy carriers, it 

can be used in a range of existing infrastructure such as in thermal power stations or 

combustion engines, offering potential climate change mitigation benefits through 

decarbonization of grid electricity or transportation systems4,13. 

 

The environmental performance of bioenergy production systems depends on the previous 

land use, their management, and water use14,15. A switch from cropland to perennial grasses 



2 

 

for bioenergy production can also improve a range of ecosystem services16. Perennial grasses 

have deep root systems which increase soil carbon, with benefits to climate change mitigation 

and the restoration of degraded lands17–20. They can contribute to mitigate soil erosion, reduce 

nutrient leaching, and improve indicators related to biodiversity species richness16,21. Woody 

bioenergy crops can also help mitigate soil erosion by wind when deployed as 

windbreaks22,23. Relative to food crops, bioenergy crops have been shown to provide a 

regional biophysical cooling effect which favors climate change adaptation24–26.  

 

On the other hand, the cultivation of bioenergy crops requires land and freshwater resources. 

The land availability of bioenergy crops is limited due to competition with food production 

and nature conservation15,27,28. Likewise, freshwater availability for irrigated bioenergy 

production is constrained due to environmental flow protection, urban water usage, and other 

agricultural water usage for food production29,30. An uncontrolled large-scale bioenergy 

deployment can cause environmental impacts and have adverse effects on food and water 

security29,30. Therefore, sustainable bioenergy deployment strategies must carefully balance 

potential environmental benefits and trade-offs to identify opportunities which generates 

synergies across multiple environmental dimensions. 

 

In the next sections, I go more specifically into the value of bioenergy in climate change 

mitigation (1.1), sustainable bioenergy land use (1.2), and sustainable bioenergy water use 

(1.3). I identify research gaps in section 1.4 and define research aims in section 1.5.  

1.1 Bioenergy in climate change mitigation scenarios 

The Paris Agreement sets a target to limit global warming to below 2°C and to further pursue 

a 1.5°C temperature target relative to pre-industrial levels31. Major scientific efforts have 

been invested to explore and identify which scenarios and emission pathways makes it 

possible to achieve these ambitious targets32–35. A rapid reduction of greenhouse gas 

emissions and a decarbonization of the energy sector are among the necessary ingredients to 

meet these targets36,37. 

 

Bioenergy is attractive in climate change mitigation because biomass growth accumulates 

atmospheric CO2 over time through photosynthesis. Bioenergy typically offers lower net life 

cycle greenhouse gas emissions when sustainably produced than fossil energy sources which 

only emits carbon38. Previous land use, bioenergy yields, and the lifetime of a bioenergy 
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plantation are important factors to determine net GHG emissions14. New cultivation of 

bioenergy crops on a location which previously had large natural stocks of aboveground 

carbon such as forested areas will cause an initial carbon penalty which needs to be paid back 

over time13. The initial carbon penalty occurs as a pulse emission, while other carbon flows 

such as supply chain emissions, the accumulation of aboveground carbon in bioenergy crops, 

soil carbon accumulation, or the release of biogenic carbon through combustion typically 

occurs continuously over time13. Carbon payback can occur through avoided emissions when 

bioenergy is used to replace fossil fuels, soil carbon sequestration, or carbon capture and 

storage (CCS)14,15,39. When assessing the climate change mitigation potential of bioenergy 

deployment, both time and spatial location is essential as carbon fluxes are unevenly 

distributed across the years after land use conversion, and land-surface characteristic and crop 

productivity varies with local conditions14.  

 

Coupling bioenergy production systems with carbon capture and storage (BECCS) has the 

unique ability that it both ramps-up renewable energy supply and can provide negative 

carbon emissions. This means capturing the carbon dioxide (CO2) that is produced during 

biomass conversion and sequestering it in geological reservoirs for long-term storage40. 

Large-scale BECCS can contribute to climate stabilization or even help bring temperature 

levels back down after an initial overshoot of temperature targets32,41,42. 

 

Bioenergy plays a key role in climate change mitigation scenarios limiting global warming 

below 2°C or lower33. The median projected bioenergy supply in 2050 is between 83-249 EJ 

per year across the different Shared Socio-economic Pathways43 (SSPs) for 1.5°C scenarios 

in Integrated Assessment Models (IAMs)32,34 (Figure 1). Out of this, a median of 36-197 EJ 

per year is coupled to CCS across SSPs32,34.  

 

IAMs are tools which attempts to project how human activities and environmental impacts 

will evolve into the future through cost-optimization and simulation techniques, and they 

vary in assumptions, complexity and structure44. They have played an important role in 

assessing climate change, identifying options for climate action through scenario analysis, 

and the design of climate policies33,34,45. The five SSPs are based on narratives for 

socioeconomic development that reflect different futures where challenges to climate 

mitigation and adaptation vary from low to high34. For example, SSP146 assumes a change 

towards sustainable practices, SSP547 represents a fossil fuel based economy, whilst SSP248 is 
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a middle of the road scenario which considers a continuation of historical patterns. Together 

with the Representative Concentration Pathways49 (RCPs) that sets trajectories of 

atmospheric GHG concentrations and climate forcing, SSP-RCP combinations represents a 

framework that allows assessing global environmental change50,51. 

 

 

Figure 1: Median bioenergy supply in 1.5°C scenarios across the different SSPs 32 ,34. Medians are based on multiple 

IAM projections using combinations of the different SSPs and RCP1.932. SSP352 is not shown because no models could 

meet the temperature target.  

 

The projected bioenergy increase is mainly supplied by agricultural and forestry residues and 

dedicated bioenergy crops, with bioenergy crops becoming increasingly dominant as 

bioenergy supply increases3,4. Median associated land requirements across SSPs for dedicated 

bioenergy crops are 210-670 million hectares (Mha) in 205028. This is equal to 13-42% of the 

current global cropland area extent53 and would require major near-term land use change, 

thereby creating pressure on land resources. By the end of the century, bioenergy supply and 

land requirements for bioenergy crops in 1.5°C scenarios increase further to medians of 222-

412 EJ per year32,34 and 430-760 Mha of land28 across the different SSPs, respectively.  

 

Bioenergy land requirements are high in scenarios that delays decarbonization with emission 

pathways that lead to an overshoot of the temperature target, before returning to below 2°C 

through the deployment of biomass based negative emission technologies later in the 

century36. Bioenergy land-use is also high in scenarios that avoids the use of negative 
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emission technologies, mainly due to bioenergy’s flexibility as an energy carrier54,55, thereby 

providing a vital contribution to decarbonize transportation sectors that are hard to electrify 

such as aviation and shipping56. Future scenarios thus show an extensive dependence on 

bioenergy in most scenarios that align with the Paris Agreement’s temperature goals. 

1.2 Sustainable bioenergy land use  

The large land-requirements for bioenergy production in 1.5°C scenarios have led to concerns 

about how such vast areas can be sustainably supplied without causing severe environmental 

impacts or affecting food security15,27,57. The potential adverse impacts on biodiversity from 

bioenergy crop deployment on areas covered by primary vegetation is well established in the 

literature58,59. Deployment on areas with large natural aboveground carbon stocks to 

bioenergy production can also create substantial carbon debts13. By limiting bioenergy 

deployment to areas which are already heavily affected by human activities such as croplands 

and managed grasslands, environmental trade-offs on natural ecosystems can be reduced. 

However, converting in-use agricultural land to bioenergy crops reduces local food 

production due to the direct land use change. Consequentially, food prices may increase, and 

the need to replace the initial loss of agricultural production can drive indirect land use 

change, thereby causing deforestation due to cropland expansion elsewhere60.  

 

Sustainable bioenergy land management strategies should target areas where a switch to 

bioenergy crops can co-deliver multiple environmental benefits and minimize sustainability 

trade-offs23,61. Whilst land use change for bioenergy is often portrayed as something negative 

(for example, deforestation or loss of food production), a partial strategic integration of 

bioenergy production into agricultural landscapes can in fact improve a variety of 

environmental indicators, such as indicators related to biodiversity, pollination, soil erosion, 

sediment and nutrient retention and flood regulation16,62,63. Such “beneficial land use change” 

can contribute to mitigate environmental impacts caused by intensive agriculture and reduce, 

stop, or even reverse ongoing land degradation processes21. The possibility to target marginal, 

abandoned, or degraded land is an option which is receiving increasing attention as a win-win 

strategy for bioenergy deployment15,64. In this work, I go into depth on two bioenergy 

deployment strategies that show promise for a sustainable ramp-up of biomass production. 

These are abandoned cropland and cropland threatened by soil erosion. 
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Recultivating abandoned cropland for bioenergy production represents an opportunity for 

bioenergy deployment with reduced environmental and societal impacts65,66. Abandoned 

cropland typically lays unproductive, and competition with food production can be avoided. 

Biodiversity impacts and carbon penalties from recultivation of abandoned cropland is 

typically lower relative to cultivating areas of primary vegetation because they had limited 

time to regrow natural vegetation and to restore ecosystem functionality13,65,67. Abandoned 

croplands are also usually located near existing farming infrastructure and roads as they were 

previously used to produce food68,69. Most land abandonment processes have historically 

been driven by socio-economic change, and not necessarily because lands turned 

uncultivable70. For example, the former Soviet Union became a global hotspot of land 

abandonment after its dissolution due to access to open markets and a restructuring of the 

economy71–73. Other abandonment drivers include ecological factors and agricultural 

mismanagement70. Recultivation can bring economic benefits to rural areas74,75. Bioenergy 

crop deployment can help restore degraded soils and potentially allow future food production 

on areas which would otherwise in the future lay barren28,63.  

 

Sustainable land management strategies should also consider cases where continued natural 

regrowth can be preferable to agricultural recultivation, for example if negative emissions 

from regrowth outperforms the climate change mitigation performance of bioenergy 

production13. Abandoned cropland in areas where biodiversity may benefit extra from nature 

conservation should also be considered for continued regrowth, such as inside protected 

areas, inside biodiversity hotspots, or if the land can contribute to connect fragmented 

habitats76–78. 

 

Targeting croplands threatened by soil erosion for bioenergy production is an example of a 

strategy which can co-deliver both reduced land degradation and increased energy 

production22,23,63. Unsustainably high soil-erosion rates risks compromising agricultural 

productivity over time79–81. Perennial grasses can be deployed to limit soil erosion by water 

by trapping eroded sediments by providing continuous soil cover, even with annual harvest82–

84. Woody bioenergy crops can also prevent soil erosion by water as they physically stabilize 

soil with their roots, intercept rain and snow, and improve water infiltration83. Woody 

bioenergy crops can also be deployed as windbreaks to shelter surrounding areas from wind, 

thereby reducing wind erosion rates and providing additional benefits to food crop 

productivity in sheltered areas83,85,86. 
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1.3 Sustainable bioenergy water use  

Water availability is essential for crop productivity. Rain-fed agriculture relies completely on 

water from local precipitation stored in soils, or so-called “green water”87,88. Crop yields are 

often limited by water deficits throughout the growth cycle, which occurs when crop water 

losses from evapotranspiration exceeds water availability.  

 

Irrigation can increase crop yields in areas where green water is not sufficient to sustain 

optimal crop growth, alleviate pressure on land resources, and may even make arid areas 

which are uncultivable under rain-fed conditions turn productive. Irrigation requires water 

withdrawals from surface water, artificially created reservoirs, or groundwater. Human-

induced water withdrawals which are either moved from one body to another, returned at a 

different time or evaporates is termed “blue water”88. Currently, global anthropogenic blue 

water withdrawals in the agricultural sector are about 2700 billion m3 year-1, equal to about 

half a year of cumulative water flow from the Amazon River53. Human modification of the 

global water cycle is thus substantial, and it has led to increased environmental flow 

depletion and water scarcity in parts of the world89.  

 

Water scarcity means that water demand is not sufficiently met by water supply. It has been 

estimated that about 2 billion people live in areas threatened by water scarcity89. In extreme 

cases, this can mean that water supply is not even sufficient to meet domestic water use and 

basic human needs such as sanitation. Different indicators exist to assess water scarcity, and 

it can be both due to physical and economical constraints89–91. Physical water scarcity refers 

to cases where renewable water resources are not sufficient to meet water demand89. 

Economic water scarcity refers to situations where renewable blue water is available to meet 

demand, but societal and economical constraints and a lack of existing infrastructure hinders 

water withdrawals89. In agriculture, green water scarcity refers to situations where soil 

moisture available for uptake by plants through roots are not sufficient to sustain unstressed 

crop growth, and irrigation would provide yield benefits89,92. Blue water scarcity means 

renewable blue water resources cannot sustainably meet the irrigation water requirements 

needed to avoid crop water deficits89. Opportunities for new deployment of sustainable 

irrigation arise when green water scarcity occurs simultaneously with economical water 

scarcity, or so-called agricultural economic water scarcity93. In these situations, blue water 
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resources are available, but there is no existing infrastructure or institutional capacity there to 

use it.  

 

Global bioenergy potentials are limited by possibilities for sustainable irrigation29,30. 

Sustainable water use in bioenergy production systems means avoiding modifications of the 

water cycle to produce biomass which depletes environmental flows and avoids inducing 

environmental or societal trade-offs. Production in physical water-scarce areas should 

primarily be rain-fed to avoid further water depletion. Irrigated bioenergy deployment 

strategies should target areas with agricultural economic water scarcity93, thereby limiting 

sustainability trade-offs. Furthermore, deployment strategies should target areas where the 

relative bioenergy yield gains of irrigation are high per unit of applied blue water, thereby 

providing increased benefits with lower impacts.  

1.4 Research gaps 

Sustainable bioenergy deployment strategies are an important area of research. Bioenergy 

production and BECCS can make a vital contribution in the global quest to achieve the 

climate mitigation targets of the Paris Agreement and limit global warming to below 2°C at 

the end of century relative to pre-industrial levels. The projected future bioenergy expansion 

found in mitigation pathways from IAMs gives valuable insights into bioenergy’s role to 

cost-efficiently mitigate climate change54. However, IAMs have limitations due to their 

coarse spatial resolution and many assumptions57,61,94, which means that their analysis should 

be complemented with more detailed bottom-up analysis of bioenergy land and water 

availability and bioenergy productivity. The improved and integrated design of sustainable 

land and water management strategies for bioenergy production requires taking a high-

resolution approach. 

 

The global extent and locations of abandoned cropland is currently unclear and there is 

limited knowledge on how their recultivation for bioenergy production could contribute to 

increase bioenergy supply in line with mitigation pathways. Previous studies have shown 

large-scale global abandonment and potentials (up to 472 Mha and 45 EJ year-1), but they 

assessed very long time periods (up to 300 years), used coarse land cover datasets, and lacked 

site-specific assessments of bioenergy productivity65,95. These estimates thus included large 

areas which have had many decades or even centuries to regrow and to restore both natural 

carbon pools and ecosystem functionality.  
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The Food and Agricultural Organization of the United Nations has highlighted the need for 

increased cropland monitoring through remote sensing, as 40% of member countries do not 

perform agricultural censuses96. Recent progress in remote-sensing techniques and the 

availability of high-resolution land cover datasets means there is an opportunity to improve 

our knowledge of historical cropland abandonment patterns and potential bioenergy land 

availability.  

 

Previous area-limited studies of cropland abandonment have also shown that abandonment 

estimates using regional data can differ from those obtained through global assessments. 

Studies assessing bioenergy deployment on abandoned cropland with a regional scope has so 

far been limited to the United States66,97,98. What value regional land cover datasets covering 

other parts of the world can bring to the table is still unclear.  

 

It is unknown how bioenergy land availability is limited by nature conservation policies 

promoting continued regrowth on abandoned cropland in key areas. Additionally, it is poorly 

understood how competition for land with other land-intensive renewable energy production 

technologies such as photovoltaics might affect deployment patterns. Integrating 

abandonment maps with technology-specific indicators of development potentials for 

renewable energy production offers an opportunity to obtain insights on the bioenergy 

deployment feasibility on abandoned cropland across the world and potential deployment 

competition with photovoltaic solar energy parks. The use of development potential indices 

seems particularly attractive as it allows to account for resource yield, market accessibility, 

and land supply elasticity99.  

 

There is a need to assess bioenergy crop productivity and potentials on abandoned cropland, 

whilst accounting for local climatic conditions and the effect of different agricultural 

management. Recent calls have been made to pursue new ideas in water research and develop 

new methods to assess water use sustainability100. Increasing attention is given to the nexus 

between energy potentials and their land and water requirements101. It is unclear how 

irrigation can contribute to increased bioenergy crop productivity, and to what extent blue 

water withdrawals for increased production can be deployed on abandoned cropland without 

causing sustainability trade-offs. No attempts have been made to map the overlap between 

abandoned croplands and areas with sustainable potentials for irrigation expansion.  
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The climate change mitigation potential of producing liquid biofuels on abandoned cropland 

is unclear. Previous research warns about the large carbon penalties that occurs if long-

standing secondary vegetation is replaced with bioenergy production13. Historical carbon 

accumulation on abandoned cropland has not been determined, and it is unclear how it may 

affect the mitigation benefits of future biofuel production in these areas. Furthermore, it is not 

well established how liquid biofuel production performs relative to continued natural 

regrowth on abandoned cropland, and how spatial variations in productivity and temporal 

abandonment patterns affects achieved mitigation. Technological gains in energy conversion 

efficiencies and deployment of BECCS may also affect optimal land management strategies. 

These effects are not yet properly addressed in the literature.  

 

Beyond abandoned cropland, increasing attention is given to target croplands where 

beneficial land-use change to perennial crops can bring additional environmental co-

benefits21–23,61. Degraded croplands suitable for bioenergy production and associated 

potentials are still not fully understood61. More research is required to quantify biofuel 

production and climate mitigation potentials of deploying bioenergy crops on areas 

threatened by soil erosion, as commonly found in Nordic countries102,103. Limited knowledge 

is currently available comparing how achievable mitigation from biofuel production systems 

perform versus nature-based solutions for soil erosion control through natural regrowth.     

1.5 Research aims 

The aim with this thesis is to advance sustainable land and water management strategies for 

large-scale bioenergy deployment. I hence investigated the following research questions: 

 

1. Where can bioenergy plantations be deployed in the near-term to increase sustainable 

bioenergy supply, what is the extent of suitable areas, and what are the energy 

potentials?  

2. How can the nexus between sustainable bioenergy potentials and their land and water 

requirements be unraveled, and what is the importance of the following factors: 

agricultural management, climatic conditions, resource constraints arising from water 

scarcity for irrigation, and potential land-sparing strategies for nature conservation? 

3. Where does bioenergy show both high energy potentials and high development 

potentials, and how does bioenergy spatially compare against solar photovoltaics? 
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4. What is the climate change mitigation potential of liquid biofuel production with and 

without CCS, and how does the achieved mitigation spatially compare to negative 

emissions from natural regrowth? 

 

Research questions are addressed in chapters 2-5 (Table 1). The first research question is a 

common thread throughout the thesis, while the others are addressed by individual chapters. 

 

Table 1: Research questions addressed by the different chapters in the thesis.  

 

Chapter Research question adressed 

1 2 3 4 

2 X X 
  

3 X  X 
 

4 X X 
  

5 X 
  

X 

 

I first assess a potential bioenergy deployment on abandoned cropland. In chapter 2, I 

spatially quantify global cropland abandonment, assess the potential to deploy bioenergy 

crops on these areas and unravel the nexus between bioenergy potentials and land and water 

use. I consider the effect of agricultural management, rain-fed and irrigated water supply, 

present and future climatic conditions on bioenergy productivity, and examine land and water 

availability limitations arising from potential nature conservation policies and physical water 

scarcity. Chapter 3 addresses the development potential of abandoned croplands for 

bioenergy, and additionally compares with solar photovoltaics which represents another land-

intensive renewable energy option.  

 

Departing from the assessment of global bioenergy potentials on abandoned cropland, I 

continue with two lines of research. In Chapter 4, I target the former Soviet Union to refine 

estimates of suitable areas, bioenergy potentials and water requirements. The former Soviet 

Union is a region which has experienced intensive land abandonment over the last three 

decades, shows high bioenergy potentials and where sustainable irrigation expansion is 

possible. I refine estimates of suitable areas under different irrigation schemes using an 

extensively validated regional land cover dataset with relatively high accuracy of land 

abandonment. In chapter 5, I focus on the Nordic region. I expand the Nordic land 
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availability assessment to also include croplands threatened by soil erosion by wind and 

water, as deploying bioenergy production in these areas can be a win-win strategy co-

delivering energy production, climate change mitigation and decreased soil erosion rates. I 

assess the climate change mitigation potential of producing liquid biofuels with and without 

BECCS and compare with the negative emissions achievable by natural regrowth.   

 

In chapter 6, I synthesize the work and provide answers to research questions. Chapter 6 

further discusses policy implications, addresses study limitations, and provides concluding 

remarks. 
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Future emission scenarios limiting global temperature increase 
to relatively low levels are associated with sharp increases in 
bioenergy production1. Top-down economic models project 

a median increase in bioenergy supply from today’s 57 exajoules 
(EJ) per year2 to 222–412 EJ per year in 2100 across different Shared 
Socio-economic Pathways (SSPs) aligning with 1.5 °C warming3,4. 
This corresponds to median projected land requirements for bioen-
ergy crops of 430–760 million hectares (Mha)5.

The environmental benefits of bioenergy crops largely depend 
on biomass production systems and land availability6. Growing 
perennial grasses as bioenergy crops on abandoned cropland is 
typically considered a near-term opportunity for gradual large-scale 
deployment while minimizing trade-offs with food security and 
biodiversity as well as revitalizing rural areas7–10. Abandoned crop-
land is typically located in proximity to farms and road networks, 
and it is usually abandoned due to socio-economic, ecological or 
political factors11–13. Relative to cropland, perennial grasses improve 
a variety of ecosystem services8. Thanks to their deep root system, 
these grasses increase soil carbon with positive effects for both 
climate change mitigation by sequestering atmospheric carbon 
dioxide14,15 and restoration of degraded land by improving soil qual-
ity16,17. Perennial bioenergy crops contribute to higher plant diver-
sity, reduce leaching of nutrients and improve a variety of indicators 
related to biodiversity and species richness8,18. The switch from 
cropland to perennial grasses is also associated with a regional cool-
ing effect, mainly during the growing season, which can provide 
additional local benefits and favour climate change adaptation19,20.

The current area of abandoned cropland and the correspond-
ing global bioenergy potentials are still unclear. Previous analyses 
provide a wide range of estimates (up to 472 Mha of abandoned 
cropland and 45 EJ yr−1)7,21–23, which reflects the use of different land 
cover datasets, abandonment criteria and time periods, and to what 
extent site-specific growing conditions are factored in. One major 
limitation is the quality of land cover datasets, which typically have 
relatively coarse resolution and little consistency in terms of period 
of observation and temporal evolution of land cover change24,25. 
Additionally, bioenergy crop yields are frequently based on sim-

plified assumptions and not explicitly linked to key factors such as 
local soil fertility, water supply, management intensity, local climate 
conditions or ecological constraints6,26–29. For example, high yields 
usually require irrigation and can potentially exacerbate water scar-
city29, or bioenergy crops that grow in today’s semi-arid areas may 
become unfeasible under future drier and warmer conditions.

These complex interlinkages can be jointly assessed using a nexus 
approach, a rapidly expanding new concept to investigate interde-
pendencies, trade-offs and synergies across multiple dimensions 
(physical resources, environmental impacts or economic sectors) 
and guide the development of sustainable strategies30–32. A nexus 
analysis based on local physical resource constraints and agricultural 
management of bioenergy systems helps to identify context-specific 
solutions and implications31. Coupling accurate estimates of avail-
able land with parametric crop yield models for different climatic 
conditions and datasets of water resources can offer new estimates 
of bioenergy potentials and unravel their interconnections with 
local factors. However, these aspects have often been studied sepa-
rately, thereby hindering an overview of their interdependencies 
and masking the local environmental and management conditions 
on which global estimates of bioenergy potentials rely.

Here we performed a bottom-up analysis integrating a recently 
developed high-resolution temporal land cover dataset (European 
Space Agency (ESA) Climate Change Initiative Land Cover 
(CCI-LC)) 25,33 with a spatially explicit agro-ecological crop yield 
model (Global Agro-Ecological Zones (GAEZ) v.3.0)34 to estimate 
global bioenergy potentials on recently abandoned cropland under 
the land–energy–water nexus (Methods). Bioenergy potentials are 
computed using local soil and climatic characteristics for a variety 
of combinations (296 individual estimates) that consider multiple 
management factors and constraints (Table 1): land availability (for 
example, exclusion of land within biodiversity hotspots to allow 
targeted nature conservation and restoration measures for endan-
gered native vascular plants35), bioenergy crop types (miscanthus, 
switchgrass, reed canary grass or grid-specific energy-based crop 
optimization), intensity of agricultural management (low, medium, 
high or a mix of these based on today’s yield gaps) and water  

The land–energy–water nexus of global bioenergy 
potentials from abandoned cropland
Jan Sandstad Næss    ✉, Otavio Cavalett and Francesco Cherubini

Bioenergy is a key option in climate change mitigation scenarios. Growing perennial grasses on recently abandoned cropland 
is a near-term strategy for gradual bioenergy deployment with reduced risks for food security and the environment. However, 
the extent of global abandoned cropland, bioenergy potentials and management requirements are unclear. Here we integrate 
satellite-derived land cover maps with a yield model to investigate the land–energy–water nexus of global bioenergy potentials. 
We identified 83 million hectares of abandoned cropland between 1992 and 2015, corresponding to 5% of today’s cropland 
area. Bioenergy potentials are 6–39 exajoules per year (11–68% of today’s bioenergy demand), depending on multiple local and 
management factors. About 20 exajoules per year can be achieved by increasing today’s global cropland area and water use by 
3% and 8%, respectively, and without production inside biodiversity hotspots or irrigation in water-scarce areas. The consid-
eration of context-specific practices and multiple environmental dimensions can mitigate trade-offs of bioenergy deployment.
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supply system (irrigated, rain-fed or a mixed approach where 
irrigation occurs only at medium and high management inten-
sity in areas not affected by water scarcity). Changes in bioenergy 
potentials under future climatic conditions are also explored. The 
land–energy–water nexus approach, assessed in terms of total and 
marginal energy gains from irrigation, blue water footprint and 
total water withdrawals, is used to identify which regions can ben-
efit most from irrigated bioenergy production. We thereby unravel 
the interdependencies between bioenergy potentials, land availabil-
ity and water supply for different management intensities and water 
scarcity levels.

results
In this section, we present key findings related to land availability, 
bioenergy productivity and irrigation water use.

Global abandoned cropland. We identified 83 Mha of abandoned 
cropland from 1992 to 2015 (Fig. 1a), out of which 50 Mha is located 
outside biodiversity hotspots (Fig. 1b) and 13 Mha in areas threat-
ened by physical water scarcity. About 30% of the global abandoned 
cropland is in Asia, especially Southeast Asia. Africa accounts for 
about 22%, mainly just south of the Equator, followed by Europe 
with about 20%. In South America, abandoned cropland is mostly 
located near the southeastern coastline (13%). Smaller fractions 
of abandoned cropland are found in North America, Oceania and 
Central America, with about 5% each.

Socio-economic growth and exposure to open agricultural mar-
kets are historically the main drivers of cropland abandonment, as it 
has often occurred in regions without significant constraints to crop 
production36,37. For example, the large extent of abandoned crop-
land in Eastern Europe largely followed the dissolution of the Soviet 
Union, resulting in lower agricultural investments, connection to 
global markets and rural–urban migration36,38,39.

Previous studies that mapped abandoned cropland confirm 
widespread abandonment across the world (Supplementary Table 
1). A direct comparison of our global findings with other studies is 
not possible because they considered a different time period and/or 
different criteria to identify cropland abandonment7,21,22. Estimates 
of abandoned cropland can be better compared at a regional scale 
(Supplementary Text 1). The main trends identified here are broadly 
consistent with those from regional studies, despite some discrep-
ancies between estimates, mostly due to unharmonized land cover 

classification systems, spatial resolution and temporal mismatches40. 
For example, our estimated 16 Mha of abandoned cropland in 
Europe between 1992 and 2015 is higher than a previous estimate 
(7.6 Mha)38 that used a more recent time period (2001–2012), and 
thus did not include the well-documented cropland abandonment 
of the post-Soviet Union era.

For additional validation purposes, we compared country-level 
cropland inventories from the Food and Agriculture Organization 
(FAO)41 with total national cropland extent from the ESA CCI-LC 
product for the years 1992 and 2015 (Supplementary Fig. 1). The 
datasets are largely consistent for both years, with a few countries 
as outliers (mainly developing countries). While ESA CCI-LC data 
show some regional differences in accuracy33, outliers are probably 
due to FAO data based on official national statistics of varying reli-
ability. For example, around 40% of FAO member countries did 
not perform an agricultural census between 2005 and 201542. This 
recently led the FAO to start promoting remote-sensing techniques 
(such as those applied here) as a cost-efficient way to improve future 
agricultural statistics42.

Global bioenergy potentials. Global bioenergy potentials from 
the cultivation of miscanthus, switchgrass and reed canary grass 
on recently abandoned cropland are 19 EJ yr−1, 5.4 EJ yr−1 and 
4.3 EJ yr−1, respectively (Fig. 2a,b,c). These potentials are based on 
present-day climatic conditions, high agricultural management 
intensity, rain-fed water supply and with no land restrictions for 
nature conservation. An optimal distribution of bioenergy crops 
based on their local growing conditions (Fig. 2d) achieves a poten-
tial of 25 EJ yr−1 (Fig. 2f), with an average global bioenergy yield of 
298 GJ ha−1 yr−1 (Fig. 2e).

Bioenergy potentials of different perennial grasses show a clear 
latitudinal pattern. The potential of miscanthus is larger in the 
tropical band (Fig. 2a), switchgrass at mid-latitudes (Fig. 2c) and 
reed canary grass at higher latitudes and in mountainous areas 
(Fig. 2b). This latitudinal pattern is reflected in the optimal crop 
allocation (Fig. 2d), which maximizes the bioenergy yields per grid 
cell (Fig. 2e). In general, bioenergy yields are higher in the trop-
ics and subtropics, where they can exceed 600 GJ ha−1 yr−1, and wet-
ter regions of temperate zones. In Europe, bioenergy yields mainly 
range between 200 GJ ha−1 yr−1 and 400 GJ ha−1 yr−1. About 20% of 
the identified global abandoned cropland (17 Mha) is not suitable 
for growing bioenergy crops under rain-fed conditions and today’s 
climate (mostly located in arid areas and mountainous regions).

Global bioenergy potentials range from 5.5–39 EJ yr−1 
(Supplementary Table 2) as a result of different conditions of land 
availability, management intensity and water supply (Fig. 3). The 
lowest potential (5.5 EJ yr−1) occurs when considering rain-fed con-
ditions, low agricultural management intensity and exclusion of 
land within biodiversity hotspots. At high agricultural management 
intensity and rain-fed conditions, excluding 33 Mha of abandoned 
cropland inside biodiversity hotspots reduces the potential from 
25 EJ yr−1 to about 13 EJ yr−1. Losing 40% of the land available for 
nature conservation thus reduces bioenergy potentials by 48%. On 
average, the exclusion of areas within biodiversity hotspots reduces 
potentials by 45% across management intensities and water sup-
ply systems. This shows an important trade-off between energy 
supply and nature conservation. Large hotspots are in the tropics, 
where bioenergy crop yields are relatively high. The highest poten-
tial (39 EJ yr−1) is achieved with complete irrigation under high 
agricultural management intensity. The consideration of a mixed 
approach where the use of irrigation is limited to areas that are not 
affected by physical water scarcity results in a bioenergy potential 
under optimal crop distribution of 35 EJ yr−1 (or 20 EJ yr−1 if areas 
within biodiversity hotspots are excluded), where irrigated areas 
contribute 95% to this potential. The global bioenergy potential 
based on today’s common agricultural intensity levels in different 

Table 1 | Overview of the possible combinations of global 
bioenergy potentials investigated in this study

land 
availability

Perennial 
grass type

agricultural 
management 
intensity

Water 
supply

Climatic 
conditions

All 
abandoned 
cropland 
(1992–2015)

Miscanthus High Rain-fed Present day

Reed canary 
grass

Medium Irrigated RCP 4.5 in 
2050 and 
2080

Exclusion of 
biodiversity 
hotspots

Switchgrass Low Mixed RCP 8.5 in 
2050 and 
2080

Optimal 
energy-based 
crop allocation

Mixed

A total of 296 individual estimates of bioenergy potentials are produced, excluding unlikely 
combinations (for example, those that include irrigation with low agricultural management 
intensity, or mixed management with future climate). For water supply, ‘mixed’ refers to irrigation 
in areas under medium or high management intensity that are not affected by water scarcity. For 
agricultural management intensity, ‘mixed’ refers to a combination of intensity levels based on 
today’s yield gaps. RCP, Representative Concentration Pathway.
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locations, estimated according to existing yield gaps34, is 25 EJ yr−1 
under the mixed approach of water supply (Extended Data Fig. 1). 
Areas managed at low, medium or high management intensities are 
15 Mha, 49 Mha and 19 Mha, respectively, and contribute 1.9 EJ yr−1, 
15 EJ yr−1 and 8.6 EJ yr−1, respectively.

In general, miscanthus contributes the most to total bioenergy 
potentials. Switchgrass contributes about 10% of the potential under 
rain-fed conditions and low agricultural management intensity. 

Switchgrass becomes increasingly important at increased irrigation 
and higher management intensities, as these are favourable condi-
tions for switchgrass growth at mid-latitudes. Reed canary grass has 
the smallest contributions across the range of combinations consid-
ered in our study.

Bioenergy potentials show nonlinear responses and trade-offs 
between land availability, agriculture management intensity and 
water requirements (Supplementary Fig. 2). At irrigated conditions 
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Fig. 1 | Global abandoned cropland between 1992 and 2015 as fraction of grid cell. a,b, Maps showing all abandoned cropland (a) and abandoned 
cropland located outside biodiversity hotspots (b). The maps are aggregated to 1 degree resolution for improved visualization.

NaTure SuSTaiNabiliTy | www.nature.com/natsustain

http://www.nature.com/natsustain


AnAlysis NATurE SuSTAiNABiliTy

and high agricultural management intensity, the first 10 EJ yr−1 of 
bioenergy potential is reached with 16 Mha of abandoned crop-
land (ranked by productivity). In comparison, 10 EJ yr−1 requires  
20 Mha with rain-fed water supply and 17 Mha with the mixed 
approach. Relying on rain-fed water supply reduces risks for 
water depletion but increases land requirements for a given bioen-
ergy potential. Nonlinear effects are more severe in the biodiver-
sity hotspots, where (irrigated) bioenergy potentials of 5 EJ yr−1, 

10 EJ yr−1 and 15 EJ yr−1 require 8.3 Mha, 18 Mha and 28 Mha, 
respectively.

Climate change affects bioenergy potentials, here examined 
using two future projections: RCP 4.5 (ref. 43) and RCP 8.5 (ref. 44) 
(Extended Data Fig. 2). In general, potentials decrease at low lati-
tudes and increase at high latitudes. In subarctic and continental 
climates, significant gains in potentials are expected, because areas 
that are currently unsuitable for bioenergy production will become 
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Fig. 2 | Global bioenergy potentials on abandoned cropland. a–c, Spatially explicit estimates of bioenergy potentials (PJ yr−1) for miscanthus (a), reed 
canary grass (b) and switchgrass (c). d, Optimal global crop distribution based on local growing conditions to maximize biomass energy output per grid 
cell. e, Global bioenergy yields (GJ ha−1 yr−1) with optimal crop allocation. f, Global bioenergy potential (PJ yr−1) on abandoned cropland with optimal crop 
allocation. These results refer to present-day climatic conditions, high agricultural management intensity, rain-fed water supply and no nature conservation 
measures (that is, abandoned cropland within biodiversity hotspots is included). Maps a–c and e,f are aggregated to 1 degree resolution for improved 
visualization, while map d is shown at 5 arc minutes.
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productive with climate change (up to about 3 Mha). In the tropics, 
bioenergy potentials consistently decrease. Yield declines are rela-
tively large in areas affected by physical water scarcity, and different 
future climatic conditions will affect the energy-based optimal crop 
distribution (Supplementary Text 2).

Bioenergy crop productivity. Bioenergy yields generally range 
between 100 and 600 GJ ha−1 yr−1 and are higher than 600 GJ ha−1 yr−1 
with high agricultural management intensity only (Fig. 4). Reducing 
agricultural management intensity from high to medium or low 
levels decreases annual average bioenergy yields with rain-fed 
water supply on all abandoned cropland from 298 GJ ha−1 yr−1 to 
239 GJ ha−1 yr−1 and 130 GJ ha−1 yr−1, respectively (Supplementary 
Table 2). Complete irrigation deployment, together with high man-
agement intensity and no nature conservation measures, achieves a 
global average bioenergy yield of 472 GJ ha−1 yr−1.

Without irrigation, 13–17 Mha of abandoned cropland have no 
potential; these are mainly located in dry and polar climates or in 
mountainous areas (Supplementary Fig. 3). We find that 70 Mha, 
68 Mha and 66 Mha are productive without irrigation at low, 
medium and high management intensities, respectively. Lower 
management levels show slightly higher productive area extent due 
to the unfeasibility of higher management levels under poor soil 
conditions that cap potential yields, as well as to the impracticalities 
of mechanization on steep slopes34. With irrigation deployment on 
all abandoned cropland, less than 2 Mha of land are left unavailable 
for bioenergy production irrespective of management intensity. The 
mixed approach, where irrigation is applied only to areas that are 
not affected by water scarcity, has average global bioenergy yields 
of 418 GJ ha−1 yr−1 at high agricultural management intensity, with 
7.9 Mha of abandoned cropland left unproductive.

The energy-based optimization of bioenergy crop per grid 
cell depends on agricultural management levels and water supply 
systems. At low agricultural management intensity and rain-fed 
conditions, 45 Mha are allocated to miscanthus, 15 Mha to reed 
canary grass and 10 Mha to switchgrass. Increasing the agricultural  

management intensity to high changes the crop distribution to 
43 Mha, 7.6 Mha and 16 Mha, respectively. Irrigation will further 
expand the areas allocated to miscanthus (50 Mha) and switch-
grass (29 Mha), and reduce those for reed canary grass (2.9 Mha). 
Typically, miscanthus is the preferred crop in tropical areas threat-
ened by physical water scarcity due to its relatively high water-use 
efficiency, while switchgrass is favoured by irrigation and high 
agricultural management intensity outside the tropics. Reed canary 
grass yields are larger than those of other bioenergy crops at high 
latitudes only. They are outcompeted by switchgrass in many loca-
tions at high agricultural management intensity and with irrigation, 
which expand the switchgrass domain towards higher latitudes. 
Similarly, with irrigation miscanthus expands into the lower lati-
tudes compared with its initial domain.

The joint effects on bioenergy potentials of agricultural manage-
ment intensity, water supply and exclusion of biodiversity hotspots 
under future climatic conditions are discussed in Supplementary 
Text 3. Declines in global bioenergy potentials in RCP 8.5 can par-
tially be reduced through large-scale irrigation, which can achieve 
38 EJ yr−1 in 2080 (4% less than present-day conditions) (Extended 
Data Fig. 3). A partial deployment of irrigation on areas unthreat-
ened by water scarcity can provide a potential of 33 EJ yr−1. These 
two irrigation options would bring 21 Mha and 15 Mha of aban-
doned cropland under production, respectively, which would be 
otherwise unproductive under future climatic conditions.

The land–energy–water nexus. The land–energy–water nexus is 
assessed by combining the variables of the nexus into four indica-
tors: total and marginal energy gains from irrigation, blue water 
footprint and total water withdrawals. Relative to rain-fed condi-
tions, irrigation can increase global bioenergy potentials by 10 or 
15 EJ yr−1 under medium or high agricultural management intensity, 
respectively (Fig. 5a,b). There are important gains from irrigation 
across humid continental climate zones with warm summers across 
Eastern Europe, Eastern Asia and North America. For example, com-
plete irrigation deployment can increase potentials on abandoned  
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cropland in North America from 1.3 EJ yr−1 to 2.3 EJ yr−1, mainly 
due to improved growing conditions for switchgrass in the western 
regions.

The global average marginal energy gain from supplying 
one extra unit of energy with irrigation is 0.26 GJ ha−1 mm−1 for 
medium agricultural management intensity and 0.32 GJ ha−1 mm−1 
for high (Fig. 5c,d). The highest marginal energy gains (above 
0.60 GJ ha−1 mm−1) are in humid continental and subarctic climate 
zones. Lower marginal energy gains are in semi-arid and oceanic 
climatic zones (0.20–0.40 GJ ha−1 mm−1). In tropical and fully humid 
subtropical climates crop water deficit is not a limitation for bioen-
ergy (marginal energy gains are below 0.20 GJ ha−1 mm−1).

Simultaneous consideration of combined total and marginal 
energy gains indicators allows the identification of priority areas for 
irrigation and trade-offs. For example, while tropical savannah and 
hot semi-arid climates (such as northern Africa, northeastern Brazil 

and parts of Central America) show high energy gains from irriga-
tion, the marginal gains are low. This indicates that higher amounts 
of water relative to the global average are needed to increase bio-
energy production. In Mediterranean climate zones, such as in 
Southern Europe and western North America, energy gains are high 
and less water is needed relative to the global average to increase 
bioenergy potentials. However, large parts of the Mediterranean 
basin are biodiversity hotspots and parts of western North America 
are subject to physical water scarcity, with potential trade-offs on 
either nature conservation or water depletion. The most promising 
locations for irrigated bioenergy production have both high total 
and marginal energy gains. These include humid continental cli-
mates across Eastern Europe, Northeastern Asia and in northern 
parts of North America.

There is large spatial variability in the blue water footprint and 
total water withdrawals of irrigated bioenergy production (Extended 
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Data Fig. 4). Blue water footprint values are almost evenly distrib-
uted across abandoned cropland areas, with a general decrease of 
the mean footprint with more efficient high management intensity 
from 36 m3 GJ−1 to 28 m3 GJ−1 (Fig. 5e,f). In general, blue water foot-
prints are high around the Equator and across humid subtropical 
climates, such as western North America. In areas with high water 
scarcity, the mean blue water footprint is usually lower than the 
global average (23 m3 GJ−1), meaning that less water is required per 
additional energy unit. However, these areas have higher risks of 
water depletion.

Total water withdrawals for irrigated bioenergy production 
under high management intensity are 408 billion m3 yr−1, equivalent 
to 15% of today’s annual global water withdrawals for agriculture45 
(Fig. 5g,h). Of this, 102 billion m3 yr−1 (or 25%) come from areas 
affected by physical water scarcity and can deliver 4.4 EJ yr−1 (or 
30%) of additional bioenergy relative to rain-fed conditions. About 
75% of total withdrawals come from areas with low water scarcity, 
and they can supply 10 EJ yr−1 of bioenergy. Excluding land within 
biodiversity hotspots reduces the global water requirements to 265 
billion m3. A bioenergy potential that reduces trade-offs with bio-
diversity and water depletion, by excluding land within biodiver-
sity hotspots and avoiding irrigation in physical water-scarce areas, 
requires 204 billion m3 of water (8% of today’s global withdrawals 
for agriculture45) to produce 20 EJ yr−1 of bioenergy. There are non-
linear relationships between bioenergy potentials and water with-
drawals that vary per water scarcity level (Supplementary Fig. 4).  
Relative to rain-fed, the first 100 billion m3 yr−1 of global water with-
drawals lead to 6.5 EJ yr−1 of bioenergy gains and the next 100 billion 
m3 yr−1 to an additional 4.0 EJ yr−1, assuming irrigation is prioritized 
in areas with higher marginal energy gains. As the most suitable 
areas become irrigated, 208 billion m3 yr−1 of further water with-
drawals will lead to an additional energy gain of 4.0 EJ yr−1.

Discussion
As land is a limited resource, its management should address global 
challenges by prioritizing options that co-deliver multiple benefits 
while minimizing trade-offs. Abandoned cropland is a promising 
near-term option to increase land availability for bioenergy crops 
whilst minimizing risks for food security and other environmental 
aspects. The interplay of multiple environmental factors and con-
ditions, here assessed with a land–energy–water nexus, influence 
estimates of possible bioenergy potentials. Our highest estimate 
is about 68% of today’s global primary bioenergy demand2 and 
16–47% of median projected primary bioenergy demand in 2050 
for 1.5 °C scenarios across different SSPs3,4 (Extended Data Fig. 
5). The associated land and water requirements are 5% and 15% 
of present-day agricultural cropland extent and water use, respec-
tively45. Acknowledging site-specific trade-offs with water scarcity 
and nature conservation reduces global bioenergy potentials to 35% 
of today’s demand, and land and water requirements to 3% and 
8% of current cropland extent and agricultural water use, respec-
tively45. Achieving high yields usually requires modern agricultural 
management systems, irrigation and use of land within biodiver-
sity hotspots. Context-specific information can be used to improve 
management practices and reduce side-effects, such as using irri-
gation where it has high marginal energy gains and no risks of 
water depletion. Our approach integrated different datasets and 
approaches, and hence embeds the inherent uncertainties associ-
ated with them (Methods).

Meeting the projected bioenergy demand in 1.5 °C scenarios 
would require extensive land-use changes5,10 and probably cause 
competition for land resources46–48. Today’s available abandoned 
cropland is limited, and a further expansion of bioenergy crops on 
present cropland and pastureland is needed to meet future bioen-
ergy requirements (Supplementary Table 3). Additional bioenergy 
can be produced from perennial grass cultivation as a restoration 

measure on land prone to degradation, but potentials are prob-
ably limited17. Reducing the demand for land-based food and feed 
products is essential to alleviate pressure on land resources and 
make them available to bioenergy crops5. Linking historical crop-
land abandonment patterns and site-specific bioenergy potentials 
to local socio-economic drivers might assist more accurate spatial 
and temporal projections of bioenergy estimates and management 
requirements.

Converting abandoned croplands to perennial grasses can pro-
vide a range of ecological and environmental benefits. However, 
forest restoration or reforestation for climate, environmental and 
ecological benefits are alternative options for abandoned cropland49. 
The use of nexus approaches that integrate various environmental 
factors are instrumental in addressing the complex interconnec-
tions of different land-based mitigation strategies and identifying 
their trade-offs and synergies, such as those connected to land avail-
ability, water scarcity and nature conservation. Context-specific 
analysis should identify which option can better address one (or 
more) global challenge in each given regional context. Likewise, 
including regional biomass density factors, spatial infrastructure 
requirements and other socio-economic indicators of local devel-
opment potentials50 are necessary ingredients to ultimately guide 
the design of sustainable land management strategies in the light of 
global challenges and regional contexts.

Methods
This section describes the multiple datasets and approaches we integrated in our 
analysis, including associated uncertainties and limitations.

Mapping abandoned cropland. ESA CCI-LC maps provide a dynamic description 
of the Earth’s terrestrial surface at 300-m spatial resolution from 1992 to 201533. 
This product was specifically developed to remedy limitations of previous datasets 
and to advance more realistic representations of land cover dynamics25,51. It provides 
annual identification of 37 land cover classes through a mix of satellite images and 
ground data. The ESA CCI-LC dataset is increasingly used to characterize temporal 
dynamics and spatial patterns of land cover changes at a landscape and global 
level52–54 and for analysis of climate feedbacks related to land cover changes55,56.

We performed a literature review to assess recent validation efforts of the 
ESA CCI-LC product (Supplementary Table 4). Global overall accuracies are 
71–80%, with a 72% median across multiple global studies33,57–59, and some 
regional variations40,60–65. Global producer and user accuracies of cropland classes 
are 66–92% and 79–94%, with medians of 79% and 89%, respectively33,57–59. The 
relatively high accuracies found for cropland classes make the product especially 
suitable for cropland monitoring.

There are six different land cover classes representing different types of 
croplands, of which two are cropland mosaics that include a mix of managed and 
non-managed land33. We identified global abandoned cropland using the difference 
in cropland extent (all six classes) between the ESA CCI-LC datasets in 1992 and 
2015 (that is, a pixel that was classified as cropland in 1992 but not in 2015). The 
identification of global abandoned cropland includes all the transitions from 
cropland or mosaic cropland classes to any other land cover class except settlements, 
as urban areas cannot be available for bioenergy crops. For visualization purposes, 
we reduced all map resolutions from the one at which the land cover analysis was 
performed (10 arc seconds) to either 5 arc minutes or 1 degree (see figure captions). 
All maps are produced with Panoply 4 using the Earth.cno overlay66.

Cropland extents are compared with land-use inventories from FAO data41,45 
(Supplementary Fig. 1) by applying country masks67 to quantify country-level 
cropland extent in 1992 and 2015. In addition, we linked our cropland 
abandonment findings for different countries and regions to existing literature, 
and discussed their comparability and potential implications of methodological 
differences (Supplementary Table 1 and Supplementary Text 1).

Land and water availability. The land–energy–water nexus is investigated by 
assessing the interconnections between bioenergy yields and alternative options for 
land availability and suitability, and water supply.

From the identified abandoned cropland, a more restrictive option of land 
availability filters out areas that are within the so-called biodiversity hotspots. 
Biodiversity hotspots are classified as areas containing at least 1,500 endemic 
vascular plant species where at least 70% of the natural vegetation is lost68. 
Biodiversity hotspots host an enormous concentration of small-ranged species in 
places where most natural habitats have been cleared69, and they were introduced to 
identify priority areas for nature conservation and restoration. Over the past decades, 
forest losses in biodiversity hotspots due to agricultural expansion have led to 
increased pressure on threatened ecosystems54. Sparing abandoned cropland inside 
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biodiversity hotspots for natural vegetation restoration can benefit conservation of 
vascular plants35. Maps of biodiversity hotspots70 were used as overlapping masks to 
the maps of identified abandoned cropland (Supplementary Fig. 5).

Our study considers the relationships between bioenergy potentials and three 
possible options of water supply: rain-fed, irrigation and a mixed approach where 
only areas not affected by water scarcity are irrigated. Irrigated conditions assume 
no crop water deficits during the growth cycle (for example, crop water losses from 
evapotranspiration do not exceed absorption), thereby avoiding yield losses from 
water stress. Multiple methods and indicators exist to assess water scarcity, building 
on factors such as population densities, water availability and water use71,72. Here 
we adopted the concept of physical water scarcity, that is, when the available 
renewable water resources do not meet water demands73,74. This indicator is used 
mainly to address local potential for additional water infrastructure development 
and corresponding water-use efficiency measures71. Within physical water-scarce 
areas, further water withdrawals for new activities have high potential risks of 
water depletion. Datasets describing physical water scarcity at a river basin level 
were taken from the Aquamaps database75. Areas where annual agricultural water 
use (evapotranspiration) is below 10%, between 10–20% or exceeds 20% of total 
renewable freshwater resources are classified as low, moderate and high levels of 
water scarcity, respectively45. In addition to rain-fed and irrigation, we estimate 
bioenergy potentials including a constraint where irrigation does not occur in areas 
with moderate and high levels of physical water scarcity (mixed approach).

Bioenergy crops and yield model. Three different perennial grasses are 
considered as bioenergy crops: miscanthus, reed canary grass and switchgrass. All 
three species show promising characteristics as future bioenergy feedstocks, as they 
are adaptive to different climatic zones76.

Miscanthus (Miscanthus × giganteus) is a C4 grass, occurring naturally at 
a wide climatic range, from tropical to subarctic regions77. Miscanthus has an 
optimal photosynthetic temperature between 30 °C and 35 °C78, but maintains 
efficient productivity in temperatures higher than 10 °C79. However, miscanthus 
yields decrease with increasing latitudes, and longer periods of frost increase crop 
mortality80,81. Typically, miscanthus is harvested in late winter or early spring82,83 
and it has a relatively high water-use efficiency compared with other C4 crops84.

Reed canary grass (Phalaris arundinacea) is a C3 grass growing in temperate 
climates across Eurasia and North America, thriving under cool and moist 
conditions85,86. It is able to grow under a range of water regimes and is resilient 
to temporary disturbances such as floods and droughts87,88. Photosynthetic rates 
of reed canary grass peak between 20 °C and 25 °C, with optimal temperatures 
decreasing with increased water stress89. Reed canary grass is normally harvested in 
late winter or spring85,90.

Switchgrass (Panicum virgatum) is a C4 grass native to Northern America, 
typically found in the western United States from 55°N down to Mexico, known 
for its flexibility to grow in a variety of environments76,91. It has an optimal growth 
temperature range between 25 °C and 30 °C92. Severe drought events significantly 
impact switchgrass yields and potential yield losses can be decreased by increasing 
water supply through irrigation during droughts93–95. Switchgrass is usually 
harvested during autumn20,91.

The GAEZ model v.3.0 (ref. 34) is used to quantify local bioenergy crop yields 
(dry mass) for the three bioenergy crops. GAEZ is a widely used crop yield model 
that has been applied and validated in a variety of studies modelling agricultural 
productivity of different crops96–98. It has also been used for estimating water 
requirements of irrigated crops99,100. Some studies also used GAEZ specifically 
for bioenergy crops101–103, but it has never before been coupled to high-resolution 
global land cover datasets, and a thorough analysis of the implications of different 
land and water availability is missing.

GAEZ considers site-specific parameters such as climatic conditions (for example, 
surface irradiation, precipitation and temperature), soil quality, and terrain to estimate 
crop yields and water use. It accounts for yearly variability in soil moisture, possible 
yield losses due to pests, soil workability constraints and frosts. GAEZ models yield 
responses to the use of fertilizer, pesticides and agricultural conservation measures. 
Based on the optimal crop calendar for growth at rain-fed conditions, it also estimates 
crop water balances, evapotranspiration and water deficits.

Crop yields are produced for three different levels of agricultural management 
intensities: low, medium and high34. Low management intensity refers to 
labour-intense subsistence-based farming with production based on traditional 
cultivars and without mechanization, pesticides, fertilizers or agricultural 
conservation measures. At medium intensity, production targets both subsistence 
and commercial sale. Production can still be based on manual labour using 
a mix of hand tools, animal traction and some mechanization. Technologies 
added include the application of some fertilizers and chemical pesticides, better 
varieties and some soil conservation measures. High management intensity 
refers to a modern and market-oriented commercial production system, with 
full mechanization, high-yielding varieties and optimal application of fertilizers 
and pesticides. Additionally, crop yields at irrigated conditions are estimated 
for medium and high management intensities (that is, no water deficit during 
crop growth cycle). Our analysis also considered a non-uniform agricultural 
management system based on spatially explicit data of current agricultural 
yield gaps34 to allocate abandoned cropland to different management intensities 

(Extended Data Fig. 1a). Yield gaps of less than 45%, between 45–75% and above 
75% are allocated to high, medium and low management intensities, respectively. 
Our map of agricultural management intensities is spatially consistent with global 
maps of nitrogen and phosphorus fertilizer application104 and pesticide use105. 
Maximum attainable dry mass yields are converted to energy yields using lower 
heating values of 18.55 MJ kg−1 for miscanthus, 18.06 MJ kg−1 for reed canary grass 
and 17.82 MJ kg−1 for switchgrass106.

In addition to present-day climatic conditions, we investigated how bioenergy 
potentials vary under future climatic conditions in 2050 and 2080 according to 
two alternative scenarios, RCP 4.5 and RCP 8.5. RCP 4.5 is typically associated 
with a global annual mean temperature increase of 2.4 ± 0.5 °C by 2100 relative to 
pre-industrial times43,107. RCP 8.5 is an unlikely high carbon emission scenario108 
associated with an increase of 4.3 ± 0.7 °C in global annual mean temperature 
and an increase in global annual mean precipitation of 5% by the end of the 
century44,109–111. We used future climatic conditions taken from the HadCM3 model 
projections (two 30-year period ensemble means, 2041–2069 and 2071–2100, 
indicated as 2050 and 2080) to explore the response of bioenergy yields to different 
background conditions of the climate system112,113.

A total of 296 combinations of bioenergy potentials are assessed in our analysis, 
considering a variety of constraints and conditions: land availability (with or 
without abandoned cropland within the biodiversity hotspots), type of bioenergy 
crop (miscanthus, reed canary grass, switchgrass or an energy-based optimal crop 
allocation per grid cell), agricultural management intensity (low, medium, high or a 
mix), water supply (rain-fed, irrigation or a mixed approach where irrigation occurs 
only at medium and high management intensity in areas not threatened by water 
scarcity), climatic conditions (present-day or future conditions in line with RCP 4.5 
and RCP 8.5) and three different points in time (present day, 2050 and 2080). 
Bioenergy potentials were computed for each individual combination, excluding 
the unlikely option that combines irrigation with low agricultural management 
intensity. Results are mainly shown for the energy-based optimal crop allocation.

Indicators for nexus approach. A nexus approach has been frequently advocated 
to assess the interlinkages of agricultural and bioenergy systems31,114,115. Application 
and implementation of nexus approaches are still in their infancy. We followed 
the five major steps that were proposed to standardize implementation of nexus 
approaches in the scoping of our analysis31. A quantitative understanding of 
the potentials and limitations of bioenergy crops on global recently abandoned 
cropland is our main research goal and system definition, the land–energy–water 
interactions are in the core of our nexus framework (describing dependencies 
of bioenergy yields on land and water factors) and a set of quantitative spatially 
explicit indicators are selected to simulate nexus dynamics. Different indicators 
are typically used for quantitative nexus analyses, and cross-resource intensities 
and indices that combine the main nexus variables into a single number are those 
commonly used in nexus research31.

In our study, we consider four spatially explicit indicators of bioenergy 
potentials relative to irrigation efficiency, land availability and management 
intensity to visualize the land–energy–water nexus. The first is based on the total 
energy gains from irrigation given as the difference in bioenergy production 
between rain-fed and irrigated water supply (GJ yr−1). This indicator informs 
about the absolute potential of increasing bioenergy production through 
irrigation per grid cell. The second is based on the marginal energy gains from 
supplying additional water assuming optimal water use for irrigation during the 
whole growth cycle, thereby avoiding water deficits. This indicator is expressed 
as the increase in bioenergy yields per unit supplied with water in a given area 
(GJ ha−1 mm−1) and it embeds all the physical units of the land–energy–water 
nexus. The marginal energy gains describe how sensitive increases in bioenergy 
production are to additional water supply. The third indicator is the spatial blue 
water footprint per energy gain (m3 GJ−1), describing water withdrawals for 
irrigation from surface water or groundwater which either evaporates, is moved 
from one water body to another or is returned at another time116. This indicator 
assesses the trade-offs between increased energy production and water depletion 
from irrigation deployment on abandoned cropland. Then we estimated the 
total water withdrawals (m3 yr−1) of irrigation deployment at different physical 
water scarcity levels on abandoned cropland. Each indicator is calculated per grid 
cell and in average/total terms, and for different management intensities, land 
availability and water supply systems.

Uncertainties and limitations. Although the ESA CCI-LC dataset has the highest 
accuracy for cropland cover compared with the other land cover classes33, it is 
likely that identification of abandoned cropland is affected by the limitations of 
the dataset regarding mosaic classes. Relative to other products, the ESA CCI-LC 
dataset is highly suitable for cropland monitoring in America40, largely consistent 
at a global level with the FAO country-based inventory of cropland areas53, but with 
potential risks of underestimating the amount of arable and abandoned land in the 
former Soviet Union117. More accurate and refined estimates of effective availability 
of abandoned cropland should rely on site-specific evaluations and controlling 
procedures because the land might already be (at least partially) committed to 
other uses or the presence of trees for agroforestry or fruits can mimic revegetation 
of areas that are still under crop production118.
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Despite being widely tested and used, GAEZ relies on assumptions and 
uncertainties such as yield losses caused by moisture stress, excess air humidity  
and risk of frost34. Expanding the analysis to include a multi-model 
intercomparison of effects of climate variability on crop growth could reveal how 
individual variables and climate model characteristics influence results. Similarly, 
changes in frequency and intensity of extreme events, such as droughts, floods and 
wildfires, are likely to affect crop yields in the future119,120. Our high estimates of 
bioenergy production are dependent on water availability for irrigation. We apply 
the physical water scarcity indicator to exclude areas from further water withdrawal 
for irrigation, but this indicator can change with future climate conditions and 
due to lack of a consistent global dataset we do not attempt to estimate remaining 
water budgets until physical water scarcity is reached. An approach integrating 
renewable water resources and future climate change patterns at a basin level can 
improve our understanding of the actual irrigation potential on abandoned land121. 
There is a potential for species invasiveness related to introducing non-native 
bioenergy species to new areas8,122. By including spatial crop-specific risk factors 
and constraints, management options to mitigate an invasive spread of bioenergy 
crops can be identified.

Future bioenergy potentials are heavily dependent on the spatially projected 
temperature and precipitation changes, which are sensitive to the type of climate 
model used. For instance, we find a reduction in bioenergy potentials in 2080 
for RCP 8.5 in large parts of the Amazon region, with crop yields reduced by 
more than 50%. For high emission scenarios, several climate models consistently 
project a significant drying and warming in the Amazon region that can lead to 
a vegetation dieback123–128, and a tipping point for the Amazon forest is estimated 
at around 3–4 °C of global warming129,130. Relative to other climate models, the 
Hadley projections used here show a stronger drying effect in the Amazon region 
than those from other models123,131. While there is a consensus across climate 
models projecting a drying effect in the Amazon132, bioenergy yield changes are 
dependent on the individual model used for climate projections. However, we 
can expect that the use of different climate projections would affect the absolute 
changes of bioenergy potentials, but not the direction of their trends, because the 
projected temperature and precipitation patterns are generally consistent across 
models132. They generally find that: (1) the projected annual mean warming varies 
between 3 °C and 10 °C depending on location, with the strongest warming over 
Arctic regions (>8 °C), moderate warming over mid-latitudes between 40–60°N 
and the Tibetan plateau (5–7 °C) and weaker warming in other regions (<5 °C); (2) 
a reduction in precipitation rates is projected in the Mediterranean, southwestern 
North America, southern tropical South America, Central America, Southern 
Africa and Australia, while areas at higher latitudes (above 55°N), tropical Africa 
and South and East Asia become wetter. Other studies are consistent with our 
findings, also indicating that C3 and C4 crop yield changes in RCP 8.5 are twice 
those in RCP 4.5 in some locations of the world133.

Further work is needed to map the actual socio-economic bioenergy 
deployment potential in the available abandoned cropland. Biomass is a 
low-density and low-value feedstock, so considering the regional critical 
production density is essential for planning future developments, especially if 
logistics costs prohibit moving biomass over long distances. Additionally, access to 
local infrastructure, distance to markets and local policies will also affect bioenergy 
deployment potentials50.

The nexus concept is still evolving and difficult to univocally define with 
a default approach and standardized indicators31,32. Despite being sometimes 
criticized as a buzzword134, framing research analysis across multiple sectors or 
dimensions within this terminology is a way to constantly highlight their strong 
interlinkages and stimulate critical thinking in terms of potential trade-offs 
and synergies when addressing environmental and societal challenges. We 
followed a transparent and traceable quantitative approach to link local factors 
of land conditions and water resources to bioenergy potentials under current 
and future climate scenarios. To better visualize and compare the possible 
synergies and trade-offs, we produced indicators that encapsulate all the nexus 
components (land, energy and water) in one score. Future efforts in developing 
and consolidating indicators more specifically tailored to address interlinkages 
of environmental systems with a nexus approach, ideally established through 
international multidisciplinary flagship initiatives, will be instrumental in 
optimizing the deployment of sustainable bioenergy potentials.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | bioenergy potentials on abandoned cropland with a mixed management distribution based on existing yield gaps. Results refer to 
present day climate with optimal crop allocation. Figures describe the agricultural management intensity distribution (a), global bioenergy potentials (b-c), 
bioenergy yields (d-e), and productivity distributions (f-g) for abandoned cropland (wide bars) and abandoned cropland outside biodiversity hotspots 
(thin bars). Figures (b, d, f), and (c, e, g) refer to rain-fed and mixed water supply, respectively. Average yields in (f) and (g) refer to only productive areas. 
Maps are shown at 5 arc minutes and 1 degree for (a) and (b-e), respectively (for improved visualization).
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Extended Data Fig. 2 | Spatial explicit changes in bioenergy potentials under future climatic conditions relative to present day. Maps describe changes 
(%) in 2050 for RCP4.5 (a) and RCP8.5 (b), and in 2080 for RCP4.5 (c) and RCP8.5 (d). Results refer to optimal crop allocation, high management 
intensity, and rain-fed water supply. Crop allocation is re-optimized under each future climate projection. Maps are shown at one-degree resolution 
(aggregated for visualization purposes).
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Extended Data Fig. 3 | Global bioenergy potentials under climate change. Bioenergy potentials (EJ year−1) on abandoned cropland are shown for 2050 
and 2080 under RCP4.5 and RCP8.5 for a set of different constraints. Land availability is constrained by consideration of abandoned cropland with 
or without (thinner bars) biodiversity hotspots. Three agricultural management intensity levels (low, medium and high) and three water supply levels 
(rain-fed, irrigated and mixed) are considered. Specific contributions from irrigated areas and individual crops to total potentials are shown.
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Extended Data Fig. 4 | Spatially explicit water withdrawals and blue water footprint of irrigated bioenergy potentials on abandoned cropland. Maps 
describe present day characteristics for two agricultural management intensities (medium, high), with optimal energy-based crop allocation per grid 
cell. Water withdrawals are given as million m3 year−1, and blue water footprint as m3 GJ−1. Maps are shown at one-degree resolution (aggregated for 
visualization purposes).
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Extended Data Fig. 5 | Comparison of bioenergy potentials with future projections. Bioenergy potentials on abandoned cropland (optimal crop 
allocation), relative to median projected primary bioenergy demand in 2050 across different SSPs in top-down Integrated Assessment Models (%). Land 
availability for bioenergy production is constrained by consideration of abandoned cropland with or without biodiversity hotspots. Three agricultural 
management intensity levels (low, medium and high) and three water supply levels (rain-fed, irrigated and mixed) are considered. Individual figures refer 
to (a) bioenergy potentials at present day relative to median projected demand in 1.9 W m−2 scenarios, and (b) bioenergy potentials in 2050 for RCP4.5 
relative to median projected demand in 4.5 W m−2 scenarios. SSP3 is not shown in a, as no models could reach the 1.5 °C climate target.
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1. Introduction
Ambitious climate change mitigation scenarios require large-scale deployment of bioenergy and solar
photovoltaics. Utilizing recently abandoned cropland for renewable energy production is a promising
option for energy supply while reducing competition for land and food security. However, the magnitude
of abandoned cropland and its potential for renewable energy production is still unclear. Here, we
mapped recently abandoned croplands at a global level and assessed the site-specific primary energy
potentials for bioenergy and solar photovoltaics considering local climatic conditions, energy yields, and
socio-economic feasibility constraints to identify optimal land use for renewable energy production. Of
the 83 Mha of the identified abandoned cropland between 1992 and 2015, 68% of the area presented
higher development potentials for the establishment of solar photovoltaic compared to dedicated bio-
energy crops. In total, 125 EJ/year of primary energy can be produced with this optimal land manage-
ment, of which 114 EJ/year is from solar photovoltaic and 11 EJ/year is from bioenergy. This figure
corresponds to 33e50% of the projected median renewable energy demand in 2050 across the 1.5 �C
stabilization scenarios. Mapping the suitability of renewable energy sources across different local,
environmental, and socio-economic constraints will help identify the best implementation options for
future energy systems transformation.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

especially solar photovoltaic (PV) [4,5]. Of those projections that

can reach the 1.5 �C target by 2100, the annual primary energy
The continuing rise in gree
nhouse gases (GHG) emissions pre-
sents a significant challenge for limiting warming towell below 2◦C

needed from biomass and PV is in the range of 87e453 EJ and
54e396 EJ, respectively [5,6]. For providing such large amounts of
rticle
relative to the pre-industrial era [1]. According to the International
Energy Agency (IEA), the energy production by renewable energy
sources experienced a record-high increase in 2019, both in terms
of the fastest rate of growth and the largest absolute growth [2].
Despite these positive developments in the renewable energy
sector, the transformation of global energy systems is still far from
the levels required to meet the objectives of the Paris Agreement
and deployment of renewable energy solutions must accelerate
substantially [3].

The different Shared Socio-economic Pathways (SSP) expect
higher future demands for second-generation bioenergy crops and
increased energy production from renewable energy sources,

* Corresponding author. Tromsøgata 17, 0565, OSLO, Norway.
E-mail address: malene@villenergi.no (M.E. Leirpoll).
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0960-1481/© 2020 The Authors. Published by Elsevier Ltd. This is an open access a
primary energy from bioenergy and PV, different extents of land
resources are required, which may conflict with other land uses,
such as biodiversity conservation, and food security [7,8]. In order
to distinguish the most appropriate solutions across different lo-
cations and socio-economic contexts, robust land and energy
management planning is vital [9,10]. Mapping land that would be
suitable for establishing renewable energy infrastructure under a
range of environmental and socio-economic criteria is an essential
tool for a sustainable energy transition [11,12]. Utilizing areas of
recently abandoned cropland for the establishment of renewable
energy infrastructure is a promising option for energy supply while
reducing potential competition for land and its potential impacts
on biodiversity and food security [13e15]. Conversion of aban-
doned cropland to active forms of energy supply is usually
considered a near-term no-regrets opportunity to gradually achieve
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large-scale renewable energy supply while, at the same time,
stimulating socio-economic development in rural areas [16,17].

Re-cultivating abandoned cropland by bioenergy crops like
perennial grasses may reduce atmospheric carbon concentrations
from enhanced soil carbon sequestration and fossil fuel substitu-
tion [18,19]. In addition to climate mitigation, the conversion of
former croplands to perennial grasses can also provide a range of
ecological and environmental benefits such as enhanced biodiver-
sity and ecosystem services [16,20], reduced losses of nutrients and
soils [21], and local cooling effect due to increased evapotranspi-
ration rates during the growing season [22,23]. At the same time,
ground-mounted PV is well suited for deployment on abandoned
cropland [24,25]. Utility-scale PV is predicted to play a key role in
the sustainable transformation of the global energy systems, and
the main reason is the rapid decline in the cost and the techno-
logical advancement [26]. However, it is reported that approxi-
mately one-third of the total PV farm surface can be covered with
solar panels [27e29], as the rest of the area is required for its
infrastructure. Covering the land with solar panels may lead to a
decline in bio-productivity [30].

Based on the urgent need to transition towards less carbon-
intense energy systems [31], spatially-explicit mapping energy
potentials of bioenergy and PV is key to understand the future land
and energy developments and ultimately stimulate renewable
energy production on these areas. In this paper, we address the
spatially explicit production of bioenergy and solar photovoltaic for
recently abandoned cropland at a global level considering a set of
local climate variables, resource yield, and socio-economic feasi-
bility constraints. Global recently abandoned croplands are iden-
tified through time series of remotely-sensed land cover maps
provided by the European Space Agency (ESA) Climate Change
Initiative Land Cover (CCI-LC) [32]. Global primary energy poten-
tials for bioenergy are derived from grid-specific yields of perennial
grasses under modern agricultural management practices and site-
specific agro-climatic, soil, and terrain conditions using the Global
Agro-Ecological Zones (GAEZ) model [33]. For PV, the Centro Euro-
Mediterraneo sui Cambiamenti Climatici Climate Model (CMCC-
CM) products [34] provide site-specific meteorological data that are
used to estimate the primary energy potential [35]. By integrating
the gridded primary energy potentials for these renewable energy
production options with a spatially explicit Development Potential
Index (DPI) [36], we accounted for a range of socio-economic
feasibility constraints to provide a more realistic quantification of
renewable energy alternatives and identify the optimal use (bio-
energy crop or solar PV) per grid cell. The global primary energy
potential from an optimal land management at a global level is
determined by combining all contributions from bioenergy and PV
on the abandoned cropland areas as determined by the DPI.
Numerous studies have assessed the resource and land suitability
for bioenergy [13,15,30,37e40] or PV [12,14,30,41e43]. These
studies focused on specific regions, characteristics and constraints
of the different renewable energy production options and identi-
fied their contributions to the energy transition. However, to the
best of our knowledge, this is the first study that systematically
compares with high-resolution data the primary energy potentials
from bioenergy crops and PV on abandoned cropland at a global
level, and that considers a comprehensive set of local factors and
socio-economic constraints to identify the optimal land manage-
ment for renewable energy production.

2. Methods

2.1. Identification of recently abandoned cropland

The European Space Agency (ESA) Climate Change Initiative

M.E. Leirpoll, J.S. Næss, O. Cavalett et al.
Land Cover (CCI-LC) provides global annual data of land cover
classes from 1992 to 2015 at a spatial resolution of 10 arc seconds
(300 m at the equator) [32]. By combining multiple remote sensing
products with ground-truth observations, the ESA CCI-LC maps
describe terrestrial surface characteristics through 37 different land
cover classes. Six of these classes are cropland or mosaic cropland.
We identified abandoned cropland by tracking grid cells tran-
sitioning from cropland in 1992 to any non-cropland (and non-
urban) class in 2015. In other words, abandoned cropland in-
cludes all grid cells that were registered as cropland in 1992 and not
in 2015. The cropland grid cells that transitioned to urban land are
excluded and not considered as available for renewable energy
production, as this is a non-reversible transition.

2.2. Primary bioenergy potential

The bioenergy crops considered here are three promising
perennial grasses: switchgrass (Panicum virgatum), miscanthus
(Miscanthus x giganteus), and reed canary grass (Phalaris arundi-
nacea). They were selected because they have proven to thrive well
on marginal lands due to their suitability to a variety of soil and
climate conditions as well as their relatively high yields, low cost
and various environmental co-benefits [44e46]. Switchgrass has a
C4 photosynthetic pathway for carbon fixation and can survive in a
variety of environmental conditions [47e49]. Switchgrass is native
to North America [45,50], but has been introduced in China
[46,51,52], Europe [44,48], and many other regions. It is highly
adaptive to soil with less fertile, erosive, or acidic conditions, as it
has a well-developed root system [46]. However, the species does
not cope well under drought conditions [53,54]. The harvesting of
switchgrass typically happens throughout autumn [47]. Mis-
canthus also has a C4 photosynthetic pathway [47,48]. Miscanthus
originated in South-East Asia, but has been introduced in many
other regions because of its suitability for establishment in a wide
climatic range [49]. Today, miscanthus is present in Europe [48,55],
the UK [56], China [52], Turkey [45], among many other regions.
Usually, harvesting of miscanthus occurs in late winter or early
spring [57,58]. Reed canary grass has a C3 photosynthetic pathway.
It is especially suitable in temperate climates with cool and humid
conditions [57,59]. Reed canary grass is currently mainly estab-
lished in Europewhere the species originated [48]. Even in extreme
climatic conditions such as floods and droughts, reed canary grass
can survive due to its well-adaptive water regime [60]. Similar to
miscanthus, the harvest of reed canary grass occurs in late winter or
early spring [57,58].

We applied the parameterized crop yield model Global Agro-
Ecological Zones 3.0 (GAEZ) to model local yields of bioenergy
crops at five arc minutes resolution [61]. GAEZ was developed by
the Food and Agriculture Organization (FAO) of the United Nations
in collaboration with the International Institute for Applied Sys-
tems Analysis (IIASA). GAEZ models dry mass yields based on a
variety of crop-specific parameters related to crop characteristics,
local soil quality and terrain, agricultural management practices,
and site-specific climatic conditions (e.g., radiation, precipitation,
and temperature) [33]. It considers the response in crop produc-
tivity to yearly variability in soil moisture, pests, frosts and con-
straints to soil workability. Furthermore, it models the effects of
fertilizer use, pesticides, and agricultural conservation measures.
Additionally, GAEZ quantify crop water balances, water deficits, and
evapotranspiration using the optimal crop growth calendar at rain-
fed conditions. Based on this, it also models irrigated crop yields by
assuming no water deficits throughout the crop growth cycle (i.e.
water losses by evapotranspiration do not exceed water absorption
at any point). We quantify bioenergy yields for a modern, mecha-
nized and market oriented agricultural management system, with
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high yielding varieties, and optimal fertilizer and pesticide use.
Maximum attainable dry mass yields for switchgrass, miscanthus,
and reed canary grass were computed for both rain-fed and irri-
gated conditions.

We considered amixedwater supply systemwith rain-fedwater
supply in areas threatened by physical water scarcity and irrigation
elsewhere. The Aquamaps database [62] provides datasets on
physical water scarcity (i.e., when the water demands of the
available renewable water resources is not met [63]) at a river basin
level. While multiple methods exist to assess water scarcity, the
physical water scarcity indicator is especially suitable to address
local potentials of new water infrastructure development and
measures to increase water use efficiency [64,65]. Additional water
withdrawals in areas threatened bywater scarcity have higher risks
of causing sustainability trade-offs on water depletion. Areas with
annual agricultural water use as <10%, 10e20% and >20% of
renewable water resources are classified as low, moderate and high
physical water scarce, respectively [66]. As an upper irrigation
potential, we constrained irrigation deployment to low water
scarce areas only.

Applying lower heating values of 17.82 MJ kg�1 for switchgrass,
18.55 MJ kg�1 for miscanthus, and 18.06 MJ kg�1 for reed canary
grass [67], we convert dry mass yields to bioenergy yields. By
performing an energy-based optimization of the global crop dis-
tribution with mixed water supply, each grid is assigned the bio-
energy crop with the largest potential. This approach allows to
maximize bioenergy yields locally with reduced risks of additional
water depletion in water scarce areas.

2.3. Solar photovoltaic primary energy potential

Local PV potentials depend on climatic conditions and nominal
installed PV capacity [68]. The incoming solar radiation is the most
significant factor for determining the site-specific PV potential
[12,69]. Other studies have included additional meteorological
conditions such as humidity [70e73], diffuse radiation [74,75], or
cloud-cover [76]. The effects of ambient temperature and wind
speed are also important for a proper quantification of PV poten-
tials [77,78]. Some previous studies have estimated PV potentials on
abandoned cropland at the local and national scale [14,30], but the
global PV potential on abandoned cropland is still unclear.

We used the climate data from the Centro Euro-Mediterraneo
sui Cambiamenti Climatici Climate Model (CMCC-CM)
atmosphere-ocean general circulation model to assess local PV
potentials on abandoned cropland [34]. In CMCC-CM, the global
circulation is represented by coupling the atmospheric model
ECHAM5 [79] and the oceanmodel OPA8.2 [80], with a resolution of
0.75� and 2�, respectively. Interface between the atmospheric and
ocean components is performed by the Ocean Atmosphere Sea Ice
Soil version 3 (OASIS3) [81], with a coupling period of 160 min for
all parameters. Previous applications of CMCC-CM include assess-
ments of precipitation and cyclones [82], extreme weather [83],
vegetation response to climate change [84], and variability of wave
power [85]. Spatially explicit climate data on surface downwelling
shortwave radiation (RSDS), near-surface air temperature (TAS),
and near-surface wind speed (sfcWind) is obtained from the
“Atmos” collection of CMCC-CM. Climate model output for the
stabilization scenario for Representative Concentration Pathway of
4.5Wm-2 radiative forcing (RCP4.5), withmonthly ensemblemeans
from 2010 to 2040 which were aggregated to yearly means served
as an estimate for the current climatic conditions. While nominal
installed PV capacity is typically provided at standardized condi-
tions (i.e. at a PV cell temperature (Tcell) of 25 �C, and RSDS of 1000
Wm-2), the efficiency of PV cells changes with Tcell based on local
climatic conditions.We apply a parameterized approach to quantify
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the primary energy potential of a PV deployment on abandoned
cropland [35]. The method is widely used and validated through a
range of applications [68,86e89].

Tcellði; jÞ¼ c1 þ c2 , TASði; jÞþ c3 þ c4,sfcWindði; jÞ (1)

PRði; jÞ¼ 1þ g½Tcellði; jÞ� Tstd� (2)

PVpotði; jÞ¼ PRði; jÞ,RSDSði; jÞ
RSDSstc

(3)

PVpriði; jÞ¼ PVpotði; jÞ , PN , carea,8760 (4)

The site-specific PV potential (PVpot) calculated through Equa-
tions (1)e(3) accounts for the ambient effects on Tcell of RSDS, TAS,
sfcWind, and a set of additional coefficients (Table 1). Further, to
obtain the annual primary energy that PV will produce (PVpri) the
dimensionless magnitude of PVpot is multiplied with nominal
installed power (PN), the share of solar cells cover of the total land
available (carea), and the number of hours in a year (8760) (Equation
(4)).
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2.4. Development Potential Index for the renewable energy options

Optimal distribution of bioenergy or solar PV on the identified
abandoned cropland areas is not only dependent on the primary
energy potential, but also on many other factors including bio-
physical aspects, local land-use or administrative contexts and
socio-economic feasibility constraints associated with the intended
renewable energy option [9,10,94]. For example, evaluation of local
soil characteristics, topography of the landscape and the prevailing
climate, as well as grid-specific accessibility to infrastructure,
markets, and other socio-economic conditions, are key factors that
affect priorities among different renewable energy options [11].

In order to take these aspects into account, Oakleaf et al. [36]
introduced the Development Potential Index (DPI), which in-
corporates site-specific development constraints and criteria when
determining the land suitability for development of the given
renewable energy option. Spatially explicit DPIs are available for 13
renewable energy sources, including bioenergy and PV. By applying
a multi-criteria decision analysis technique integrated with
geographic information systems [93], site-specific suitability is
mapped globally with a 1 km resolution. DPIs include various
development constraints associated with the specific resource,
land-use and biophysical criteria, technical yields, feasibility
criteria (e.g., major roads, electrical grid, and demand centers), and
feasibility measures (e.g., logistics), which differ by location and
type of renewable energy option considered. All these factors are
integrated in terms of relative importance through an analytic hi-
erarchy process [95] combined with a weighted linear combination
method [93], so that the computed normalized spatial DPI values
range between 0 and 1. For PV, energy yields and distance to
electrical grids contribute the most to DPI values (weighted 0.447
and 0.228, respectively). Landcover characteristics (0.115), distance
to urban areas (0.069), and distance to railways and ports (0.026)
are also included in the parameterization. Bioenergy DPIs are
quantified based on bioenergy crop yields (0.493), market acces-
sibility (0.311) and land supply elasticity (0.196) [36].

We overlapped the DPIs for bioenergy and PV based on Oakleaf
et al. [36] with our identified maps of abandoned cropland to
quantify their development potentials. We used ESRI ArcGIS
Desktop 10.8 [96] to remap DPI data from the Mollweide co-
ordinates system to the WGS 1984 coordinate system. It was
possible to directly assign DPI values for bioenergy and PV to



Annually, global bioenergy potentials on abandoned cropland

Table 1
Parameters for estimating spatially explicit PV primary energy potential.

Notation Value Unit Description Reference

c1 4.3 �C Response coefficient accounting for climate effects [68,90]
c2 0.943 - Response coefficient accounting for climate effects [68,90]
c3 0.028 �Cm2W�1 Response coefficient accounting for climate effects [68,90]
c4 �1.528 �Csm�1 Response coefficient accounting for climate effects [68,90]
g �0.005 �C�1 Maximum power thermal coefficient [35,68,91]
Tstd 25 �C Standard test conditions of PV cell temperature [68,90]
RSDSstc 1000 Wm�2 Standard test conditions of RSDS [68,90]
PN 110 Wpm

�2 Nominal power (or Watt peak) [27,28,92,93]
carea 0.33 - PV coverage of total land available [27e29]
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47 Mha and 56 Mha of abandoned cropland, respectively, and there
were 40 Mha of abandoned cropland for which it was possible to
assign DPI values for both renewable energy sources. For some
areas of abandoned cropland, it was thus not possible to assign a
given DPI value owing to missing entries in the original DPI dataset,
e.g., for latitudes 60e90 �N. We applied a data filling method to
quantify DPI values of these abandoned cropland areas by taking
the moving mean of surrounding grid cells for a range of different
window sizes (from 3� 3 to 31� 31 cell windows). With awindow
size of 3� 3 cells that only considers the nearest neighbor cells, the
extent of abandoned cropland with DPI values for bioenergy and PV
increases from 40Mha to 67Mha. Across all assessed window sizes,
we obtain DPI values for both bioenergy and PV for an additional
27e40 Mha of abandoned cropland. This increases total DPI
coverage up to 67e80 Mha. Supplementary Fig. 1 shows that while
there are rapid gains in abandoned cropland with DPI values at
smaller window sizes, the curve quickly starts to converge towards
80 Mha. The remaining 3 Mha of abandoned cropland are located
within larger clusters of missing values such as seen in parts of
northern Africa and eastern Asia. We have thus identified the
11 � 11 cell window (about 1 � � 1 �) as the best option to balance
trade-offs between lower areas with DPI coverage and increased
uncertainties related to data filling by taking DPI values from far
areas within larger clusters. This choice results in 78 Mha (out of
the 83 Mha identified globally) of abandoned cropland with
assigned DPI values for both bioenergy and PV.

By comparing the spatially explicit DPIs for bioenergy and PV on
abandoned cropland, the optimal combination for renewable en-
ergy production on abandoned cropland is determined. The energy
potentials described in section 2.2 and 2.3 are applied to each given
grid cell so that the bioenergy potential is computed for areas
where the bioenergy DPI is higher than the DPI for PV, and the PV
potential for areas where DPI for PV is higher than bioenergy DPI.
Further, a sensitivity analysis explores the land requirements and
energy potentials across different DPI thresholds (i.e., deploying
energy production on all areas with DPI values above a given
threshold), and the effect of the data filling method on the global
potentials. The DPI-optimized land allocation to bioenergy and PV,
the corresponding mean energy yields, and total energy potentials
on abandoned cropland is therefore computed for a range of win-
dow sizes between 3 � 3 and 31 � 31 cells.

3. Results and discussion

3.1. Abandoned cropland

A total of 83 Mha of abandoned cropland globally can be iden-

tified from the ESA CCI-LC land cover maps between 1992 and 2015
(Fig. 1). Most of these areas are located in Asia (30%), followed by Fig. 1. Globally identified abandoned cropland between 1992 and 2015. The color bar

shows the grid cell fraction at 1� resolution (aggregated from the resolution of the
original dataset for visualization purposes). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Americas (28%), Africa (22%), Europe (20%), and, lastly, Oceania
(5%). Drivers behind abandonment of agricultural land are many
and include environmental, socio-economic and political factors
[97,98]. Natural geophysical constraints, such as a decline in soil
quality and land degradation, may motivate the cropland aban-
donment [15,98] as well as topography (e.g., mountain regions and
dry areas) [99]. Nevertheless, socio-economic drivers are of larger
importance. Lack of availability of critical infrastructure (such as
roads) and missing subsidies for farming may force landowners to
give up the land [98]. Abandonment of cropland may also result
from changes in internal or external politics (e.g., migration of land-
use activities to less developed countries [100]), and the shift to-
wards market-driven economies (e.g., the dissolution of the Soviet
Union) [99].

In Asia, we find intensive cropland abandonment in Southeast
regions close to the equator (e.g., Malaysia and Indonesia). Smaller
fractions of abandoned cropland are found in North and Central
America, and along the coast of South America. In Africa, regions
just south of the equator, such as Congo, Angola, and Tanzania, have
large areas of abandoned cropland. In Europe, large areas of
abandoned cropland are found in the former Soviet Union (e.g.,
Russia, Ukraine, and Kazakhstan) and eastern parts of Europe. Also,
abandonment of farming occurs in Oceania, mainly along the
coastlines of Australia and New Zealand.

3.2. Primary energy potential of bioenergy and PV
are estimated to be 35 EJ (Fig. 2a), assuming modern agricultural
practices and irrigation in areas with no physical water scarcity.
This means that in water scarcity areas where the abandoned
cropland is not suitable to rain-fed bioenergy crops (about 5 Mha),
there is no bioenergy potential. On the other hand, PV farms on



abandoned cropland can produce 179 EJ year�1 (Fig. 2b), which is Central-Europe, among other regions (light blue and yellow color in

Fig. 2. Primary energy potentials on abandoned cropland for bioenergy (a) and PV-energy (b), in PJ year�1 and energy yield (i.e., energy output per hectare of land) for bioenergy (c)
and PV-energy (d) in GJ ha�1 year�1. Note that scales of the color bars are different for each panel. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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more than five times higher than the bioenergy potential. Themean
primary energy yield of bioenergy is 0.4 TJ ha�1 year�1 (Fig. 2c) and
for PV 2.1 TJ ha�1 year�1 (Fig. 2d).

For all locations of abandoned cropland, the potential primary
energy output is higher for PV compared to bioenergy; however,
the magnitude by which PV performs better than bioenergy differs
regionally. A clear latitudinal trend can be identified: bioenergy
performs better in the tropics (where yields are high) compared to
higher latitudes, even though it does not out-compete PV. The
highest bioenergy yields are located in the west coast of South
America, Africa, and Southeast Asia. However, a significant bio-
energy potential is also found in eastern parts of Europe and some
locations in Central America. Areas with high PV potential are
widely scattered. The main productive regions include the east
coast of South America, Central America, parts of Africa, mid-
Europe and South East Asia. The lowest PV yields are found in
Scandinavia and North America.

3.3. Development Potential Index for bioenergy and PV

Wemapped Development Indices (DPIs), a measure of technical
and socioeconomic feasibility, of bioenergy and PV from Oakleaf
et al. [36] on the identified areas of abandoned cropland (Fig. 3).
Average DPI for bioenergy across abandoned cropland is found to
be 0.53 (Fig. 3a), while it is 0.58 for solar PV (Fig. 3b). This result
indicates that globally the development of solar PV farms on
abandoned cropland has a slightly higher development potential
compared to bioenergy. However, bioenergy is more suitable
compared to PV in some areas due to several local biophysical and
socio-economic feasibility factors considered in the DPI. In general,
the highest DPI for bioenergy on abandoned cropland are located in
tropical and mild temperate regions, while the development po-
tential for PV is higher in dryer climatic conditions. By investigating
the differences between DPI for PV and DPI for bioenergy on
abandoned cropland per grid cell (Fig. 3c) we find a mean global
difference of 0.05. The difference in DPI per grid cell is closer to zero
around the equator (mainly in Africa and South America) and in
Fig. 3c). The DPI of PV is higher than the DPI of bioenergy in large
parts of sub-Saharan Africa, North America, the eastern Part of
South America, Central Asia and the eastern parts of Australia (red
color in Fig. 3c). In contrast, the DPI of bioenergy is higher than the
DPI of PV for areas such as the western and middle parts of South
America, South-East Asia, and some clusters in Europe, Africa and
Australia (dark blue color in Fig. 3c).

3.4. Optimal deployment of bioenergy and PV based on DPIs

By comparing the site-specific DPIs, an optimal distribution of
bioenergy and PV deployment for renewable energy production is
determined (Fig. 4) for 78 Mha of the initial 83 Mha abandoned
cropland. The remaining 5 Mha has no DPI due to the selected size
of the window for the data filling methods. The influence of alter-
native window sizes is explored in a sensitivity analysis. The results
show that 68% (53 Mha) of the abandoned cropland have higher
suitability for establishment of PV infrastructure, while the other
32% (25 Mha) is more suitable for bioenergy deployment (Fig. 4a).
An optimal DPI-based deployment of these two renewable energy
options has a primary energy potential of 125 EJ year�1 at a global
level, of which 114 EJ year�1 are from PV and 11 EJ year�1 from
bioenergy. Therefore, a significantly higher share of the total energy
generated will come from PV deployment (91%) compared to bio-
energy (9%). We find that the optimal land management of aban-
doned cropland combining PV and bioenergy will have DPI values
greater than 0.1 for all locations (Fig. 4b and c). However, most of
the primary energy potential is associated with land areas with a
DPI ranging from 0.4 to 0.8, and only a tiny fraction of the land will
have a DPI close to 1 (i.e., maximum development potential).

While the overall optimal deployment for PV and bioenergy is
quite fragmented (Fig. 4a), some trends can be observed. North
America and a large part of Central and South America have a
higher development potential for PV compared to bioenergy. In
Europe, the Mediterranean countries are more suitable for PV than
bioenergy deployment. In contrast, bioenergy has larger DPI values
in Great Britain, Ireland, Poland, and the former Soviet states except



for Russia. In the African continent, bioenergy is a better option in
the eastern part of the Horn of Africa, western and central Africa,
while PV is the preferred option under the equator. Large parts of

projections across all SSPs. However, deployment of perennial
grasses on abandoned cropland is a promising near-term option
that can facilitate a gradual upscale of bioenergy production from

Fig. 3. Development Potential Index (DPI) on abandoned cropland for bioenergy (a), PV-energy (b) and (c) difference between DPI for PV and DPI for bioenergy on (cells of)
abandoned cropland. Range for DPI is between 0 and 1, where 1 represent maximum development potential. DPIs are based on Oakleaf et al. [36] and applied to the identified
abandoned cropland areas. The difference in DPI is calculated as DPI of PV minus the DPI of bioenergy per grid cell. This means that if a grid cell has a value greater than zero it has a
higher DPI for PV than for bioenergy.
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Asia have a higher development potential for PV, but some ex-
ceptions are in Pakistan, China, and Southeastern Asia. Further, we
find that the eastern states of Australia and New Zealand have a
higher potential for PV. Along a latitudinal gradient, the areas be-
tween 30 and 60�N have a higher PV potential while most of the
tropical areas situated around the equator have a higher bioenergy
potential. In total, 125 EJ year�1 of primary energy can be generated,
at a global mean primary energy potential of 1.6 TJ ha�1 year�1 for
an optimal deployment of abandoned cropland areas (Fig. 4d and
e). This potential is produced with an average DPI of 0.61 (Fig. 4f).
This value is higher than the mean DPI when only deployment of
bioenergy (mean DPI 0.53) or PV (mean DPI 0.58) is considered (see
Fig. 3a and b), meaning that an optimal allocation of renewable
energy production to abandoned cropland on the basis of the DPI
offers higher potentials of development.

This primary energy potential from abandoned cropland can be
compared to the expected renewable energy deployment in future
climate change mitigation scenarios. The projected median
renewable primary energy needed to limit global warming to 1.5 �C
across different SSPs in 2100 is 224e412 EJ year�1 from biomass
and 54e243 EJ year�1 from solar energy [5,6]. Comparing these
estimates to our result of bioenergy (11 EJ year�1 under DPI-based
optimal land allocation), it is clear that limiting bioenergy pro-
duction to abandoned cropland is not sufficient. More resources
from forest residues, waste products, or bioenergy crops produced
on current cropland or pastureland are needed to reach the
second generation feedstocks. On the other hand, our estimate of
114 EJ year�1 for PV represents a large share of the expected PV
demand, and in one scenario (SSP4) it can cover all the projected
solar energy demand. It also covers large parts of the 2100 demand
in SSP1 and SSP2 (83% and 78%, respectively), and 47% of the de-
mand in the energy intensive SSP5 scenario where a delayed en-
ergy transition leads to an extensive deployment of renewable
energy sources in the second half of the century [6].

3.5. Development Potential Index thresholds and land-energy
interactions

There are non-linear relationships between DPI-thresholds,
land availability and energy potentials (Fig. 5). Half of the aban-
doned cropland is located in areas where DPI is higher than 0.53
and 0.60 for bioenergy (Fig. 5a) and PV (Fig. 5b), respectively. With
DPI optimized land management, there is relatively higher land
availability for energy production at a given DPI threshold (Fig. 5c).
Half of the abandoned cropland can be utilized at a DPI threshold of
0.63, with 13 Mha and 26 Mha allocated to bioenergy and PV,
respectively. Abandoned cropland with DPI above 0.8 is limited for
both bioenergy and PV (2.4 Mha and 1.7 Mha, respectively). Even in
the DPI optimized scenario, only 3.8 Mha of the abandoned crop-
land has DPI above 0.8 (2.3 Mha and 1.5 Mha allocated to bioenergy
and PV, respectively). At the same time, 85%, and 95% of abandoned
cropland has DPI above 0.4 for bioenergy and PV, respectively. The



optimized land management make use of 99% of abandoned
cropland above a 0.4 DPI threshold, with 24 Mha and 53 Mha
allocated to bioenergy and PV, respectively.

Reaching half of the bioenergy potential requires a DPI threshold
of 0.55 and 37 Mha of abandoned cropland, with a mean bioenergy
yield of 460 GJ ha�1 year�1 (Fig. 5d). Half the PV potential is
achievable with a DPI threshold of 0.61 by utilizing 39 Mha of

Fig. 4. Optimal allocation to abandoned cropland of PV and bioenergy based on the Development Potential Index (DPI). Areas identified with higher DPI for PV in yellow and
bioenergy in green (a). Amount of hectares of land (b) and primary energy production (c) for the optimal management of PV (yellow) and bioenergy (green) by ranges of DPIs.
Primary energy potential per year (in PJ year�1) (d) and energy yield (in GJ ha�1 year�1) (e) for optimal management of abandoned cropland. (f) Development Potential Index (DPI)
for optimal land management on abandoned cropland for renewable energy production by bioenergy and PV. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 5. Relationship between DPI levels, land availability and achievable primary en-
ergy potentials assuming all abandoned cropland above a given DPI is utilized for
energy production. Land availability [Mha] are shown for (a) bioenergy, (b) PV, and (c)
for the DPI optimized allocation of bioenergy and PV on abandoned cropland.
Maximum land availability differs slightly between scenarios due to variations in DPI
data availability. Energy potentials [EJ year�1] are shown for (d) bioenergy, (e) PV, and
(f) the DPI optimized allocation of bioenergy and PV on abandoned cropland. Note
different scales on y-axis for energy potentials in (d), (e) and (f).
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abandoned cropland, and a mean PV energy yield of 2349 GJ ha�1

year�1 (Fig. 5e). With optimal land management, half of the energy
potential is reached at a higher DPI threshold of 0.64 (Fig. 5f). This
requires 12 Mha and 25 Mha to produce 5.8 EJ year�1 and
59.5 EJ year�1 for bioenergy and PV, respectively. Mean energy
yields increase slightly at a 0.64 DPI threshold to 467 GJ ha�1 year�1

and 2380 GJ ha�1 for PV and bioenergy, respectively.
The top 10 percentiles of the energy potentials are achievable at

DPI thresholds of 0.71, 0.74 and 0.76, with land requirements of
8.1 Mha, 7.5 Mha and 9.5 Mha to produce 3.6 EJ year�1, 19 EJ year�1

and 13 EJ year�1 for bioenergy, PV and optimal land management,
respectively. In the optimal land management scenario,
1.7 EJ year�1 and 11 EJ year�1 is produced with mean energy yields
of 439 GJ ha�1 year�1 and 2481 GJ ha�1 year�1 for bioenergy and
PV, respectively. On the other hand, 90% of the total potential is
reachable with DPI threshold of 0.38, 0.44 and 0.47, thereby pro-
ducing 30 EJ year, 161 EJ year�1 and 114 EJ year�1 with land re-
quirements of 69 Mha, 74 Mha and 70 Mha for bioenergy, PV and
optimal land management, respectively. With optimal land man-
agement, 10 EJ year�1 and 103 EJ year�1 is produced, with mean
energy yields of 454 GJ ha�1 year�1 and 2196 GJ ha�1 year�1 for
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bioenergy and PV, respectively.
While PV energy yields peak at a 0.96 DPI threshold for the

optimal land management scenario (2825 GJ ha�1 year�1), we find
that mean bioenergy yields peak at a DPI threshold of 0.63
(466 GJ ha�1 year�1). This indicates that market accessibility or land
supply elasticity (i.e. the relationship between land use change, and
land and crop prices) might be a constraint in some of the highest
yielding areas for bioenergy production. Furthermore, we deploy
irrigated bioenergy production in areas that are not threatened by
water scarcity, which is not directly reflected by the DPI values.

3.6. Uncertainty and limitations

We performed a sensitivity analyses to assess the effects of the
DPI data filling method on areas of abandoned cropland with an
assigned DPI value and the resulting primary energy potentials.
Supplementary Table 1 shows how results vary according to
different sizes of themoving window (between 3� 3 to 31� 31 cell
windows). Across all thewindow sizes considered, we obtained DPI
values for an additional 27e40Mha. Including these additional cells
brings total abandoned cropland with both bioenergy and PV DPIs
to 67e80 Mha, with optimal energy potentials ranging between
107 and 129 EJ year�1. While a larger window size increases both
the considered land availability and energy potentials, it does not
affect the share of land distributed between bioenergy and PV.
Allocated shares of abandoned cropland to bioenergy and PV are
31e32% and 68e69% across all considered window sizes, respec-
tively. This indicates an even spread of missing values across the
abandoned cropland grids. Likewise, mean bioenergy and PV en-
ergy yields show small variations (454e457 GJ ha�1 and
2130e2153 GJ ha�1, respectively). Contributions to optimal total
energy production stay at 9% and 91% for bioenergy and PV,
respectively.

The recently released ESA CCI-LC products aim to give a more
realistic representation of land cover dynamics compared to former
datasets by resolving some of their limitations [101,102]. Several
previous studies validated the accuracy of the ESA CCI-LC dataset.
The global overall accuracy is 71% [103], but with some regional
differences. Overall accuracies are 72% in China [104], 62% in Africa
[105], 70% in South America [105], 62% in the Arctic [106] and 84%
in coastal Eurasia [107]. Cropland classes have the highest global
accuracy. Median global user and producer accuracies of cropland
classes are 89% and 80%, respectively [103]. The ESA CCI-LC dataset
is also found to be broadly consistent with other cropland identi-
fication approaches [105,108]. This makes the ESA CCI-LC especially
useful for cropland monitoring, with both a relatively high preci-
sion in total cropland extent, and a high spatial cropland match.
Moreover, the estimates of a detected change in terrestrial surface
are based on changes registered over a two year period, so that
temporary changes (e.g., a short period of extreme events such as
draughts) will not affect the data, and this is considered a strength
of the CCI-LC database. An increasing number of studies rely on the
ESA CCI-LC products for analysis of effects of land cover changes.
Examples include effects of recent land-use and land-cover changes
on the terrestrial carbon stocks [102,109], air temperature and
humidity effects [110], surface energy budget [109], assessments of
global cropland sparing potentials [111], global urban expansion
[112], and land cover changes within biodiversity hotspots [113].

The GAEZ model relies on complex databases to provide spatial
agro-climatic yields, and both the databases and the assumptions in
the model itself have intrinsic uncertainties [33]. Despite this, the
GAEZ model is widely tested, validated and used in multiple ap-
plications [114e118]. In order to estimate the bioenergy potential
on abandoned cropland, the energy-based optimal solution for
perennial grasses allocation in combination with high agricultural
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management levels and mixed water supply system is utilized.
Bioenergy potentials are lower if a low or medium agriculture
management intensity is considered (e.g., lower inputs of nutrients,
lower mechanization of field work, etc.), but higher if irrigation is
deployed on all abandoned cropland. More refined estimates of
bioenergy potentials can be achieved with regional analysis that
considers local trade-offs with economic and environmental factors
to identify the best management practice.

Meteorological data from CMCC-CM rely on the atmospheric
model ECHAM5 [79] and the ocean model OPA8.2 [80] coupled by
the OASIS3 interface [81]. As each of the models are combined to
create the CMCC-CM, the datasets from CMCC-CM include the
intrinsic uncertainties related to each model and those from their
combination [82]. The primary energy potential for PV is estimated
based on two main assumptions that are subject to uncertainties:
the nominal installed power [27,28,92,119] and the amount of area
covered by solar panels [27e29]. These parameters can be adjusted
to represent advancements in technologies or by accounting for
site-specific conditions. The primary energy potential of PV also
depends on solar radiation, ambient temperature, cell temperature,
and wind speed, and future changes in background climatic con-
ditions can influence productivity of PV. Nominal installed pro-
duction, area covered with solar cells and technical parameters like
orientation, tilt, and incline of the PV modules also affect estimates
of potentials [120]. Typically, PV systems using a tracking system
that follow the sun path compared to fixed orientation can gain
higher efficiency [121].

Regarding the DPI data, the uncertainty of model outputs as well
as the sensitivity to model inputs have been investigated in the
original study that produced the DPI dataset [36]. The study also
validated the DPIs by investigating recent or planned developments
by using more than 6000 data-points and 200,000 km2 of mapped
locations. A Monte Carlo approach determined the uncertainty, and
the mean coefficient of variation for bioenergy DPI (0.137) is higher
compared to the mean coefficient of variation for PV DPI (0.048). In
general, lower uncertainty is found for higher DPI areas. For PV,
high uncertainty is typically associated with areas in remote re-
gions that lacked supporting infrastructure or market access but
had higher than average resource potential (i.e., yield criteria in all
DPIs). For bioenergy, the highest uncertainty values mainly
occurred in regions with lower yields and longer distances to
markets or infrastructure.

Additional work can explore the optimal DPI land management
on abandoned cropland under the changing climate niche [122]. As
energy yield is the most important parameter in the DPI method-
ology for PV and bioenergy [36], and are depending on climate
conditions, future climate changes will likely affect the optimal
land allocation and energy potentials. Bioenergy dry mass yields
are projected to decrease globally in the 21st century for rain-fed
bioenergy crops in RCP4.5 and RCP8.5, with the magnitude of
change being almost double in RCP8.5 relative to RCP4.5 [123]. The
largest declines are projected in the tropics and subtropics, but
there are also increasing yields projected at higher latitudes in parts
of the northern hemisphere. Global crop yield losses can to some
extents be mitigated through irrigation deployment and genetic
modifications [123e125]. For PVs, cell efficiency decreases with
increased cell temperatures and cloud cover but increase with
increased incoming solar radiation [126]. Global PV energy yields
are expected to decrease globally as a response to climate change
[69]. For example, mean PV potentials are projected to decrease
towards 2100 in RCP8.5 with �10% and �4% in Europe [68] and
Africa [89], respectively.

Although our analysis only focused on renewable energy po-
tentials, there are multiple local environmental effects associated
with bioenergy or solar PV deployment that are important to
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consider, and that can differ significantly between the two options.
There are several environmental benefits that can be obtained by
introducing dedicated bioenergy crops on former cropland. For
example, lower nutrient and soil losses [50], and supporting several
ecosystem services [44]. On the other hand, producing solar energy
with photovoltaic panels on open land is sometimes heavily con-
tested because of nature protection, accessibility, and cultural
heritage [42].

Deployment strategies for renewable energy options are highly
influenced by political and economic factors [16]. Local, national or
international laws, regulations, and subsidies can either promote or
inhibit renewable energy deployment. The integration of ESA CCI-
LC and DPIs allows assessing opportunity costs and the potential
of a land-use conversion from abandoned cropland to energy
production. The results of our spatially explicit analysis offer the
opportunity to zoom into different local and regional contexts. As
the DPI methodology is especially suitable to identify priority re-
gions for new deployment of renewable energy infrastructure [36],
our findings show the potential hidden at low risks for rising
competition for land and provide a preliminary screening of the key
regions with extensive cropland abandonment that can be priori-
tized for bioenergy or PV deployment. Implementation of these
solutions should consider the specific local factors for sustainable
land management and energy planning at the local level, and
involve environmental and socio-economic indicators other than
those included in the analysis (e.g., resource availability, material
requirements, biodiversity, social factors, political factors, energy
system characteristics or property rights). For example, bioenergy
crops are found to improve many indicators of ecosystem services
relative to cropland (including biodiversity), whereas PV panels
would have a likely more detrimental effects on terrestrial eco-
systems on which they are established. Further, the inclusion of
other renewable energy sources in the analysis may change the
optimal allocation of renewable energy options to specific grid
cells, and likely lead to overall increased DPI values on abandoned
cropland. For example, abandoned cropland may be more suitable
for wind energy production [14], or could contribute to the
deployment of new hydropower reservoirs [127].

4. Concluding remarks

This study provided a detailed analysis of the optimal land
management on abandoned cropland for renewable energy pro-
duction considering bioenergy or solar PV deployment. By only
considering the potential primary energy output of each renewable
energy option, the PV potential far outcompetes the one of bio-
energy crops at a global level. However, the consideration of
different biophysical and socio-economic factors provides a more
realistic comparison and deployment potential. Considering site-
specific DPIs, a mix of bioenergy and PV is found to be the best
solution for renewable energy production on abandoned cropland.
About 68% of the total area of abandoned cropland favors the
deployment of solar PV farms, and the rest (32%) favors the
establishment of bioenergy. In total, the optimal land management
on abandoned cropland can potentially produce 125 EJ primary
energy per year, where 91% (114 EJ year�1) is from PV and 9%
(11 EJ year �1) from bioenergy. Further, an optimal allocation of
renewable energy production to abandoned cropland on the basis
of the DPI offers higher potentials of development than considering
the deployment of an individual option (either PV or bioenergy).
Overall, the estimated bioenergy potentials under this optimal
management of abandoned cropland are not sufficient to meet a
large share of the expected bioenergy demand from long-term
projections in 1.5 �C future scenarios. On the other hand, the esti-
mates of PV potentials cover almost all the 2100 PV demand in
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SSP1-1.9 and makes a substantial contribution even in the energy
intensive SSP5-1.9 scenario (47%).

To meet the Paris Agreement’s goals and, at the same time,
provide a significant energy supply for a sustainable future,
renewable energy production from large-scale deployment of both
bioenergy from perennial grasses and PV technologies is a critical
factor. Bioenergy and PV have non-negligible potentials for primary
energy production on abandoned cropland, which can be used to
guide an early phase deployment of large-scale renewable energy
production at lower risks of competition with environmental pro-
tection and food security. We show that there is an optimal mix for
the implementation of these two options at a global level under a
range of biophysical and socio-economic indicators. Targeted
measures can stimulate the production of renewable energy, taking
into consideration the local context for implementing the most
suitable options in each specific region. Site-specific analyses
considering sustainability indicators, regional conditions, and the
international political arena are instrumental for determining
tailor-made implementation practices for renewable energy pro-
ductions. Future research integrating aspects of land use sciences,
energy sciences, and social sciences connected to different
renewable energy options and local contexts are necessary for
promoting more assertive sustainable land management strategies
for the energy transition required to meet the most ambitious
targets for renewable energy production and GHG emission
reduction.
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Abstract
A ramp-up of bioenergy supply is vital in most climate change mitigation scenarios. Using
abandoned land to produce perennial grasses is a promising option for near-term bioenergy
deployment with minimal trade-offs to food production and the environment. The former Soviet
Union (fSU) experienced substantial agricultural abandonment following its dissolution, but
bioenergy potentials on these areas and their water requirements are still unclear. We integrate a
regional land cover dataset tailored towards cropland abandonment, an agro-ecological crop yield
model, and a dataset of sustainable agricultural irrigation expansion potentials to quantify
bioenergy potentials and water requirements on abandoned land in the fSU. Rain-fed bioenergy
potentials are 3.5 EJ yr−1 from 25 Mha of abandoned land, with land-sparing measures for nature
conservation. Irrigation can be sustainably deployed on 7–18 Mha of abandoned land depending
on water reservoir size, thereby increasing bioenergy potentials with rain-fed production elsewhere
to 5.2–7.1 EJ yr−1. This requires recultivating 29–33 Mha combined with 30–63 billion m3 yr−1 of
blue water withdrawals. Rain-fed productive abandoned land equals 26%–61% of the projected
regional fSU land use for dedicated bioenergy crops in 2050 for 2 ◦C future scenarios. Sustainable
irrigation can bring productive areas up to 30%–80% of the projected fSU land requirements.
Unraveling the complex interactions between land availability for bioenergy and water use at local
levels is instrumental to ensure a sustainable bioenergy deployment.

1. Introduction

Stringent climate change mitigation pathways typ-
ically rely on large-scale bioenergy deployment [1].
Median projected land requirements for bioenergy
crops in 2100 in 1.5 ◦C scenarios are in the range of
430–760million hectares (Mha) [2]. The need to ded-
icate large areas to bioenergy production for climate
change mitigation in such scenarios raises concerns
of increasing competition for land resources, deploy-
ment feasibility, and potential adverse effects on food
security, water scarcity and biodiversity [3–5].

Competition for land with food production and
nature conservation limits the land availability for
bioenergy. Irrigation of bioenergy crops can ramp
up bioenergy supply with reduced land requirements
but may pose increased risks of water scarcity [6–8].

Water availability for irrigated bioenergy production
is limited by competition forwaterwith irrigated food
production, urban water usage, and environmental
flow protection [9, 10]. Nexus approaches integrating
the interactions between bioenergy potentials, land
use, and irrigation water use are key to assess environ-
mental benefits and sustainability trade-offs of bioen-
ergy production [11–13].

Abandoned land has emerged as a crucial option
for early bioenergy deployment with reduced trade-
offs on the environment and food security relative to
targeting areas with primary vegetation or product-
ive croplands [12, 14, 15]. Abandoned land is typic-
ally already affected by human activities and located
near existing infrastructure as it was previously used
for food production. The former Soviet Union (fSU)
has experienced major historical land abandonment
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over the last 30 years, mainly due to a restructuring of
the economy, rural-to-urban migration, decreasing
agricultural investments, and access to open markets
[16–19]. A recultivation of abandoned land across
the fSU may offer an opportunity to ramp-up bio-
mass production [12, 20]. Recent research with a
global perspective highlighted the substantial bioen-
ergy potentials for the fSU and relatively high mar-
ginal energy gains from irrigation [12, 21]. The fSU
also show large expansion opportunities for sustain-
ably deployed agricultural irrigation [22].

Previous land–energy–water nexus assessments of
irrigated bioenergy production on abandoned land
did not consider if or where the remaining renew-
able water budget can sustain different levels of new
irrigated agricultural activities [12]. It is unclear how
sustainable irrigation strategies aiming to protect
key environmental water flows can affect bioenergy
production potentials. Identifying abandoned land
where smaller irrigation infrastructure such as check
dams can provide sufficient blue water resources to
increase bioenergy productivitymay be environment-
ally preferable to a build-up of larger irrigation infra-
structure. There is also a need to investigate green
water (i.e. rainfall water in soils available for plant
growth) use by bioenergy crops, which is typically
underrepresented in the bioenergy scenario literat-
ure [23] despite its importance in sustainable water
resource management [24, 25].

Studies of bioenergy potentials on abandoned
land have so far mainly taken a global scale perspect-
ive [12, 21, 26, 27]. They rely on global land cover
datasets that typically lack spatially differentiated val-
idation of cropland classes and land use transitions.
Regional land cover datasets that are extensively val-
idated and have higher accuracy than global products
represents opportunities for refined bioenergy estim-
ates. So far, area-limited studies applying regional
land cover datasets are few and have been limited to
the United States [28–30]. A regional land cover data-
set tailored towards abandoned land has been made
available for the fSU [16]. The dataset is validated
both at the regional and country level against 5972
datapoints and achieves abandoned land user and
producer accuracies of 31% and 62%, respectively. It
is therefore an attractive dataset for refined regional
assessments.

In this work, we perform a land–energy–water
nexus analysis of bioenergy potentials from aban-
doned land by integrating specific datasets for
each of the nexus elements: a recently developed
and extensively validated land dataset [16] (land),
an agro-ecological crop yield model (global agro-
ecological zones (GAEZ) v3.0) [31] (energy), and
newly developed spatial datasets of sustainable agri-
cultural irrigation expansion [22] (water). Bioenergy
potentials are quantified for two types of perennial
grasses, reed canary grass and switchgrass, at rain-
fed and irrigated conditions and two management

intensities (medium and high management intensit-
ies). In addition to fully rainfed and irrigated condi-
tions, we consider three different sustainable irriga-
tion management strategies and quantify their effects
on bioenergy potentials and water use. Using coun-
try specific confusion matrices describing land cover
dataset accuracy for correction [16], we quantify total
potentials, and associated land and water use from
abandoned land for each country in the fSU.

2. Methods

2.1. Land availability
We used the land cover map from Lesiv et al [16, 32]
of arable and abandoned land across the fSU, here
referred to as the hybrid map. The abandoned land
class (59 Mha) from the hybrid map serves as a basis
for land availability. Abandoned land is defined as
land previously cultivated before 2010 that is unutil-
ized for more than 5 years. The hybrid map was pro-
duced by combining multiple input data sets, includ-
ing specialized land abandonment data from remote
sensing [33–36], series of annual land cover maps
[37, 38], and static land cover maps and cropland
maps [39, 40]. A Bayesian networkwas applied to fuse
them into one product at 10 arcseconds resolution
[16].

Parts of the abandoned land (10%) is located
within biodiversity hotspots [41] and protected
areas [42] where habitat restoration can be espe-
cially beneficial for biodiversity [43, 44] (supple-
mentary text 1 and supplementary figure 1 available
online at stacks.iop.org/ERL/17/045017/mmedia).
We excluded abandoned land within these areas from
themain analysis usingmasks of biodiversity hotspots
[45] and protected areas [31, 42].

For comparisons, we used country masks [46] to
filter out future projections of fSU bioenergy land use
in 2 ◦C scenarios from a gridded land cover dataset at
0.05◦ resolution [47] produced by the global change
assessment model [48, 49] and the land use down-
scaling model DEMETER [50, 51]. These projections
cover a comprehensive set of shared socio-economic
pathways [52] (SSPs) and representative concentra-
tion pathways [53] (RCPs). We considered the har-
monized future land use projections for all SSPs with
RCP2.6 [54] in 2050 where the temperature target
[55] is achieved (all but SSP3).

2.2. Water availability
Bioenergy potentials and water requirements are
estimated according to different water supply
regimes: rainfed conditions, unconstrained irriga-
tion, and three different strategies for sustainable
irrigation. The sustainable irrigation strategies are
based on a state-of-the-art dataset of candidate areas
for sustainable agricultural irrigation expansion from
Rosa et al [22] that is available at 5 arcmin resolution
[56]. We integrated the irrigation expansion dataset
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with the hybrid map to identify abandoned land
within candidate areas for sustainable agricultural
irrigation. Based on the irrigation budgets from the
irrigation expansion dataset, we calculated gridded
fractions of abandoned land that can be irrigated.

The irrigation expansion dataset identifies irrig-
ation practices as sustainable if their water use does
not exceed local renewable water availability of sur-
face and ground water and does not deplete envir-
onmental flows or freshwater stocks. It is based on
a hydrological analysis done at a grid cell level using
historical observational data (1996–2005) of precip-
itation, water runoff and evaporation [22]. A min-
imum monthly threshold of 60% of water runoff
was allocated to environmental flows, thereby lim-
iting trade-offs on freshwater ecosystems [57, 58].
Cells are classified as candidate areas for irrigation
expansion if the remaining renewable water resources
canmeet total irrigation water requirements from the
agricultural sector. It provides spatial recommenda-
tions of three irrigation strategies based on a prior-
ity list. First, a soft-path scenario with small monthly
water storages meeting the necessary irrigation water
requirements to avoid all crop water deficits. This
is a decentralized approach with small and modular
infrastructure that allows productivity benefits whilst
minimizing adverse environmental impacts of large
irrigation infrastructure. Second, a soft-path deficit
irrigation deployment with small monthly storages
where only 80% of the irrigation water requirements
needed to avoid crop water deficits can bemet. Third,
hard-path irrigation with large annual storages trans-
ferring water both between months and from wet
to dry seasons, thereby meeting all irrigation water
requirements. Hard-path irrigation requires larger
investments to construct large-scale water reservoirs
and substantial additional infrastructure, and reser-
voir storage capacity needs to be larger than dry-
season water withdrawals. Grids where none of the
irrigation strategies canmeet irrigationwater require-
ments are classified as primarily rain-fed.

2.3. Bioenergy crop productivity
We consider two perennial grasses switchgrass and
reed canary grass (supplementary text 2). Bioenergy
crop yields (dry mass) and crop evapotranspiration
(water evaporated and transpired from soil and plants
to the atmosphere) on abandoned land were quanti-
fied at 5 arcmin resolution using data from the para-
meterized crop model GAEZ v3.0 [31] (supplement-
ary text 3). We consider two different agricultural
management intensities with both rain-fed and irrig-
ated water supply. Medium agricultural management
intensity refers to cultivation with a partly mech-
anized system and some fertilizer and pesticide use,
and is closer to the dominant practice across the fSU
today [12]. High agricultural management intens-
ity represents a modern system with closed yield
gaps, full mechanization, improved varieties, and

optimal use of fertilizer and pesticides. For irrigated
conditions, we quantified irrigation water require-
ments needed to avoid water deficits during the crop
growth cycle with GAEZ data. Sustainable irriga-
tion strategies (soft-path, soft-path with deficit, and
hard-path) considers a mix of rain-fed and irrig-
ated yields, which we allocated spatially based on
the irrigation expansion dataset. For soft-path defi-
cit irrigation, we assumed a linear increase in yields
with partially added irrigation from fully rain-fed to
irrigated conditions [59]. This means that the 80%
deficit irrigation provides an 80% increase from rain-
fed to fully irrigated yields. We used GAEZ data
considering climatic conditions centered around the
2020s (2010–2040) from the Hadley Centre coupled
model v3 [60] in the main analysis to remain com-
parable with previous studies [12, 21]. Additionally,
we repeated the analysis considering a measurement
based climate input from the Climate Research Unit
[61, 62] (1960–1990) to assess how the driving climate
data considered by GAEZ affects results. Dry mass
crop yields are converted to bioenergy yields using
lower heating values of 17.82MJ kg−1 for switchgrass
and 18.06 MJ kg−1 for reed canary grass [63].

We compared predicted switchgrass yields from
GAEZ with those from a machine learning dataset
[64] and from the global hydrological model H08
(v.bio1) [65] (supplementary figure 2 and supple-
mentary text 4). Pixel-based estimates of both reed
canary grass and switchgrass yields were additionally
compared with observational data found in literat-
ure, both at a site-specific and an aggregated country
level (supplementary figure 3 and supplementary text
5). Gathered observational data for reed canary grass
and switchgrass is shown in supplementary tables 1
and 2, respectively (partly taken from [66]). We also
processed yield data of willow, poplar, and eucalypt
from the machine learning dataset [64] to assess the
potentials of woody bioenergy crops (supplementary
figure 4 and supplementary text 6), as they could be
an alternative to perennial grasses.

2.4. Land–energy–water nexus
Irrigation expansion datasets are integrated with
quantified bioenergy yields and land availabilitymaps
to assess the effects of different irrigation manage-
ment strategies on the land–energy–water nexus. We
optimized the bioenergy crop distribution for max-
imum primary energy production per grid cell. In
total, we considered 180 different variants of land
and water-dependent bioenergy potentials (supple-
mentary table 3). Results in the main text are mainly
shown for medium agricultural management intens-
ity, and with land use constraints limited to aban-
doned land outside protected areas and biodiversity
hotspots. Other results are available in the supple-
mentary information.

We quantified mean bioenergy yields and evapo-
transpiration rates at the country level using country

3



Environ. Res. Lett. 17 (2022) 045017 J S Næss et al

masks [46]. Based on country-specific confusion
matrices from the hybrid map [16, 67], we produced
adjusted estimates of total bioenergy potentials, pro-
ductive areas, and water use across the fSU that con-
sider abandoned land dataset accuracy. We partition
between green and blue water use. Green water is
water stored locally in the soil recharged by precipit-
ation and available for plant growth, while blue water
is water withdrawn for irrigation from lakes, rivers,
groundwater or artificially created infrastructure such
as reservoirs [24, 68].

The land–energy–water nexus is unraveled by
assessing key indicators related to bioenergy yields
and land and water use. We map water use effi-
ciency (GJ mm−1 ha−1) given as the relationship
between bioenergy potentials, crop water evapotran-
spiration (green and blue water), and land require-
ments, thereby incorporating all the dimensions of
the land–energy–water nexus. Similarly, we assess
marginal energy gains of irrigation (GJ mm−1 ha−1),
as the relationship between total energy gains of irrig-
ation, irrigated land use, and irrigated blue water use.
This indicator includes energy gains from changes in
the optimal crop calendar allowed by irrigated water
supply and is not directly comparable to water use
efficiency. Finally, we show green and blue water foot-
prints (m3 GJ−1), assessing trade-offs between water
depletion and increased bioenergy production.

3. Results

3.1. Bioenergy potentials, productive land, and
water use
Depending on water supply system, the total bioen-
ergy potential from abandoned land range between
3.5 and 16 exajoules (EJ) yr−1, assuming optimal crop
mix,medium agriculturalmanagement intensity, and
sparing of protected areas and biodiversity hotspots
for nature conservation (figure 1(a)). The associ-
ated productive land requirements are 25–53 Mha
(figure 1(b)). Green and blue water requirements are
98–192 billion m3 and 0–223 billion m3, respectively
(figure 1(c)).

The rain-fed bioenergy potential is 3.5 EJ yr−1.
The corresponding green water use is 108
billion m3 yr−1, with 19 and 6.3Mha of land allocated
to reed canary grass and switchgrass, respectively.
In general, high bioenergy potentials heavily rely
on irrigation deployment, which boosts yields and
increases productive area extent through increased
water use. We find that 18 Mha of the 53 Mha of
abandoned land outside biodiversity hotspots and
protected areas can be irrigated without breach-
ing grid-box specific water budgets, based on local
renewable freshwater availability and environmental
flow protection (supplementary figure 5). Imple-
menting sustainable irrigation strategies can double
bioenergy potentials relative to rain-fed conditions
(figure 1(a)). Introducing soft-path irrigation with

small monthly water storages on 7.8 Mha by apply-
ing 30 billion m3 yr−1 of blue water withdrawals
allows adding another 4.4 Mha (or +8%) into pro-
duction, thereby increasing the bioenergy potential
by 1.7 EJ yr−1 (or+49%). Additional soft-path irrig-
ation with water deficits on 2.5 Mha of land increases
potentials with another 0.6 EJ yr−1 and blue water use
with another 10 billion m3 yr−1. Adding hard path
irrigation management with large annual water stor-
age deployed on 7.9 Mha further ramps-up bioen-
ergy potentials with 1.3 EJ yr−1 and blue water
requirements with 22 billion m3 yr−1, respectively.
With complete irrigation, a maximum potential of
16 EJ yr−1 is achievable with 223 billion m3 yr−1 of
blue water withdrawals. However, this involves using
160 billion m3 of blue water for irrigation where it is
classified as unsustainable.

Compared to the land area in the fSU set aside
for bioenergy in 2050 across different SSPs for 2 ◦C
scenarios, our estimates of rain-fed productive aban-
doned land are equal to 26%–61% (figure 1(d)). The
inclusion of different sustainable irrigation strategies
can bring productive areas up to 30%–80% of it.
The highest projected fSU land demand for bioen-
ergy crops is found in SSP5-2.6 with 97 Mha, and
productive rain-fed abandoned land equals 26% of it.
Different irrigation management strategies increase
productive land area to 30%–34% of SSP5-2.6 land
requirements, respectively.

With improved agricultural management to close
yield gaps (high agricultural management intensity),
bioenergy potentials are 3.9–21 EJ yr−1, or 12%–31%
higher than those at medium management intens-
ity across the different water supply systems (sup-
plementary figure 6). The three considered sustain-
able irrigation strategies achieve potentials between
6.1 and 8.6 EJ yr−1, with 32–67 billion m3 yr−1 of
blue water withdrawals and 6.6–16.3 Mha of irrig-
ated areas. Whilst total blue water withdrawals for
irrigation increase (+7% for all) to meet rising rain-
fed crop water deficits per hectare, the total irrigated
area extent decreases (−6% to−7%) across irrigation
strategies. This is due to bluewater budget constraints
that limits further water withdrawals to remain sus-
tainable in some locations (supplementary figure 7).

3.2. Bioenergy productivity across water
management strategies
With rain-fed water supply at medium agricultural
management intensity, reed canary grass is the dom-
inant crop (figure 2). Reed canary grass and switch-
grass yields at rain-fed conditions range between
50–200 GJ ha−1 yr−1 and 150–250 GJ ha−1 yr−1,
respectively. Crop water deficits are a major con-
straint to bioenergy productivity across the fSU.
With irrigation, nearly all abandoned lands are
productive, and switchgrass becomes the highest
yielding crop in most locations. Irrigated bioenergy
yields mainly range between 150–200 GJ ha−1 yr−1
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Figure 1. Bioenergy potentials and their land and water use requirements across water supply systems. (a) Bioenergy potentials
(EJ yr−1). (b) Productive abandoned land (Mha). (c) Crop water use (109 m3 yr−1) originating from green and blue water sources
(local precipitation and irrigated water withdrawals, respectively). (d) Total productive abandoned land found here divided by
projected SSPx-2.6 fSU bioenergy land use in 2050 (ha/ha). All shown values are adjusted for country-specific land cover dataset
confusion matrices. Medium agricultural management intensity is considered. Water supply systems are rain-fed (RF), soft-path
irrigation with monthly water storage (S), soft-path irrigation with crop water deficit (D), hard-path irrigation with annual water
storage (H), and complete irrigation (IR). Water supply systems applying combinations of S, D, and H considers rain-fed supply
on the remaining non-irrigated land. Land use considered refer to abandoned land outside biodiversity hotspots and protected
areas. Irrigated part of productive lands and bioenergy potentials are shown in (a) and (b) with an empty black circle.

Figure 2. Irrigation effects on spatially optimal crop allocation and bioenergy yields at medium agricultural management
intensity. Results are shown for rain-fed and irrigated water supply in left and right columns, respectively.
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Figure 3. Spatial distribution and productivity histograms of candidate irrigation strategies on abandoned land. (a) Spatial
locations of abandoned land under different candidate areas for sustainable irrigation expansion. Irrigation strategies are
soft-path, soft-path with water deficit, hard-path and areas which should be primarily rain-fed as they are not suitable for
sustainable irrigation. (b) Fraction of abandoned land within each grid box that can be sustainably irrigated whilst sustaining
environmental flows. Productivity histograms (c)–(g) refers to (c) no irrigation with fully rain-fed conditions, (d) soft-path
irrigation and rain-fed conditions elsewhere, (e) soft-path and soft-path with water deficit irrigation and rain-fed conditions
elsewhere, (f) soft-path, soft-path with water deficit, and hard-path irrigation and rain-fed conditions elsewhere, and (g)
complete irrigation (including unsustainable areas). Medium agricultural management intensity is considered. The maps in
(a) and (b) are harmonized with the histogram in (f).

and 200–400 GJ ha−1 yr−1 for reed canary grass and
switchgrass, respectively.

In addition to the full irrigation, bioenergy poten-
tials are also explored according to the deployment
of three intermediate sustainable irrigation strategies
(following [22]) (figure 3 and supplementary figure
8). Considering soft-path and soft-path deficit irrig-
ation approaches with small monthly water storages,
we find suitable areas mainly north of the Black Sea,
Northern Kazakhstan, in addition to some smaller

clusters in Eastern Russia (figure 3(a)). A hard irriga-
tion pathwith large annual storages can be considered
around the middle and upper Volga region and in
parts of Belarus.

At rain-fed conditions the mean bioenergy
yield is 139 GJ ha−1 yr−1 with 28 Mha left
unproductive (figure 3(c)). Reed canary grass and
switchgrass have mean bioenergy yields of 122 and
187 GJ ha−1 yr−1, respectively. Soft-path irrigation
(figure 3(d)) increases the mean bioenergy yield to
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Figure 4. Land–energy–water interactions of deploying bioenergy with optimal crop allocation and medium management
intensity. (a) Water use efficiency at rain-fed conditions. (b) Water use efficiency at irrigated conditions. (c) Marginal energy gain
of irrigation deployment. (d) Green water footprint at rain-fed conditions. (e) Green water footprint at irrigated conditions.
(f) Blue water footprint at irrigated conditions. The blue water footprint is given here as the blue water use per unit energy gained
at irrigated conditions relative to at rain-fed conditions.

176 GJ ha−1 yr−1, while additionally considering
soft-path deficit irrigation (figure 3(e)) and hard-
path irrigation (figure 3(f)) increases means to 185
and 216 GJ ha−1 yr−1, respectively. Deploying all
three paths reduces unproductive areas to 21 Mha
(−25%). Mean switchgrass yields increase more than
reed canary grass yields relative to rain-fed conditions
(to 271 and 128 GJ ha−1 yr−1 (or +45% and +5%),
respectively). With complete irrigation (figure 3(g))
mean bioenergy yields are 296 GJ ha−1 yr−1, but it
implies irrigating areas where blue water withdrawals
are unsustainable or where blue water might not be
locally available.

Large productive areas with rain-fed water sup-
ply are found in Russia (21 Mha) and Ukraine
(2.9 Mha), with bioenergy potentials of 2.8 and
0.5 EJ yr−1, and mean bioenergy yields of 133 and

164 GJ ha−1 yr−1 (supplementary table 4). Kazakh-
stan has limited productive areas at rain-fed condi-
tions (0.3 Mha), and different sustainable irrigation
management strategies can substantially favor bioen-
ergy productivity (up to 3.6 Mha of land can become
productive with a potential of 1.0 EJ yr−1).

3.3. Spatial land–energy–water interactions
Water use efficiencies range between 0.2 and
0.5 GJ ha−1 mm−1 at rain-fed conditions and
medium management intensity (figure 4(a)). Water
use efficiencies are typically higher with switchgrass
than reed canary grass.With irrigation, the combined
use of green and blue water increases water use effi-
ciencies to above 0.3 GJ ha−1 mm−1 everywhere with
a fSUmean of 0.38 GJ ha−1 mm−1 (figure 4(b)). This
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is due tomore land being allocated to switchgrass and
to changing crop calendars.

Marginal energy gains of irrigation mainly range
between 0.3 and 1 GJ ha−1 mm−1 (figure 4(c)). Mar-
ginal energy gains are especially high in the very west-
ern part of the fSU, in Eastern Russia and in Russia–
Kazakhstan border areas. Lower marginal energy
gains below 0.5 GJ ha−1 mm−1 are found in Siberia,
and southern parts of Kazakhstan.

Blue water withdrawals for irrigation also affect
green water use as it can allow for a crop change
or make new areas cultivable. At rain-fed condi-
tions, green water footprints are primarily between
20 and 50 m3 GJ−1, with a mean of 31 m3 GJ−1

(figure 4(d)). Spatially, the green water footprint is
higher in areas allocated to reed canary grass than
to switchgrass. We find decreasing green water foot-
print with irrigation across the fSU to 0–30 m3 GJ−1

with a mean of 12 m3 GJ−1 (figure 4(e)). Green water
footprints are above 20 m3 GJ−1 only at high latit-
udes and in the Eastern parts of Russia. In areas with
relatively low green water footprint the crop water
use is dominated by irrigated blue water, such as in
large parts of Kazakhstan. Blue water footprints are
between 10 and 40 m3 GJ−1, with a fSU mean of
18m3 GJ−1 (figure 4(f)). The highest blue water foot-
prints are found in Siberia. Of the three sustainable
irrigation strategies, soft path deficit irrigation has the
highest blue water footprint with 20 m3 GJ−1, while
soft and hard-path irrigation have means of 17 and
16 m3 GJ−1, respectively (caused by the differences in
spatial distribution of the irrigation strategies).

Irrigation can be an especially attractive option
where smaller water reservoirs can provide enough
blue water for (deficit) irrigation and where bioen-
ergy yield gains per unit of supplied water is relat-
ively high. Clusters with both marginal energy gains
of irrigation in the top quartile and soft-path or soft-
path with deficit irrigation opportunities are found
in Russia–Kazakhstan border areas, in the far west of
Ukraine, and in Eastern Russia.

4. Discussion and conclusions

Our study finds higher bioenergy potentials
(3.5–23 EJ yr−1 across 180 scenarios) from aban-
doned lands in the fSU than in previous studies
(0.7–3.8 EJ yr−1) [12, 21] that used a global land
cover product to identify abandoned cropland (sup-
plementary table 5). To isolate the role of the land
cover dataset, we used the same yield model and con-
sidered the same climatic conditions and agricultural
management intensities as in those previous studies.
The increase in potential found here is attributable
to the use of a validated regional land cover dataset
tailored for land abandonment monitoring, which is
a clear advance relative to global land cover datasets
[16, 67].

There are still a variety of uncertainties and lim-
itations that can affect our findings (supplement-
ary text 7). For example, the irrigation expansion
dataset is based on historical data [22], while bioen-
ergy potentials are quantified here for a 30 years
average climate centered around the 2020s. We also
considered a measurement based climate input to
the yield model (supplementary figure 9). This led
to highly comparable results in terms of sustainable
potentials for rain-fed production and with small
monthly water storages (−1.5% to +2.9% change,
medium agricultural management). They differed
somewhat more with the additional introduction
of larger hard-path annual water storages (−6.7%
change). It also led to increasing productive area
extent (up to 4.4%), increases in green water use (up
to 10%), and decreases in blue water use (down to
−13%) for these scenarios. More research is needed
to assess how bioenergy potentials are affected by
changing crop productivity, water use, and irrigation
opportunities under future climatic conditions.

The climate change mitigation benefits of bioen-
ergy production on abandoned land will depend on
the degree of natural regrowth since abandonment
and bioenergy conversion technology [69]. Most of
the abandoned land in the fSU has been under natural
regrowth for nearly three decades with shrubs and
young forests appearing in many locations [16, 70].
In general, the carbon accumulation has been slow in
the fSU with few areas exceeding 5 Mg C ha−1 and
with the highest standing carbon stocks in the west-
ern parts of the region [70]. Bioenergy deployment
should aim to target areas where bioenergy crop pro-
ductivity and the climate benefits of fossil fuel substi-
tution outperforms natural based solutions.

Deploying bioenergy crops on fSU abandoned
land can contribute to close regional ambition gaps
to meet the National Declared Contributions to the
Paris Agreement [71], especially when bioenergy pro-
duction is coupled with carbon capture and storage
(BECCS) [14, 69, 72]. Perennial grasses can serve
as an input to BECCS in thermal power plants or
in biorefineries, as the biomass conversion processes
involved produce exhaust CO2 streams targetable for
carbon capture [69, 72, 73]. Comparing our find-
ings with future fSU land use projections in 2050 for
2 ◦C scenarios shows that rain-fed productive aban-
doned lands can meet 26%–61% of bioenergy land
requirements across the SSPs (or 30%–80% with sus-
tainable irrigation). A further deployment of bioen-
ergy crops would require targeting present day cro-
pland, pastures, or areas with primary vegetation.
Future agricultural intensification or a reduction in
land-based feed and food products through dietary
changes would be needed to free lands for additional
bioenergy production [2, 74].

While the hard-path irrigation strategy is sustain-
able in the sense that it accounts for environmental
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flow protection [22], it also involves high capital
costs and the construction of large water reservoir
infrastructure that can be unsustainable by impacting
habitats, displacing humans or altering hydrological
regimes [75]. These factors must be accounted for
in irrigation planning, and the smaller dams needed
in the soft-path strategy have relatively lower risks
of causing sustainability trade-offs. Any large-scale
deployment of irrigation infrastructure would likely
require policy support and incentives and should be
accompanied by legislations aiming to ensure their
sustainability.

Management of land and water resources stands
at the heart of sustainable bioenergy deployment
strategies. While irrigated bioenergy deployment
increases bioenergy potentials with reduced land
requirements, uncontrolled irrigation expansion
risks causing water stress [7]. Our findings suggests
that irrigation can be sustainably considered in up to
18 Mha of abandoned land. This can double bioen-
ergy potentials relative to rain-fed conditions from3.5
to 7.1 EJ yr−1, but involves using a large share of the
remaining sustainably available blue water budget in
the fSU (supplementary figure 10), thereby limiting
the opportunity for new irrigated food production.

As recultivation is currently gaining momentum
in the fSU [20, 76], the joint consideration of poten-
tial environmental and socio-economic co-benefits
or trade-offs of land sparing and rain-fed or irrig-
ated recultivation for food and bioenergy produc-
tion is important to identify optimal land and water
management practices at the local level. Assessments
should determine how global challenges can be bet-
ter addressed from the given local context. Using
abandoned land to grow bioenergy crops is a favor-
able way of increasing bioenergy supply with reduced
risks to food security and the environment. Nexus
approaches integrating the multiple complex inter-
actions between bioenergy potentials, and land and
water use contributes to improved understanding
of resource management and to shaping sustainable
bioenergy deployment strategies.
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Chapter 6: Synthesis 

In this section I summarize the main findings from my work. Furthermore, I discuss the 

policy implications of the work, limitations, and provide concluding remarks. 

6.1 Main findings in relation to research questions 

As established in Chapter 1.5, I considered four main research questions which are discussed 

below. 

 

Research question 1: Where can bioenergy plantations be deployed in the near-term to 

increase sustainable bioenergy supply, what is the extent of suitable areas, and what are 

the energy potentials? 

 

Among the land management strategies for deployment of bioenergy plantations, the 

consideration of areas where competition with food production and environmental impacts 

are limited, or where a switch to bioenergy crops can provide significant environmental co-

benefits and mitigate land degradation processes are often discussed. Two promising options 

are abandoned cropland which lays unproductive and without primary vegetation, and 

cropland threatened by soil erosion where perennial crops can reduce soil erosion rates. The 

results presented here suggest that there is an untapped potential to target these areas for 

bioenergy production. The work advances the existing literature by providing the first high-

resolution and spatially explicit global assessment of abandoned cropland extent and 

associated management and water supply dependent bioenergy potentials.  

 

More specifically, 83 Mha of abandoned cropland was identified globally over the period 

between 1992 and 2015 using a global land cover dataset. Abandonment is widespread, and 

key regions with intensive land abandonment are Eastern Europe, Southeast Asia, Central 

Africa, Central America, and the Southeastern parts of South America. Achievable global 

bioenergy potentials are between 6 to 39 EJ year-1 from deploying three perennial grasses 

(miscanthus, switchgrass and reed canary grass) on abandoned croplands, equal to 11 to 68% 

of the current global bioenergy demand.  
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Whilst global land cover products are useful to identify the key regions with abandonment 

and their suitability for bioenergy crops, global analysis should be followed up with regional 

and local assessments. The availability of a regional land cover dataset with high 

abandonment accuracy covering the former Soviet Union offered an opportunity to refine 

estimates. Refined bioenergy potentials are found to be 3.5 to 23 EJ on abandoned land in the 

former Soviet Union alone. Targeting abandoned land in this region can substantially ramp-

up bioenergy supply and contribute to climate change mitigation in line with the regional 

projections from economic models. 

 

In a Nordic case study, I investigated the opportunities to deploy perennial bioenergy crops 

on croplands threatened by soil erosion. Croplands moderately or highly susceptible to wind 

erosion which can be targeted for bioenergy production was found to be 0.9 Mha, mainly in 

Denmark and the southern parts of Norway and Sweden. Croplands under unsustainable 

levels of soil erosion by water was 0.1 Mha, mainly found in coastal and mountainous areas 

of Norway. The Nordic primary energy potential of deploying willow windbreaks on 

croplands threatened from soil erosion by wind and deploying perennial bioenergy crops on 

croplands threatened from soil erosion by water for bioenergy production is quantified to 105 

PJ year-1. 

 

Research question 2: How can the nexus between sustainable bioenergy potentials and 

their land and water requirements be unraveled, and what is the importance of the 

following factors: agricultural management, climatic conditions, resource constraints 

arising from water scarcity for irrigation, and potential land-sparing strategies for nature 

conservation? 

 

I addressed this question by quantifying bioenergy potentials of perennial grasses deployed 

on abandoned cropland considering different agricultural management, climatic conditions 

and constraints to land and water resource availability (Chapters 2 and 4). I find that: 

 

• Unravelling the spatial complexity of land-energy-water interactions requires the use 

of indicators suitable to link resource dependencies with potentials, and to assess 

sustainability trade-offs and co-benefits. Indicators should incapsulate all the 

dimensions of the land-energy-water nexus for quantitative assessments. In 

combination with considerations of site-specific trade-offs on nature conservation and 
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water scarcity, they allow for identifying priority regions for rain-fed and irrigated 

bioenergy deployment. 

 

• Irrigation can increase bioenergy potentials on abandoned cropland with 52 to 58% 

relative to rain-fed conditions depending on agricultural management (upper extreme) 

and requires infrastructure development for water withdrawals and availability of blue 

water resources. The overlap between abandoned cropland and physical water scarce 

areas is limited to 16% and there is a potential to increase bioenergy production 

through irrigation in key areas with limited trade-offs on water depletion.  

 

• Land sparing for nature conservation can significantly limit bioenergy potentials as 

40% of abandoned cropland is in the biodiversity hotspots (mainly in tropical 

regions). This reduces bioenergy potentials by 42 to 51% depending on agricultural 

management and water supply system compared to a complete bioenergy deployment.  

 

• The combined effect of sparing abandoned cropland in biodiversity hotspots for 

continued regrowth and irrigating only areas that are not physically water scarce was 

found to give a global potential with high management intensity of 20 EJ year-1, or a 

25% decrease relative to rain-fed conditions and complete land availability.  

 

• Different agricultural management resulted in global bioenergy potentials on 

abandoned cropland between 12-25 EJ year-1 at rain-fed conditions. Management is 

thus a vital part of achieving better crop productivity in bioenergy plantations. 

Closing yield gaps globally requires mechanization, improved varieties, and increased 

fertilizer and pesticide use. 

 

• Global warming is expected to decrease bioenergy potentials on abandoned cropland 

at lower latitudes and increase them at higher latitudes, with a net global loss of 

potentials (up to -17% in RCP8.5 by 2080 relative to present day). In subarctic and 

continental climates, currently unsuitable areas can become productive with increased 

warming. Productivity losses from climate change in the tropics can to some extent be 

mitigated through irrigation if water resources are available.  
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• The former Soviet Union is an example of a region with intensive abandonment 

where marginal energy gains of irrigation are high, blue water resources are (partially) 

available considering environmental flow protection, and sustainable irrigation is key 

to achieve increased bioenergy potentials. Nature conservation policies are relatively 

less important in this region as there is little overlap with biodiversity hotspots and 

protected areas.  

 

Research question 3: Where does bioenergy show both high energy potentials and high 

development potentials, and how does bioenergy spatially compare against solar 

photovoltaics? 

 

Chapter 3 addressed the development potential of bioenergy on abandoned cropland. The 

Development Potential Index (DPI) served as a measure to consider the technical and 

socioeconomic feasibility to deploy bioenergy crops on abandoned cropland.  

Abandoned cropland with DPI within the top quartile are mainly found in Central America, 

southeastern parts of South America, Southeast Asia and in the southern part of North 

America. These areas generally overlap both with intensive historical cropland abandonment 

and relatively high total bioenergy potentials.  

 

Additionally, the DPI for bioenergy on abandoned cropland was compared to solar 

photovoltaics as another option for renewable energy production on abandoned cropland, 

thereby aiming to gain further insights on potential land use competition and optimal land use 

allocation. Bioenergy shows higher DPI than photovoltaics in several clusters with high 

bioenergy potentials, such as in South America, Southeast Asia, and parts of Central 

America. Bioenergy also has higher DPI than photovoltaics in the western parts of the former 

Soviet states. 

 

Research question 4: What is the climate change mitigation potential of liquid biofuel 

production with and without CCS, and how does the achieved mitigation spatially compare 

to negative emissions from natural regrowth? 

 

The potential climate change mitigation of liquid biofuel production from dedicated 

bioenergy crops depends on many factors, including previous land use characteristics, 

bioenergy productivity, biorefinery technology, soil carbon dynamics, and integration with 
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CCS technologies. I investigated the mitigation performance of liquid biofuels produced from 

abandoned cropland and from cropland threatened by soil erosion by wind and water in the 

Nordic region (Chapter 5). The work provides the first bottom-up and spatially explicit 

comparison of achievable climate benefits from biofuel production and natural regrowth on 

abandoned and degraded cropland. 

 

The average net annual climate change mitigation over the first fifteen years of producing 

liquid biofuels with the best energy yielding crop on Nordic abandoned cropland is -

9.0 ± 5.9 tCO2eq ha-1 year-1, considering a commercially available biorefinery technology 

without CCS (ranges refer to one standard deviation of spatial variability). Future refinery 

technology with improved energy conversion efficiency increases average net annual 

mitigation to -16 ± 6.0 tCO2eq, whilst energy conversion efficiency gains in combination with 

introduction of CCS technologies can achieve an average climate change mitigation of -

26 ± 7.9 tCO2eq ha-1 year-1. Continued natural regrowth on abandoned cropland can bring 

average annual carbon sequestration of -6.1 ± 4.6 tCO2eq ha-1 year-1 over the same period. 

Biofuels produced with the current biorefinery technologies provides higher cumulative 

mitigation than continued natural regrowth on 60% of abandoned cropland over the first 

fifteen years. With the future biorefinery technologies and CCS technologies, liquid biofuel 

production is preferable on nearly all the abandoned croplands.  

 

For Nordic croplands threatened by soil erosion, average annual mitigation over the first 

fifteen years is -6.1 ± 3.4, 9.2 ± 3.6 and -15 ± 4.1 tCO2eq ha-1 year-1 for the current, future and 

BECCS biorefineries respectively. For comparison, average annual carbon sequestration 

from natural regrowth on croplands threatened by soil erosion is -9.0 ± 3.8 tCO2eq ha-1 year-

1. Biofuels performs better than natural regrowth on 17%, 68%, and 95% of the land over 

the period with the current, future, and BECCS biorefineries, respectively. In general, natural 

regrowth is more competitive on areas threatened by soil erosion by wind, primarily 

because of a forced crop allocation of willow to a windbreak system. As willow yields are 

lower than perennial grasses, it leads to lower potential climate change mitigation. Gains in 

biorefinery energy conversion efficiency and CCS is necessary to ensure higher mitigation 

through willow windbreak deployment than natural regrowth on Nordic croplands 

threatened by soil erosion by wind. 
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As an upper potential, the deployment of bioenergy crops for liquid biofuel production on 

Nordic abandoned cropland and croplands threatened by soil erosion could provide an 

annual climate change mitigation equal to 17-42% of the current Nordic annual road 

transport emissions, depending on biorefinery energy efficiency and the availability of CCS. 

Crop yields and the energy conversion efficiency achievable by available biorefinery 

technology are both important to achieve higher mitigation through liquid biofuel 

production compared to natural regrowth.  

6.2 Policy implications 

This work identified a substantial potential to produce bioenergy from areas where land use 

change will have limited societal and environmental trade-offs, and where a switch to 

bioenergy crops may even provide additional benefits through reduced land degradation 

processes. I have also shown the physical potential to increase bioenergy crop productivity 

through irrigation in key regions of the world and identified suitable land that is not currently 

threatened by physical water scarcity and overlaps with available blue water resources. The 

integrated management of land and water resources is vital for a sustainable bioenergy 

deployment. Bioenergy land and water use must be governed such that it is kept within 

sustainable limits to avoid environmental trade-offs. 

 

Land management strategies should aim to identify the best use of land from the given local 

context, considering current land use, ongoing land degradation processes and potential 

environmental benefits and trade-offs of different land use strategies. Targeting abandoned 

cropland for bioenergy deployment can contribute to increase bioenergy supply and 

decarbonize the energy sector, whilst avoiding many of the trade-offs typically associated 

with land use change such as competition with food production or loss of primary vegetation. 

Further deployment should happen where bioenergy crops can be a win-win strategy co-

delivering energy and environmental benefits, such as exemplified here by targeting 

croplands threatened by soil erosion.  

 

Water management strategies for irrigated bioenergy production needs to account for 

available renewable water resources, potential yield gains of irrigation, and potential trade-

offs on water depletion. Irrigation should be avoided in water scarce areas where further blue 
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water withdrawals can make it challenging to meet societal water demands or where it has 

adverse environmental impacts. The identification of areas where renewable blue water 

resources are available and bioenergy crop growth can benefit from irrigation means that 

there is an untapped opportunity to ramp-up production either through complete irrigation or 

deficit irrigation.  

 

Large-scale bioenergy deployment is a necessity in most climate change mitigation scenarios. 

Rain-fed bioenergy production from abandoned cropland has an upper potential to supply 10-

30% of the global bioenergy demand in 2050 for 1.5°C scenarios across the different SSPs. 

Sustainable irrigation strategies or the consideration of degraded lands increases these 

potentials further. There is thus a near-term opportunity to increase bioenergy supply with 

relatively low environmental and societal trade-offs, but institutional support will be a 

necessity. 

 

Countries aiming to increase bioenergy supply for climate change mitigation should consider 

implementing incentives to accelerate the sustainable deployment of bioenergy plantations. 

Historically, the most likely outcome of land abandonment in recent decades is unmanaged 

regrowth of secondary vegetation1. The recultivation of abandoned areas requires the 

presence of a young and motivated work force, in addition to political and institutional 

support2. Subsidies can contribute to overcome the initial cost of recultivation1,2. Campaigns 

aiming to spread information of the potential benefits of recultivation and highlighting the 

societal issues connected to land abandonment may also help nudge landowners towards a 

potential recultivation1. Likewise, the conversion of croplands threatened by soil erosion to 

bioenergy crop cultivation will require institutional support. Irrigation deployment aiming to 

increase crop productivity typically requires the construction of reservoirs to store and 

transfer water from wetter periods to dryer periods3,4. Policies incentivizing irrigation 

infrastructure development can speed up deployment.  

 

Restrictive regulations and improved sustainability certification schemes will also be needed 

to make sure that bioenergy plantations do not expand uncontrolled into primary vegetation 

to limit trade-offs on natural ecosystems and to protect aboveground carbon stocks. 

Conversion of cropland to bioenergy crops should also be carefully monitored to make sure 

food security is not compromised. Regulations are also necessary to avoid unsustainable blue 
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water withdrawals for irrigation in areas under physical water scarcity, and to make sure 

sustainable renewable water budgets are not exceeded.  

 

In some cases, nature based solutions outperform bioenergy production for climate change 

mitigation. For example, continued regrowth on abandoned cropland may be preferable if 

aboveground carbon stocks have become substantial and land-clearance would induce a 

major initial carbon penalty, or if regrowth can deliver considerable benefits to biodiversity 

and natural ecosystems. Therefore, site-specific evaluations are necessary to evaluate the best 

mitigation option locally, considering local context and polices, different future land use 

trajectories, natural regrowth rates, bioenergy yields of considered crops, achievable 

agricultural management performance, possibilities to enhance yields through irrigation, 

biorefinery technology and CCS availability. 

 

Implementation of BECCS is necessary to achieve the highest possible mitigation, but 

barriers still remain due to costs and lack of social acceptance, political priority, and policy 

incentives, including carbon pricing5. Immediate political and economic incentives are 

necessary for a quick BECCS introduction6. The polluter pays principle is commonly applied 

to price GHG emissions through a tax or emission system. BECCS offer negative emissions 

as a common benefit, and turned around, the beneficiary pays principle leads to the idea that 

the state (or taxpayers) should provide guarantees to buy carbon removal by BECCS over a 

certain time7. Other potential models to incentivize BECCS include quota obligations where 

carbon emitters are forced to pay for carbon removal, introducing BECCS credits in 

international carbon markets, including BECCS credits in voluntary carbon offset markets, 

and inter-state trades of BECCS outcomes to meet National Determined Contributions to the 

Paris Agreement7,8.   

6.3 Limitations and uncertainties 

I integrated different models, datasets, and methods in this work to provide new insights on 

bioenergy land and water use, and sustainable deployment potentials. I highlight three key 

limitations from the work presented here, one from each of the dimensions of the land-

energy-water nexus. For more detailed discussions on the limitations and uncertainties of 

other individual components, see the different thesis subchapters. 
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For example, uncertainties arise from land cover dataset accuracy. Currently, there are two 

main barriers limiting more accurate estimates of global cropland abandonment. The first is 

the lack of agricultural censuses in large parts of the world, mainly in developing countries9. 

This has led to attempts to quantify cropland abandonment through satellite data (such as 

applied here). The second barrier is the lack of global sample-based validation datasets of 

land use change that can improve evaluations of total area extent of land cover and land use 

changes10. Such datasets are mainly available with regional coverage such as for the former 

Soviet Union11, where I applied a regional land cover dataset to refine bioenergy estimates. It 

is vital that future research targets developing a high-resolution validation dataset to assess 

global cropland abandonment and improve our understanding of spatial and temporal 

accuracy. Crowd-sourced efforts may offer opportunities for cost-efficient development. 

Combined with continuous technological improvements of remote sensing techniques, it 

should make it possible to improve the detection of future abandonment patterns. 

 

Second, crop yield models are subject to different limitations. The agro-ecological 

parameterized crop yield model GAEZ12,13 was used to assess perennial grasses and a dataset 

based on machine learning techniques14 to assess willow. Furthermore, comparisons were 

made with a global machine-learning dataset of bioenergy yields15 and data from the 

hydrological model H0816. The underlying assumptions of the different models leads to a 

range of quantified bioenergy potentials, something that is also previously seen in larger 

intercomparison projects of food crop models17,18. Efforts to also intercompare bioenergy 

crop yield models under consistent scenario assumptions are underway19. This will help 

reveal the importance of model choice on quantified sustainable bioenergy and climate 

change mitigation potentials. 

 

Third, this work applies the physical water scarcity indicator and datasets of potential 

irrigation expansion which are based on historical data3,12 to identify opportunities for 

irrigation with reduced trade-offs on water depletion. Renewable water resources will change 

with climate change3 and the effect of global warming on sustainably irrigated bioenergy 

potentials is still uncertain. Whilst some important advances have been made recently 

discussing the limits to future irrigated bioenergy production20,21, additional work is needed 

to include sustainable land use opportunities in sophisticated hydrological assessments of 

bioenergy water use. Historically abandoned areas more frequently overlap with blue water 



116 

 

availability such as in the former Soviet Union, and there is a need to specifically assess how 

climate change will affect sustainably irrigated bioenergy potentials in these areas. 

6.4 Concluding remarks 

Bioenergy plays a vital role in climate change mitigation scenarios limiting global warming 

to below 2°C by the end of the century22,23. It is a flexible energy carrier important for energy 

system decarbonization, which can also provide carbon dioxide removal when linked to 

CCS24. The massive deployment of bioenergy plantations seen in climate change mitigation 

scenarios has led to a debate discussing the feasible scale of bioenergy plantations and how 

environmental and societal trade-offs related to their land and water use can be avoided24–28. 

Land and water are both limited resources, and their management should reflect how global 

challenges can be better addressed whilst co-delivering environmental and societal benefits 

and minimizing associated trade-offs.  

 

I conclude that there is a physical global potential to recultivate abandoned cropland for 

bioenergy production at a large enough scale that it can make a meaningful contribution to 

mitigation pathways. Abandoned areas frequently overlap with sustainable irrigation 

expansion opportunities, and blue water withdrawals for bioenergy crop irrigation can 

contribute to increase bioenergy productivity and alleviate pressure on land resources. 

Bioenergy deployment can further target cropland threatened from soil erosion by wind and 

water, with associated co-benefits through reduced soil erosion rates. Deployment beyond 

what is considered here can aim to target other degraded areas where a switch to bioenergy 

crops can co-deliver many environmental co-benefits. Reducing land-based food and feed 

demand or future productivity gains may also help free agricultural land for bioenergy 

production.  

 

The simultaneous consideration of land and water use sustainability, deployment feasibility, 

and achievable bioenergy potentials makes it possible to guide improved sustainable 

bioenergy deployment strategies. Lack of proper governance can lead to increased land use 

competition, trade-offs on food security, loss of primary vegetation, and increased water 

stress. With proper governance, bioenergy and BECCS will contribute to decarbonize the 

energy sector, mitigate climate change, and additionally co-deliver multiple environmental 

benefits and enhance ecosystem services. The findings presented here helps shed light on the 
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importance of sustainable land and water management in bioenergy production systems, 

which ultimately can help to achieve global sustainability targets. 
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Appendix 

This section contains supplementary information to the individual thesis articles: 

 

A.1 Supplementary Information – The land-energy-water nexus of global bioenergy 

potentials from abandoned cropland      

  

A.2 Supplementary Information – Optimal combination of bioenergy and solar photovoltaic 

for renewable energy production on abandoned cropland 

 

A.3 Supplementary Information – Energy potentials and water requirements from perennial 

grasses on abandoned land in the former Soviet Union  

  

A.4 Supplementary Information – Negative emission potentials of biofuels produced from 

perennial crops and nature-based solutions on abandoned and degraded cropland in Nordic 

countries 
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Supplementary Figures 21 

 22 

 23 

Supplementary Fig. 1 | Comparison of country level cropland extent (hectares) from FAO 24 
statistics1 with cropland extent quantified here using the ESA CCI-LC product for 1992 (a) 25 
and 2015 (b). Each blue dot represents a single country’s cropland extent, the orange line 26 
represents the 1:1 ratio, and the black dotted line represents the linear regression.  27 

   28 



3 
 

 29 

Supplementary Fig. 2 | Relationship between bioenergy potentials (EJ year-1) and land 30 
requirements, assuming optimally located bioenergy deployment on abandoned 31 
cropland. Results are shown for three water supply systems (rain-fed, irrigated, and mixed), 32 
three land availability constraints (abandoned cropland, abandoned cropland in biodiversity 33 
hotspots, and abandoned cropland outside biodiversity hotspots), and high agricultural 34 
management intensity. Optimal energy-based crop allocation per grid cell. Note different 35 
scales on axis. 36 

 37 

   38 
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 39 

Supplementary Fig. 3 | Unproductive locations of abandoned cropland areas at rain-fed 40 
conditions and present day climate across different agricultural management intensities. 41 
Results are shown for only high, medium and high, and all (low, medium and high) 42 
management intensities. Map is shown at one-degree resolution (aggregated for 43 
visualization purposes).   44 
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 45 

Supplementary Fig. 4 | Relationship between gains in bioenergy potentials of irrigated 46 
bioenergy production relative to rain-fed water supply (EJ year-1), and the minimized 47 
required water withdrawals (m3 year-1) assuming optimally located irrigation deployment 48 
on abandoned cropland at different physical water scarcity levels (all (a), low (b), 49 
moderate (c), and high (d)). Results are shown for present day, optimal crop allocation, no 50 
nature conservation measures, and high agricultural management intensity. Note different 51 
scales on axis. 52 

   53 
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 54 

Supplementary Fig. 5 | Map of biodiversity hotspots. 55 

   56 
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Supplementary Tables 57 

 58 

Supplementary Table 1 | Review of previous estimates of abandoned cropland. Note that 59 

time periods, resolutions, land classification methods and abandonment criteria vary 60 

between studies. See Supplementary Text 1 for a discussion considering previous estimates 61 

relative to our work. 62 

Assessed area  Time period  Years  Abandoned 

cropland (Mha) 

Reference 

Global 300 years 1700 – 2000 385 - 472 2 

Global 300 years 1700 - 2000 386 3 

Global 142 years 1850 - 1992 207 4 

Europe 11 years 2001 - 2012 7.6 5 

Europe N/A Until 2012 46 5 

Central and Eastern 

Europe 

N/A Until 2005 52 6 

Eastern Europe 19 years 1990 - 2009 31 7 

Brazil 31 years 1975 – 2006 11 8 

China 15 years 1990 – 2005 9.8  9 

Mexico 13 years 2001 - 2014 1.5 10 

Angola (Huambo) 29 years 1990 – 2009 0.35 11 

USA 34 years 1978 - 2012 15 12 

USA 5 years 2007 – 2012 4.9 12 

USA 4 years 2008 - 2012 1.8 13 

USA 65 years 1945 – 2000 43 14 

Western Siberia 

(Tyumen) 

25 years 1990 - 2015 0.14 15 

Puerto Rico 9 years 1991 – 2000 0.031 16 

Indonesia (Lombok 

Island) 

20 years 1990 – 2010 0.010 17 

 63 

  64 
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Supplementary Table 2 | Present day bioenergy potentials on abandoned cropland with 65 

optimal crop allocation across different land availability, agricultural management 66 

intensities and water supply systems. Land availability is constrained by abandoned 67 

cropland (AC) or abandoned cropland outside biodiversity hotspots (ACOBH). Agricultural 68 

management intensities are low, medium, high, or mixed (i.e., management intensity based 69 

on today’s yield gaps). Water supply systems are rain-fed (RF), irrigated (IR), or mixed (i.e. 70 

irrigation deployed only in areas under medium and high management intensity that are 71 

not threatened by water scarcity).  72 

Land 

availability 

Agricultural 

management 

intensity 

Water 

supply 

Bioenergy 

potential  

(EJ yr-1) 

Average 

bioenergy 

yield on 

all areas 

(GJ ha-1  

yr-1) 

Productive 

area  

(Mha) 

Average 

bioenergy 

yield on 

productive 

areas 

(GJ ha-1  

yr-1) 

AC Low RF 11 130 70 155 

AC Medium RF 20 239 68 294 

AC High RF 25 298 66 374 

AC Medium IR 30 365 82 372 

AC High IR 39 472 82 481 

AC Medium Mixed 27 325 76 357 

AC High Mixed 35 418 75 461 

AC Mixed RF 20 236 67 291 

AC Mixed Mixed 25 306 74 346 

ACOBH Low RF 5.5 109 39 140 

ACOBH Medium RF 10 199 38 268 

ACOBH High RF 13 249 36 345 

ACOBH Medium IR 17 346 49 354 

ACOBH High IR 23 452 49 463 

ACOBH Medium Mixed 15 306 45 345 

ACOBH High Mixed 20 399 45 450 

ACOBH Mixed RF 9.6 189 38 255 

ACOBH Mixed Mixed 14 273 43 321 

  73 
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Supplementary Table 3 | Comparison of historical abandoned cropland (1992-2015) and 74 
median projected land requirements for bioenergy crop production in 2050 for 1.5°C 75 
scenarios across different SSPs in top-down Integrated Assessment Models18. SSP3 and 76 
SSP4 are not shown as models either could not achieve the climate target (SSP3-1.9), or the 77 
climate target was achieved by one model but no land data was provided (SSP4-1.9).  78 

Shared 

Socio-

economic 

Pathway 

Median projected land 

requirement for 

bioenergy crops in 

2050 for 1.5°C 

scenarios18 

Abandoned 

cropland (83 Mha) 

as share of 2050 

land requirement 

Abandoned cropland 

outside biodiversity 

hotspots (50 Mha) as share 

of 2050 land requirement 

SSP1-1.9 210 Mha 40% 24% 

SSP2-1.9 450 Mha 19% 11% 

SSP5-1.9 670 Mha 12% 8% 

 79 

80 
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Supplementary Table 4 |Accuracy estimates found in the literature comparing the ESA 81 

CCI-LC product against validated ground points. Producer and user accuracies refers to 82 

how often certain ground points are correctly classified in the dataset, or how often dataset 83 

pixel classification match certain ground points, respectively. Classes with high producer 84 

and high user accuracies have both high spatial match and high precision in total area extent 85 

compared with ground truth. In combination, lower producer and higher user accuracies of 86 

classes indicates an under-mapping, while higher producer and lower user accuracies 87 

indicates an over-mapping. 88 

Assessed area Overall 

accuracy 

all land 

cover 

Producer 

accuracy 

of 

cropland 

classes 

User 

accuracy 

of 

cropland 

classes 

Total 

validation 

points 

Cropland 

validation 

points 

Reference 

Global 71.5 % 79 % 89 % 2329 574 19 

Global (only 

heterogeneous 

points) 

75.4 % 79 % 83-92 % 1499 383 19 

Global 71.1 % 79-92 % 85-94 % 1353 235 20 

Global 70.8 % 78.5 % 79.2 % 3857 1146 21 

Global 80.4 % 66.4 % 94.2 % 525 122 22 

Africa 55.5 % 79.2 % - 3887 - 23 

Africa 62 % - - 5058 1052 24 

South America 70 % - - 587 98 24 

Southeast Asia 59 % - - 1688 439 24 

North Korea 70 % 92 % 55 % 36 13 24 

Arctic region 62.2 % 15.4 % 100 % 940 26 25 

China 72 % 87 % 68 % 1063 203 26 

Coastal areas in 

Eurasia 

84.4 % 83% 62% 5896 - 27 

India 59.6 % 74.9 % 90.2 % - - 28 

Finland 63.8 % 62.6 % 65.3 % - - 29 

Portugal 

(Coimbra) 

68.3 % - - - - 30 

Portugal (forested 

area) 

83.9 % - - - - 30 
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Supplementary Text 89 

 90 

Supplementary Text 1 | Comparison of abandoned cropland estimates  91 

At a global level, a direct comparison of our findings with other studies is not possible 92 

because previous estimates (207-472 Mha) considered much longer time periods (e.g. 300 93 

years), datasets had much coarser resolution, and/or applied different criteria for the 94 

identification of cropland abandonment2–4. However, more detailed comparisons are 95 

possible for specific regions. In general, the main abandonment patterns identified here are 96 

consistent with the findings reported in the literature, such as the intensive cropland 97 

abandonment in parts of Eastern Europe, South America, Central America, Central Africa 98 

and Eastern Asia. Discrepancies across estimates can be explained by a number of factors, 99 

including unharmonized land cover classification systems, spatial and temporal resolutions 100 

of the different land cover products24.  101 

More specifically, previous studies found that 11 Mha of farmland contraction occurred in 102 

the coastal part of Brazil between 1975 and 2006 (mainly due to agricultural intensification)8, 103 

1.5 Mha in Mexico between 2001 and 2014 (largely caused by rural-urban migration and 104 

drug-related violence)10, 9.8 Mha in China between 1990 and 2005 (mainly driven by market 105 

integration, agricultural intensification, migration to urban areas, and policy efforts to 106 

reduce soil erosion)31–33, 0.031 Mha in Puerto Rico between 1990 and 2000 (due to rural-urban 107 

migration)16, 0.14 Mha in Western Siberia (Tyumen province) between 1990 and 2015 (driven 108 

by a sudden access to open markets)15, 0.010 Mha in Indonesia (Lombok Island) between 109 

1990 and 201017, and 0.35 Mha in Angola (Huambo province) between 1990 and 2009 110 

(primarily driven by armed conflicts)11. For comparison, we found 7.9 Mha of cropland 111 

abandonment in Brazil, 2.3 Mha in Mexico, 6.2 Mha in China, 0.067 Mha in Puerto Rico, 112 

0.089 Mha in Western Siberia (Tyumen province), 0.021 Mha in Indonesia (Lombok Island) 113 

and 0.21 Mha in Angola (Huambo province) between 1992 and 2015.  114 

We identified 16 Mha of cropland abandonment in Europe between 1992 and 2015. Previous 115 

assessments have shown cropland abandonment across European regions in the range of 116 

7.6-52 Mha5–7, with high range estimates including areas which already had successional 117 

vegetation cover in the early 1990s during the dissolution of the Soviet Union5,6, or applying 118 

a modelling approach to estimate abandonment7. The lowest estimate (7.6 Mha) covered a 119 
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shorter time period of 11 years between 2001 and 20125, and did not capture the wide-spread 120 

cropland abandonment shown in Eastern Europe during the 1990s.  121 

In USA, we find 3.5 Mha of abandoned cropland between 1992 and 2015. Previous estimates 122 

range from 1.8-43 Mha based on different methodological choices and time periods. The 123 

highest estimate (43 Mha) covers a 65 year period after the end of the Second World War 124 

(1945-2000), is dependent on spatial overlays of static remote sensing data with survey data, 125 

and includes land transitioning from cropland to pastures14. Another study estimated 126 

cropland abandonment at the county level in the USA, and found 15 Mha and 4.9 Mha over 127 

a 34 year (1978-2012) and a 5 year (2007-2012) period, respectively12. The study relied on 128 

survey data, and did no attempts at local level spatial differentiation12. The smallest USA 129 

estimate (1.8 Mha) which assessed a 4 year period between 2008 and 2012 also aggregated 130 

classes of pasture/grass, pasture/hay, and other hay/non-alfa as not croplands13, leading to 131 

higher cropland abandonment rates than with the classification methodologies applied here.  132 

  133 
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Supplementary Text 2 | Global bioenergy potentials under climate change 134 

Bioenergy potentials on abandoned cropland will be affected by climate change, here 135 

exemplified by using future projections consistent with RCP4.5 and RCP8.5 (Extended Data 136 

Fig. 2). Crop productivity response is stronger in RCP8.5 than in RCP4.5, where differences 137 

in temperature and precipitation relative to present conditions are stronger. Global 138 

bioenergy potentials (rain-fed water supply, high agricultural management intensity, 139 

optimal crop allocation, no nature conservation measures) decrease by -0.6 EJ year-1 or -1.6 140 

EJ year-1 by 2050 under RCP4.5 or RCP8.5, respectively. In 2080, potentials further decrease 141 

by -1.2 EJ year-1 under RCP4.5 and by -4.2 EJ year-1 under RCP8.5. In relative terms, global 142 

bioenergy potentials decrease by -2% in 2050 and -5% in 2080 for RCP4.5, and -6% in 2050 143 

and -17% in 2080 for RCP8.5.  144 

There are clear regional patterns for the response of bioenergy potentials to future changes 145 

in climatic conditions. In general, bioenergy potentials decrease at lower latitudes and 146 

increase at higher latitudes. In today’s subarctic and continental climates, significant gains in 147 

bioenergy potentials are expected for both future climate projections. Areas that are 148 

currently unsuitable for bioenergy production will become productive at milder 149 

temperatures (up to about 3 Mha), primarily in RCP8.5. In temperate climates, a loss of 150 

bioenergy potential is observed in some locations (up to -20%), but many other places also 151 

show net energy gains (up to 20%), such as in parts of oceanic climate zones. In the tropics, 152 

bioenergy potentials consistently decrease in South America, Central America, Southeast 153 

Asia and Central Africa. In general, a decrease in bioenergy potentials is estimated at rain-154 

fed conditions in areas affected by physical water scarcity for both RCP4.5 and RCP8.5, apart 155 

from Central Asia.  156 

Temperature and precipitation changes will impact our estimates of optimal crop allocation 157 

across the globe. For example, miscanthus, reed canary grass and switchgrass are allocated 158 

43 Mha, 7.6 Mha and 16 Mha of abandoned cropland, respectively, at present day (rain-fed, 159 

high agricultural management intensity, no nature conservation). This optimal crop 160 

distribution will change to 39 Mha, 4.5 Mha and 18 Mha, respectively in 2080 under RCP8.5. 161 

As the Northern Hemisphere at higher latitudes becomes warmer and wetter, improved 162 

rain-fed growth conditions increases bioenergy potentials. Reed canary grass domain will 163 

expand northwards into subarctic areas previously unsuitable for crops. Switchgrass will 164 

outcompete reed canary grass in the southern parts of the present-day reed canary grass 165 

domain. Similarly, the miscanthus domain will further expand northwards, and starts 166 
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outcompeting switchgrass in the southern parts of the present-day switchgrass domain. 167 

Increased precipitation in tropical zones in Africa and Southeast Asia will not improve 168 

bioenergy potentials as water deficit is not a major limitation in these regions. The projected 169 

warming will rather cause a slight decline in miscanthus bioenergy yields. Regional drying 170 

is expected to decrease bioenergy potentials in Central America, around the Mediterranean, 171 

and in the Amazon as rain-fed renewable water availability for miscanthus decreases. Large 172 

areas become unsuitable for miscanthus production without irrigation around present day 173 

semi-arid and arid climatic regions as water deficits increase. In total, the amount of 174 

abandoned cropland without bioenergy potential at these conditions increase from 17 Mha 175 

to 22 Mha.  176 

 177 

  178 
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Supplementary Text 3 | Interdependency of bioenergy estimates on local conditions 179 

Extended Data Fig. 3 shows how bioenergy potentials simultaneously change across 180 

different climate projections, agricultural management intensity, water supply, and whether 181 

nature conservation measures are considered in the biodiversity hotspots. The decline in 182 

global bioenergy potentials in RCP8.5 can partially be reduced through large-scale 183 

irrigation. Full irrigation deployment with high agricultural management intensity and no 184 

nature conservation measures will lead to a potential of 38 EJ year-1 in 2080, limiting the 185 

relative decline to -4% compared to present-day conditions. A partial deployment of 186 

irrigation on areas that are not threatened by water scarcity can provide a potential of 34 EJ 187 

year-1. These two irrigation options will bring under production 21 Mha and 15 Mha of 188 

abandoned cropland, respectively. On the other hand, water scarcity projections are 189 

sensitive to climate change patterns, and new regions can become subject to water scarcity, 190 

as drying effects will threat water resources. These factors could limit future water 191 

availability for irrigation deployment and associated bioenergy potentials.  192 

Future bioenergy potentials are heavily dependent on the spatially projected temperature 193 

and precipitation changes, which are sensitive to the type of climate model used. However, 194 

we can expect that the use of different climate projections would affect the absolute changes 195 

of bioenergy potentials, but not the direction of their trends. 196 

197 



16 
 

Supplementary References: 198 

 199 

1. FAO. FAOSTAT database. (2020). Available at: http://www.fao.org/faostat/en.  200 

2. Campbell, J. E., Lobell, D. B., Genova, R. C. & Field, C. B. The global potential of 201 
bioenergy on abandonded agricultural lands. Environ. Sci. Technol. 42, 5791–5794 202 
(2008). 203 

3. Field, C. B., Campbell, J. E. & Lobell, D. B. Biomass energy: the scale of the potential 204 
resource. Trends Ecol. Evol. 65–72 (2008). doi:10.1016/j.tree.2007.12.001 205 

4. Ramankutty, N. & Foley, J. A. Estimating historical changes in global land cover: 206 
Croplands from 1700 to 1992. Global Biogeochem. Cycles 13, 997–1027 (1999). 207 

5. Estel, S. et al. Mapping farmland abandonment and recultivation across Europe using 208 
MODIS NDVI time series. Remote Sens. Environ. 163, 312–325 (2015). 209 

6. Alcantara, C. et al. Mapping the extent of abandoned farmland in Central and Eastern 210 
Europe using MODIS time series satellite data. Environ. Res. Lett. 8, 35035 (2013). 211 

7. Schierhorn, F. et al. Post-Soviet cropland abandonment and carbon sequestration in 212 
European Russia, Ukraine, and Belarus. Global Biogeochem. Cycles 27, 1175–1185 (2013). 213 

8. Barretto, A. G. O. P., Berndes, G., Sparovek, G. & Wirsenius, S. Agricultural 214 
intensification in Brazil and its effects on land-use patterns: an analysis of the 1975–215 
2006 period. Glob. Chang. Biol. 19, 1804–1815 (2013). 216 

9. Li, S. et al. An estimation of the extent of cropland abandonment in mountainous 217 
regions of China. L. Degrad. Dev. 29, 1327–1342 (2018). 218 

10. Bonilla-Moheno, M. & Aide, T. M. Beyond deforestation: Land cover transitions in 219 
Mexico. Agric. Syst. 178, 102734 (2020). 220 

11. Cabral, A. I. R., Vasconcelos, M. J., Oom, D. & Sardinha, R. Spatial dynamics and 221 
quantification of deforestation in the central-plateau woodlands of Angola (1990–222 
2009). Appl. Geogr. 31, 1185–1193 (2011). 223 

12. Baxter, R. E. & Calvert, K. E. Estimating Available Abandoned Cropland in the United 224 
States: Possibilities for Energy Crop Production. Ann. Am. Assoc. Geogr. 107, 1162–1178 225 
(2017). 226 

13. Lark, T. J., Meghan Salmon, J. & Gibbs, H. K. Cropland expansion outpaces 227 
agricultural and biofuel policies in the United States. Environ. Res. Lett. 10, 44003 228 
(2015). 229 

14. Zumkehr, A. & Campbell, J. E. Historical U.S. Cropland Areas and the Potential for 230 
Bioenergy Production on Abandoned Croplands. Environ. Sci. Technol. 47, 3840–3847 231 
(2013). 232 

15. Nguyen, H., Hölzel, N., Völker, A. & Kamp, J. Patterns and Determinants of Post-233 
Soviet Cropland Abandonment in the Western Siberian Grain Belt. Remote Sensing  10, 234 
(2018). 235 

16. Parés-Ramos, I. K., Gould, W. A. & Aide, T. M. Agricultural abandonment, suburban 236 
growth, and forest expansion in Puerto Rico between 1991 and 2000. Ecol. Soc. 13, 237 
(2008). 238 



17 
 

17. Kim, C. Land use classification and land use change analysis using satellite images in 239 
Lombok Island, Indonesia. Forest Sci. Technol. 12, 183–191 (2016). 240 

18. IPCC. Summary for Policymakers. in Climate Change and Land: an IPCC Special Report 241 
on climate change, desertification, land degradation, sustainable land management, food 242 
security, and greenhouse gas fluxes in terrestrial ecosystems (2019). 243 

19. Defourny, P. et al. Land Cover CCI product user guide version 2.0. (2017). 244 

20. UCLouvain. Product Quality Assessment Report IDCR Land Cover 2016 and 2017. (2019). 245 

21. Tsendbazar, N. E., de Bruin, S., Mora, B., Schouten, L. & Herold, M. Comparative 246 
assessment of thematic accuracy of GLC maps for specific applications using existing 247 
reference data. Int. J. Appl. Earth Obs. Geoinf. 44, 124–135 (2016). 248 

22. Liu, H. et al. Annual dynamics of global land cover and its long-term changes from 249 
1982 to 2015. Earth Syst. Sci. Data 12, 1217–1243 (2020). 250 

23. Tsendbazar, N.-E., De Bruin, S., Fritz, S. & Herold, M. Spatial accuracy assessment 251 
and integration of global land cover datasets. Remote Sens. 7, 15804–15821 (2015). 252 

24. Pérez-Hoyos, A., Rembold, F., Kerdiles, H. & Gallego, J. Comparison of global land 253 
cover datasets for cropland monitoring. Remote Sens. 9, 1118 (2017). 254 

25. Liang, L., Liu, Q., Liu, G., Li, H. & Huang, C. Accuracy Evaluation and Consistency 255 
Analysis of Four Global Land Cover Products in the Arctic Region. Remote Sens. 11, 256 
1396 (2019). 257 

26. Yang, Y., Xiao, P., Feng, X. & Li, H. Accuracy assessment of seven global land cover 258 
datasets over China. ISPRS J. Photogramm. Remote Sens. 125, 156–173 (2017). 259 

27. Hou, W. & Hou, X. Data Fusion and Accuracy Analysis of Multi-Source Land 260 
Use/Land Cover Datasets along Coastal Areas of the Maritime Silk Road. ISPRS Int. J. 261 
Geo-Information 8, 557 (2019). 262 

28. Madhusoodhanan, C. G., Sreeja, K. G. & Eldho, T. I. Assessment of uncertainties in 263 
global land cover products for hydro�climate modeling in India. Water Resour. Res. 264 
53, 1713–1734 (2017). 265 

29. Karvonen, V., Ribard, C., Sädekoski, N., Tyystjärvi, V. & Muukkonen, P. Comparing 266 
ESA land cover data with higher resolution national datasets. Creat. Manag. Anal. 267 
geospatial data databases Geogr. themes 26–45 (2018). 268 

30. Fonte, C. C., See, L., Lesiv, M. & Fritz, S. A preliminary quality analysis of the climate 269 
change initiative land cover products for continental Portugal. in ISPRS - International 270 
Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences 42, 1213–271 
1220 (ISPRS, 2019). 272 

31. Liu, Y., Fu, B., Lü, Y., Wang, Z. & Gao, G. Hydrological responses and soil erosion 273 
potential of abandoned cropland in the Loess Plateau, China. Geomorphology 138, 404–274 
414 (2012). 275 

32. Jiao, J. et al. Can the study of natural vegetation succession assist in the control of soil 276 
erosion on abandoned croplands on the Loess Plateau, China? Restor. Ecol. 15, 391–399 277 
(2007). 278 

33. Dong, J., Liu, J., Yan, H., Tao, F. & Kuang, W. Spatio-temporal pattern and rationality 279 



18 
 

of land reclamation and cropland abandonment in mid-eastern Inner Mongolia of 280 
China in 1990–2005. Environ. Monit. Assess. 179, 137–153 (2011). 281 

 282 



 

1 
 

Optimal combination of bioenergy and solar photovoltaic for renewable energy 

production on abandoned cropland  

 
Malene Eldegard Leirpoll *1, Jan Sandstad Næss1, Otavio Cavalett1, Martin Dorber1, Xiangping Hu1, Francesco 
Cherubini1 

 
*Corresponding author malene@villenergi.no 
 

 

 

Table of Contents 

 

Supplementary Figure 1: Abandoned cropland with DPI coverage for both BIO and PV as a function of different 

moving mean window sizes.  ........................................................................................................................... 2 

Supplementary Table 1: Sensitivity of optimal BIO and PV allocation and associated energy potentials on abandoned 

cropland (AC) to DPI data filling method by moving mean window size.    .............................................................. 3 

 

  

mailto:malene@villenergi.no


 

2 
 

 

Supplementary figures 

 

 

Supplementary Figure 2: Abandoned cropland with DPI coverage for both BIO and PV as a function of different 

moving mean window sizes.  
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Supplementary Table 2: Sensitivity of optimal BIO and PV allocation and associated energy potentials on 

abandoned cropland (AC) to DPI data filling method by moving mean window size.   

Moving 
mean 
window 
size 
[cells] 

AC 
assigned 
to DPI 
values 
[Mha] 

AC 
optimally 
allocated 
to BIO 
[Mha] 

AC 
optimally 
allocated 
to PV 
[Mha] 

Total 
energy 
potential 
[EJ yr-1] 

Total BIO 
potential 
on AC  
[EJ yr-1] 

Total PV 
potential 
on AC 
[EJ yr-1] 

Mean 
bioenergy 
yield 
[GJ ha-1   

yr-1] 

Mean 
PV 
energy 
yield 
[GJ ha-1 

yr-1] 

None 39.6 12.7 26.9 63.1 5.8 57.3 457 2130 

3 66.5 21.3 45.2 106.6 9.7 96.9 455 2144 

5 73.3 23.4 49.9 117.8 10.7 107 457 2144 

7 75.8 24.1 51.7 122.1 11 111.1 456 2149 

9 77.1 24.4 52.7 124.3 11.1 113.2 455 2148 

11 77.9 24.6 53.2 125.7 11.2 114.5 455 2152 

13 78.4 24.7 53.6 126.6 11.2 115.4 453 2153 

15 78.8 24.8 54 127.4 11.3 116.1 456 2150 

17 79 24.9 54.2 127.9 11.3 116.6 454 2151 

19 79.2 25 54.2 128 11.4 116.7 456 2153 

21 79.4 25.1 54.3 128.3 11.4 116.9 454 2153 

23 79.5 25.1 54.4 128.5 11.4 117.1 454 2153 

25 79.7 25.2 54.5 128.8 11.4 117.4 452 2154 

27 79.8 25.3 54.5 128.9 11.4 117.4 451 2154 

29 79.9 25.3 54.6 129.1 11.5 117.6 455 2154 

31 
80.1 25.4 54.7 129.2 11.5 117.8 453 2154 
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Supplementary Figures 

 

Supplementary Figure 1: Maps of biodiversity hotspots (a) and considered protected areas (b) in the fSU. 

  



 

 

Supplementary Figure 2: Cross-model comparison of switchgrass productivity and bioenergy potentials on fSU 
abandoned land. (a) Switchgrass fSU bioenergy potentials quantified using GAEZ (medium agricultural management 
intensity at rain-fed and irrigated conditions), the random-forest yield dataset from Li et al (rainfed, ref. 1), and H08 (rainfed 
and irrigated conditions, ref. 2). (b-c) Comparisons of the rainfed switchgrass yield difference of GAEZ minus Li et al (b), the 
rainfed switchgrass yield difference of GAEZ minus H08 (c), and the irrigated switchgrass yield difference of GAEZ minus H08 
(d). 

  

  



 

Supplementary Figure 3: Comparison of GAEZ reed canary grass and switchgrass rain-fed yields at medium management 
intensity with observational field data from Li et al. (ref. 3). Location based comparisons of mean reported yields across 
years vs GAEZ pixel estimate for (a) reed canary grass and (b) switchgrass. Country means from observations across all 
datapoints vs GAEZ means based on the same pixels are shown for (c) reed canary grass and (d) switchgrass. 

  



 

 

 

Supplementary Figure 4: Bioenergy potentials of woody bioenergy crops. Bioenergy potentials on abandoned land across 
the fSU of deploying woody bioenergy crops found by integrating our land availability estimates with data from the 
random-forest yield dataset from Li et al (rainfed, ref. 1). This yield dataset is based on historical measurements and is 
produced through machine-learning techniques. Considered woody crops here are willow, poplar, and eucalypt. Land 
availability is constrained to abandoned land outside biodiversity hotspots and protected areas. 

 

  



 

Supplementary Figure 5: Abandoned land and candidate irrigation areas. Maps of (a) abandoned land (upscaled from ref. 
4), (b) abandoned land outside biodiversity hotspots, and (c) abandoned land outside biodiversity hotspots and protected 
areas are shown as fraction of grid cell. (d) Abandoned land outside biodiversity hotspots and protected areas adjusted for 
country level land cover dataset confusion matrices and distributed across water supply systems and countries. All maps are 
shown at 5 arcminutes.  

  



 

Supplementary Figure 6: Bioenergy potentials and their land and water use requirements across management 
intensities, land availability and water supply systems. (a) Bioenergy potentials (EJ year-1). (b) Productive abandoned land 
(Mha). (c) Crop water use (109 m3 year-1) originating from green and blue water sources (local precipitation and irrigated 
water withdrawals, respectively). (d) Comparison of productive abandoned land across management intensities, land 
availability and water supply systems with the projected fSU bioenergy land requirements to meet bioenergy demand for 
2°C scenarios in 2050 across the different SSPs obtained by processing GCAM data (ha/ha). All shown values are adjusted 
for country-specific land cover dataset confusion matrices. X-axis notations describes agricultural management intensities 
and water supply. Management intensities are medium (MED) and high (HI). Water supply systems are rain-fed (RF), soft-
path irrigation with monthly water storage (S), soft-path irrigation with crop water deficit (D), hard-path irrigation with 
annual water storage (H), and complete irrigation (IR). Water supply systems applying combinations of S, D, and H 



considers rain-fed supply on the remaining non-irrigated land. Land use in (a-c) refer to abandoned land (thick bars), 
abandoned land outside biodiversity hotspots (middle bars), and abandoned land outside biodiversity hotspots and 
protected areas (thin bars). Irrigated part of productive lands and bioenergy potentials are shown in (a) and (b) as scattered 
datapoints. 

  

  



 

Supplementary Figure 7: Irrigated areas at high agricultural management intensity. (a) Fraction of abandoned land 
within grid box irrigated. (b) Change in irrigated abandoned land (%) with high management intensity relative to medium 
management intensity. Both maps are consistent with deploying irrigation in line with all three irrigation management 
strategies (soft, soft deficit, and hard irrigation combined). 

  



 

Supplementary Figure 8: Productivity curves with optimal crop allocation at medium management intensity. Results 
describe total abandoned land which have higher bioenergy yields than different yield thresholds. Sub-figures refer to (a) 
rain-fed water supply, (b) soft-path irrigation and rain-fed elsewhere, (c) soft-path and soft-path irrigation with water 
deficits and rain-fed elsewhere, (d) soft-path, soft-path with deficit and hard-path irrigation and rain-fed elsewhere, and (e) 
fully irrigated water supply. Results are show for three different land availabilities (abandoned land, abandoned land 
outside biodiversity hotspots, and abandoned land outside biodiversity hotspots and protected areas). 

  



 

Supplementary Figure 9: Bioenergy potentials and their land and water use requirements across management 
intensities, land availability and water supply systems obtained by considering a measurement based climate input from 
CRU5,6 (1960-1990) to GAEZ7 instead of a HadCM38 2020s climate (2010-2040). (a) Bioenergy potentials (EJ year-1). (b) 
Productive abandoned land (Mha). (c) Crop water use (109 m3 year-1) originating from green and blue water sources (local 
precipitation and irrigated water withdrawals, respectively). (d) Comparison of productive abandoned land across 
management intensities, land availability and water supply systems with the projected fSU bioenergy land requirements to 
meet bioenergy demand for 2°C scenarios in 2050 across the different SSPs obtained by processing GCAM data (ha/ha). All 



shown values are adjusted for country-specific land cover dataset confusion matrices. X-axis notations describes agricultural 
management intensities and water supply. Management intensities are medium (MED) and high (HI). Water supply systems 
are rain-fed (RF), soft-path irrigation with monthly water storage (S), soft-path irrigation with crop water deficit (D), hard-
path irrigation with annual water storage (H), and complete irrigation (IR). Water supply systems applying combinations of 
S, D, and H considers rain-fed supply on the remaining non-irrigated land. Land use in (a-c) refer to abandoned land (thick 
bars), abandoned land outside biodiversity hotspots (middle bars), and abandoned land outside biodiversity hotspots and 
protected areas (thin bars). Irrigated part of productive lands and bioenergy potentials are shown in (a) and (b) as scattered 
datapoints. 

  



 

Supplementary Figure 10: Comparison of modelled irrigation requirements by Rosa et al. (2020)9 and quantified 
irrigation blue water use at medium management intensity from this study. Land availability is constrained to only 
abandoned land outside biodiversity hotspots and protected areas. X-axis notations describe soft irrigation with monthly 
water storage (S), soft irrigation with crop water deficit (D), hard irrigation with annual water storage (H), and complete 
irrigation (IR)). Results on the left hand side of the figure describe total irrigation water requirements (IWR) for the present 
day agricultural sector found by processing data from Rosa et al. (2020). Totals from Rosa et al. (2020) are given for the 
whole fSU (IWR-fSU) and with spatial constraints corresponding to the specific cells where irrigated water withdrawals are 
deployed here to supply bioenergy crops for the different irrigation strategies (IWR-S, IWR-SD, IWR-SDH). Right hand side 
results describe irrigation water requirements of bioenergy crops from this study. 

  



Supplementary Tables 

 
Supplementary Table 1: Field observations of reed canary grass yields. Observed mean yields of fertilized and rainfed reed 
canary grass from multiple year field experiments at different locations found in literature. We removed any datapoints 
without fertilizer application and any datapoints with irrigation before calculating mean yields for different locations.   

Country Spatial 

coordinates 

[lat, lon] 

Mean reported 

dry mass yield  

[ton ha-1 -yr1] 

References 
 

Canada (46.5, -71.1) 8.2 10 

Czech Republic (50.0, 14.3) 

(49.4, 15.0) 

(49.1, 16.4) 

(50.3, 13.2) 

8.7 

8.7 

8.7 

7.5 

11 

11 

11 

11 

Denmark (49.0, 14.4) 

(56.2, 9.0) 

(56.4, 9.7) 

13.0 

10.3 

6.0 

12 

12 

13 

Estonia (58.6, 24.4) 

(58.3, 24.2) 

8.6 

13.4 

14 

15,16 

Finland (62.5, 31.2) 

(64.7, 25.3) 

5.2 

6.7 

17 

18 

Latvia (56.4, 25.1) 9.1 17 

Lithuania (55.2, 23.5) 8.9 19 

Moldova (56.4, 28.5) 10.7 20 

Poland (50.4, 22.2) 11.2 21 

Sweden (63.8, 20.2) 

 

(63.2, 14.3) 

 

(56.4, 15.6) 

 

(63.8, 20.1) 

4.1 

 

13.0 

 

9.9 

 

6.8 

22 

22 

23 

23 

United Kingdom (52.0, 0.4) 

(51.5, -0.5) 

 

(52.1, -2.5) 

(52.1, -2.4) 

3.5 

9.0 

 

15.7 

10.6 

24 

25 

26 

26 

United States (42.5, -97.2) 7.6 27 



(44.35, -97.0) 

(46.65, -76.79) 

(47.0, -73.4) 

6.7 

6.0 

5.2 

27 

28 

28 

 

  



Supplementary Table 2: Field observations of switchgrass yields. Observed mean yields of fertilized and rainfed 
switchgrass from multiple year field experiments at different locations found in literature. We removed any datapoints 
without fertilizer application and any datapoints with irrigation before calculating mean yields for different locations.   

Country Spatial 

coordinates 

[lat, lon] 

Mean reported 

dry mass yield  

[ton ha-1 -yr1] 

References 
 

Belgium (51.0, 3.5) 11.5 29 

Canada (45.5, -73.8) 10.3 30,31 

China (39.6, 116.5) 

(37.5, 118.5) 

(40.2, 116.1) 

(36.9, 109.3) 

17.8 

3.9 

5.4 

10.0 

32 

33 

34 

35 

France (49.9, 3.0) 

(49.8, 3.0) 

18.4 

17.2 

36 

37 

Germany (48.7, 8.9) 

(48.8, 8.9) 

 

11.3 

10.2 

 

38 

39 

Lithuania (54.5, 24.5) 11.8 40 

Japan (35.7, 139.5) 9.1 41 

Spain (43.4, 5.5) 11.3 42 

United Kingdom (51.8, -0.4) 6.8 43 

United States (41.9, -88.9) 

(40.1, -88.2) 

(37.5, -88.7) 

(30.3, -89.9) 

(39.8, -90.8) 

(38.4, -88.4) 

(39.0, -89.0) 

(32.4, -85.9) 

(32.8, -85.7) 

(47.0, -97.0) 

(46.7, -97.2) 

(32.2, -98.2) 

(28.5, -97.7) 

(38.2, -78.0) 

(37.9, -78.0) 

(36.9, -78.2) 

9.2 

14.1 

11.3 

9.9 

10.3 

13.1 

10.9 

11.7 

5.5 

9.0 

9.4 

13.1 

8.3 

11.9 

11.4 

7.5 

44,45 

44,45 

44,45 

46 

46 

46 

46 

47,48 

47 

27 

27 

49 

49 

50 

50 

50 



(42.5, -76.5) 

(42.9, -77.0) 

(44.4, -73.4) 

(42.5, -76.4) 

(35.9, -84.0) 

(32.2, -98.2) 

(40.0, -96.8) 

(42.0, -93.8) 

(41.0, -93.4) 

(33.9, -87.9) 

(32.8, -85.7) 

(34.3, -86.0) 

(32.0, -87.3) 

(41.5, -83.1) 

(41.4, -83.1) 

(41.4, -82.8) 

(36.1, -97.1) 

(39.9, -75.4) 

(35.3, -77.5) 

(34.8, -76.7) 

6.7 

4.4 

3.8 

3.6 

18.0 

8.9 

6.2 

9.6 

10.2 

8.4 

7.6 

5.9 

5.9 

5.6 

5.2 

4.0 

11.0 

7.0 

5.7 

5.0 

51

51

51

51

52

53

53

54

54

55

55

55

55

56,57

57

57

58

59

60

60



 

Supplementary Table 3: An overview of all considered variants of land availability, crop allocation, agricultural 
management intensities and water supply systems for estimating bioenergy potentials from abandoned land in the fSU. 
Results in the main text are mostly shown for the following combination: abandoned land outside biodiversity hotspots and 
protected areas, optimal energy-based crop allocation, medium agricultural management intensity, climatic conditions 
centered around the 2020s, and all the different water supply systems. Other results are found in the Supplementary 
Information (this document). Climatic conditions refer to the background climate considered by the yield model. 

Land availability Perennial 

grass 

Agricultural 

management 

intensity  

Water supply  
 

Climatic 

conditions 

Abandoned land 

outside biodiversity 

hotspots and 

protected areas 

 

Abandoned land 

outside biodiversity 

hotspots 

 

 

Abandoned land 

 
 

Optimal 

energy-based 

crop allocation 

 

Reed canary 

grass 

 

Switchgrass 
 

Medium 

 

High 

Rain-fed 

 

Soft-path irrigation and 

rain-fed elsewhere 

 

Soft-path and soft-path 

with deficit irrigation, 

rain-fed elsewhere 

 

Soft-path, soft-path with 

deficit and hard-path 

irrigation, rain-fed 

elsewhere 

 

Complete irrigation 

Centered 

around the 

2020s   

(HadCM38, 

2010-2040) 

 

Measurement 

based  

(CRU5,6, 1960-

1990) 

 

  



Supplementary Table 4: Country specific productive area, mean bioenergy yields on productive abandoned land and 
bioenergy potentials across different water supply systems. Results refer to medium agricultural management intensity 
with nature conservation policies that exclude all areas in protected areas and biodiversity hotspots.  

Country  Water 

supply 

system 

Productive 

area 

[Mha] 

Mean bioenergy yield on 

productive land  

[GJ ha-1 -yr1] 

Bioenergy potential 

[EJ yr-1] 
 

Russia  Rainfed 21 133 2.8 

Russia  Irrigated 35 275 9.8 

Russia  Soft path 23 156 3.7 

Russia  Soft path 

w/deficit 

24 162 3.9 

Russia  Hard path 26 200 5.1 

Belarus  Rainfed 0.69 199 0.14 

Belarus  Irrigated 0.69 282 0.19 

Belarus  Soft path 0.69 206 0.14 

Belarus  Soft path 

w/deficit 

0.69 206 0.14 

Belarus  Hard path 0.69 245 0.17 

Moldova  Rainfed 0.22 185 0.041 

Moldova  Irrigated 0.22 346 0.077 

Moldova  Soft path 0.22 215 0.048 

Moldova  Soft path 

w/deficit 

0.22 267 0.059 

Moldova  Hard path 0.22 273 0.060 

Kazakhstan  Rainfed 0.31 108 0.033 

Kazakhstan  Irrigated 14 341 4.8 

Kazakhstan  Soft path 2.5 299 0.75 

Kazakhstan  Soft path 

w/deficit 

3.4 290 0.98 

Kazakhstan  Hard path 3.6 294 1.0 

Ukraine  Rainfed 2.9 164 0.48 

Ukraine  Irrigated 2.9 318 0.92 

Ukraine  Soft path 2.9 217 0.63 



Ukraine  Soft path 

w/deficit 

2.9 239 0.70 

Ukraine  Hard path 2.9 250 0.73 

 

  



Supplementary Table 5: Comparison of fSU bioenergy potentials, productive abandoned land and blue water 
withdrawals found here with previous global studies. Global data was obtained from the respective previous studies and 
processed to provide results for the fSU region.  

Study Bioenergy 

potential 

[EJ yr-1] 

Productive 

abandoned 

land 

[Mha] 

Blue water 

withdrawals 

[109 m3 yr-1] 
 

Leirpoll et al. (2021) (ref. 61) 3.5 9.9 Not provided. 

Næss et al. (2021) (ref. 62) 0.7-3.8 7.6-10 0-34 

This study  

(All land availabilities, water supply systems, and 

management intensities) 

3.5-23 25-58 0-281 

This study  

(Nature conservation, rain-fed water supply, medium 

management) 

3.5 25 0 

This study 

(Nature conservation, sustainable irrigation strategies, 

medium management) 

5.2-7.1 29-33 30-63 

  



Supplementary Texts 
 

Supplementary Text 1 | Protected areas and biodiversity hotspots 

Biodiversity hotspots are defined as areas containing a minimum of 1500 endemic vascular plants 

that have lost more than 70% of the natural vegetation63. Sparing abandoned land in biodiversity 

hotspots for habitat restoration can be especially beneficial for conservation of vascular plants64,65. 

We filtered out and excluded abandoned land within biodiversity hotspots using masks at 10 

arcseconds (Supplementary Figure 1a). 

Likewise, abandoned land in selected protected areas were identified based on the World Database 

of Protected Areas66 using a mask7 at 5 arcminutes and excluded (Supplementary Figure 1b). 

Protected areas considered include National Parks, Forest Reserves, Zapovednik (specific Russian 

protected areas), Wildlife Management Areas, Nature Parks, Resource Reserves, Nature Reserves 

and Game Reserves66. 

  



Supplementary Text 2 | Bioenergy crops 

 We consider two bioenergy crops for the analysis: switchgrass and reed canary grass. Switchgrass 

(Panicum virgatum) is a C4 grass originally growing in North America from Mexico in the south and 

up to 55°N67. Switchgrass photosynthetic rates peak between 25°C and 30°C68. It is vulnerable to 

severe draughts and potential yield losses can be mitigated through irrigation during draughts69–71.  

Switchgrass is typically harvested during autumn72. Reed canary grass is a C3 grass native to Eurasia 

and North America, growing in temperate climates under cool and moist conditions73,74. It has an 

optimal growth rate between 20°C and 25°C75 and is able to grow under a range of water 

regimes74,76. Typically, reed canary grass harvest happens during late winter or early spring73. 

 

  



 

Supplementary Text 3 | GAEZ model 

Global Agro-Ecological Zones v3.0 is a parameterized crop yield model which has been widely used 

to quantify agricultural productivity and water implications of crops7. GAEZ considers a range of 

crop-specific parameters describing crop characteristics, different agricultural management, 

irrigation practices and site-specific parameters such as climatic conditions (radiation, precipitation, 

and temperature), soil quality and terrain to estimate crop yields. Yearly variability of soil moisture, 

yield losses due to pests, soil workability constraints and frosts is also accounted for. It uses the 

optimal crop growth calendar to quantify crop water balances, water deficits and evapotranspiration 

at rain-fed conditions. GAEZ also models irrigated crop yields by assuming no crop water deficits 

over the growth period. We used GAEZ data to quantify rain-fed and irrigated crop yields on 

abandoned land of reed canary grass and switchgrass at two agricultural management intensities. 

Medium agricultural management intensity is both subsistence and commercially based with some 

mechanization, soil conservation measures and fertilizer and pesticide use7. High management 

intensity refers to a future potential agricultural system with closed yield gaps which is highly 

mechanized and market oriented, using optimal application of fertilizers and pesticides, and high 

yielding varieties. GAEZ was also used to quantify green and blue crop water used. For a detailed 

model description, see ref. 7. 

  



Supplementary Text 4 | Comparing switchgrass bioenergy potentials and productivity across three 

models  

We compared switchgrass yields and switchgrass bioenergy potentials across the fSU using three 

different models as an additional test (Supplementary Figure 2). At rainfed conditions, total 

bioenergy potentials on all abandoned land from the study area are 2.4 EJ yr-1, 1.8 EJ yr-1 and 3.4 EJ 

yr-1 using GAEZ with medium management intensity7, the random forest (RF) dataset1 and H082, 

respectively (Supplementary Figure 2a). With a completely irrigated water supply, GAEZ shows a 

switchgrass bioenergy potential of 17 EJ yr-1, while H08 gives a lower potential of 12 EJ yr-1. We find 

that switchgrass crop yields differ spatially between models. GAEZ produces higher rainfed 

switchgrass yields than the RF dataset in northern and eastern Russia and southern Caucasus, while 

the RF dataset show higher yields north of the Black Sea (Supplementary Figure 2b). In Kazakhstan, 

most areas are unproductive with both GAEZ and the RF dataset. With H08 Kazakhstan is productive 

and showing higher yields than GAEZ, while GAEZ produce higher yields in most other areas 

(Supplementary Figure 2c). With irrigation, GAEZ produces higher switchgrass yields than H08 in 

most of the fSU, except in northern Russia and Siberia where H08 yields are higher (Supplementary 

Figure 2d). 

  



 

Supplementary Text 5 | Comparing predicted reed canary grass and switchgrass yields with 

observations 

We gathered observational data to compare with GAEZ modelled reed canary grass and switchgrass 

yields at medium management intensity and rainfed conditions. A large share of observational data 

was collected directly from the Li et al. (2018)3 database of field trial yields. In total, we obtained 

field data from 28 different locations across 19 individual studies for reed canary grass 

(Supplementary Table 1) and from 50 different locations across 32 individual studies for switchgrass 

(Supplementary Table 2). All datapoints without fertilizer application or with any use of irrigation 

was removed.  

We calculated location specific mean yields over all reported years, thereby removing some of the 

inter-annual variability and allowing for a better comparison with GAEZ yields (30 years modelled 

average). Mean observations and pixel based yield estimates were compared for each location. 

Consistent with the methodology applied in this paper, we also aggregated observed yields to the 

country level and compare with the corresponding aggregated GAEZ modelled mean yields based on 

the same locations. While no field data was obtainable from the fSU, this validation exercise still 

provides valuable insights into general GAEZ model performance at the country level. 

For reed canary grass, the pixel-based locational comparison shows a coefficient of determination 

(R2) between predictions and observations of 0.15 (Supplementary Figure 3a). However, there is a 

moderate goodness of fit with observed yields at the country level (Supplementary Figure 3c). A R2 of 

0.52 was obtained, indicating that about half of the variance in modelled yields can be explained by 

the GAEZ model. Datapoints mainly follow the 1:1 line, but with some outliers on both sides (no 

clear bias from GAEZ emerged) and a root mean square error of 1.1. For example, in Finland 

modelled mean yields are 7.7 ton ha-1 yr-1, while mean observed yields are 6.0 ton ha-1 yr-1. The 

closest match between modelled and observed mean yields are found in Denmark, with 9.8 and 10.0 

ton ha-1 yr-1, respectively.  

For rain-fed switchgrass, GAEZ generally produces higher locational yields at medium management 

intensity than seen in field observations (Supplementary Figure 3b). Especially for switchgrass, 

improved agricultural management may thus be needed to achieve predicted rain-fed yields. The 

pixels that are overestimated the most are mainly located in USA and Japan, and not in Europe 

(Supplementary Figure 3d). This gives some support to that predicted switchgrass yields may be 

closer to observed yields in the fSU than the global average. Most of the data gathered is from field 

trials in North America (74%), while the rest is from Eurasia (26%). In mainland Eurasia, we find a 

country-level R2 of 0.15 with a root mean square error of 2.8 when comparing switchgrass 

observations and predictions. A lower share of the variance in modelled yields is thus explainable by 

the model for switchgrass than reed canary grass.  

Discrepancies between modelled and observed yields are explainable by a variety of factors such as 

agricultural management, previous land use and annual variations in meteorological conditions. 

Field studies typically apply varying levels of fertilizers and pesticides which are not standardized to 

meet the GAEZ management intensities7. Fertilizer application rates were often found to vary across 

different sub-fields and years even within the same study and at the same location3. Furthermore, 

the number of years considered varied across studies, and especially dry, wet, warm, or cold years 

might lead to the observed yields deviating from the long-term mean. Some field-trials also go 

several decades back in time and others are more recent, which also leads to additional 



uncertainties of actual agricultural management as practices has changed over time. All these factors 

contribute to make crop yield validation efforts challenging. It was not possible to compare irrigated 

yield estimates to observations due to a lack of sufficient field data for the given crops with reported 

irrigation3. Further field studies of irrigated bioenergy crop production are needed to allow 

comparisons of predicted and observed yields. 

  



Supplementary Text 6 | Bioenergy potentials of woody bioenergy crops 

We processed yield data of willow, poplar and eucalypt1 to estimate their potential across the fSU 

(Supplementary Figure 4). Bioenergy potentials on abandoned land with biodiversity hotspots and 

protected areas excluded are 4.1, 1.3, and 0.3 EJ year-1 for willow, poplar, and eucalypt, respectively. 

Our findings indicate that willow may be a robust alternative to perennial grasses, especially in 

Kazakhstan where willow produced a higher potential (0.8 EJ year-1) than what was found here for 

rain-fed perennial grasses (0.3 EJ year-1). More work is needed to unravel the land-energy-water 

interactions of woody bioenergy crop deployment on abandoned land.  



Supplementary Text 7 | Study limitations and uncertainties 

A key strength of the fSU abandoned land dataset relative to global land cover datasets is the 

extensive validation efforts previously performed at a country level4. Yet, the spatial accuracy within 

each country may still vary between regions. Our results are corrected for country level accuracies, 

which means that we rely on the spatial abandonment pattern within each country to calculate 

mean bioenergy yields, and water evapotranspiration rates from GAEZ.  

Any map derived from remote sensing practices can be expected to contain errors and uncertainties. 

Good practices for estimation of the total extent of land use change involves validation against 

observational ground-truth reference datasets77. This allows adjusting pixel-based estimates of total 

land use change found with the land cover dataset based on the reference observational dataset 

which has better accuracy. Previous efforts from the developers of the hybrid fSU land cover map 

(Lesiv et al. 2018)4 have invested major efforts into developing a reference dataset to compare 

against and to estimate accuracies. The abandoned land class in the fSU hybrid map achieves user 

and producer accuracies of 31% and 62%, respectively. The abandoned land class covers 91 Mha in 

the raw data of the hybrid map but is adjusted to 59 Mha after a series of mathematical operations 

(see ref. 77 for further description of good practice methods). We make use of this at a country level 

to also adjust bioenergy potentials and water requirements. 

GAEZ is widely used to model bioenergy crops61,62,78–82, but also relies on different limitations and 

uncertainties such as crop mortality due to frosts and pests, growth response to fertilizer use, or 

yield losses caused by water deficits7. To assess the model-specific dependency of our results we 

processed switchgrass yield data from two other models (Li et al. (ref. 1) and H082). Results are 

shown in Supplementary Figure 2 and discussed in Supplementary Text 4. Similarly, a further cross-

model comparisons of modeled crop water use can help reveal how different model assumption 

affects the crop water budget.  

We used a dataset of sustainable irrigation expansion areas9 which is designed for the agricultural 

sector to obtain insights into the potential for irrigated recultivation for bioenergy. While we have 

made sure that annual blue water budgets are not exceeded, further work is needed to refine 

irrigation expansion potentials specifically for bioenergy crops as crop water use may temporally 

differ during the growth season from food crops. If the small monthly water storages used in the 

soft-path and soft-path with deficit irrigation pathways cannot deliver sufficient blue water in some 

months at some locations, this would imply increasing use of deficit irrigation or hard-path larger 

annual storages. On the other hand, it could also mean that there is excess water in other locations 

or months that is not accounted for which could allow further soft irrigation expansion. More 

refined estimates of soft-path irrigation expansion potentials for bioenergy crops should assess 

water availability and crop water use at a higher temporal frequency.  

There is also a need to address potential benefits and trade-offs in the nexus between new 

sustainably irrigated bioenergy and food production, and to identify optimal management strategies 

considering both irrigated recultivation and new irrigation deployment on in-use arable land. 

Irrigated recultivation for bioenergy taps into the sustainable irrigation budget, thereby decreasing 

the room for new irrigated food production. Additional insights into the economic feasibility of large-

scale reservoir construction can also help identify how targeted policies can contribute to their 

deployment (especially large annual storages). 

Future climatic changes will affect bioenergy productivity, water use, and water availability. Future 

yields are projected to increase in subarctic and continental climates with higher levels of global 



warming due to changing temperature and precipitation patterns and the carbon dioxide (CO2) 

fertilization effect62,83. The available future renewable freshwater budget for agricultural irrigation 

will depend on future climatic conditions and future anthropogenic activities9. Higher levels of global 

warming is expected to reduce the expansion potential of soft-path irrigation in Eastern Europe and 

Central Asia84. This can to some extent be compensated by increased deployment of large annual 

water storages (hard-path)84. More work is needed to unravel bioenergy potentials and water 

requirements from fSU abandoned land under different levels of global warming. Our work also used 

input from a single climate model (HadCM38), and further work should compare the effect of using 

data from multiple climate models as inputs on estimated bioenergy potentials. 

Biophysical effects of changing land surface characteristics will affect local land-atmosphere 

interactions85. For example, a potential shift from food crops to bioenergy crops has been associated 

with a regional cooling effect in the US86–88. We show that a large-scale bioenergy deployment on 

abandoned land across the fSU would affect evapotranspiration rates and freshwater availability 

depending on land availability, agricultural management, and water supply systems. Irrigation 

deployment can lead to changing local precipitation patterns89 and have remote effects through 

atmospheric moisture recycling90. Future research should address how biophysical effects from 

deploying bioenergy crops across the fSU affects the regional climate, and how this in turn again 

affects both crop yields and the available freshwater budget for irrigation.  

Other land management options than bioenergy crops such as nature restoration91 or recultivation 

for food production92,93 may be preferable in parts of the abandoned land. We excluded protected 

areas and biodiversity hotspots from the main part of the analysis. While a larger share of 

abandoned land is located within biodiversity hotspots at the global scale (about 40%)62, we find that 

only 7% of the abandoned land in the fSU is in a biodiversity hotspot and 3% in protected areas. A 

full deployment including these areas would marginally increase bioenergy potentials by 11% at rain-

fed conditions. Current nature conservation policies are thus not the major limitation for deploying 

bioenergy crops on abandoned land across the fSU. However, the sparing of additional abandoned 

land for continued rewilding beyond what is considered here can contribute to connect protected 

areas and key habitats such as the Eurasian Steppe91, with potential benefits to biodiversity through 

reduced habitat fragmentation94. Switchgrass is a crop native to North America67,72. Further work is 

needed to assess the potential impacts of species invasiveness on the local biodiversity, and to 

identify management strategies to prevent invasive spread. 

Other key gaps in knowledge that is not addressed here, but that should be targeted to get a better 

understanding of how bioenergy can contribute to climate change mitigation include taking system 

approaches to assess how different feedstocks can affect biofuel and bioelectricity production and 

BECCS potentials. Further work should also assess how the energy consumption needed by irrigation 

systems affect net energy gains of pursuing bioenergy production. There is also a need for a cost-

benefit analysis comparing required investments costs with potential gains from deploying 

bioenergy. Likewise, there is a need to investigate how abandoned land can be recultivated for 

bioenergy production at a national scale as each nation in the fSU have independent regulations and 

priorities. This social side of bioenergy deployment also needs to be explored.  



Supplementary References 
 

1. Li, W. et al. Mapping the yields of lignocellulosic bioenergy crops from observations at the 
global scale. Earth Syst. Sci. Data 12, 789–804 (2020). 

2. Ai, Z., Hanasaki, N., Heck, V., Hasegawa, T. & Fujimori, S. Simulating second-generation 
herbaceous bioenergy crop yield using the global hydrological model H08 (v.bio1). Geosci. 
Model Dev. 13, 6077–6092 (2020). 

3. Li, W., Ciais, P., Makowski, D. & Peng, S. A global yield dataset for major lignocellulosic 
bioenergy crops based on field measurements. Sci. Data 5, 180169 (2018). 

4. Lesiv, M. et al. Spatial distribution of arable and abandoned land across former Soviet Union 
countries. Sci. Data 5, 180056 (2018). 

5. New, M., Lister, D., Hulme, M. & Makin, I. A high-resolution data set of surface climate over 
global land areas. Clim. Res. 21, 1–25 (2002). 

6. Mitchell, T. D. & Jones, P. D. An improved method of constructing a database of monthly 
climate observations and associated high-resolution grids. Int. J. Climatol. 25, 693–712 
(2005). 

7. Fischer, G. et al. Global Agro-ecological Zones (GAEZ v3. 0)-Model Documentation. (2012). 

8. Cox, P. M. et al. The impact of new land surface physics on the GCM simulation of climate and 
climate sensitivity. Clim. Dyn. 15, 183–203 (1999). 

9. Rosa, L. et al. Potential for sustainable irrigation expansion in a 3 °C warmer climate. Proc. 
Natl. Acad. Sci. 117, 29526 LP – 29534 (2020). 

10. Massé, D. et al. Methane yield from switchgrass and reed canarygrass grown in Eastern 
Canada. Bioresour. Technol. 102, 10286–10292 (2011). 

11. Strašil, Z. Evaluation of reed canary grass (Phalaris arundinacea L.) grown for energy use. Res. 
Agric. Eng. 58, 119–130 (2012). 

12. Kandel, T. P., Elsgaard, L., Karki, S. & Lærke, P. E. Biomass Yield and Greenhouse Gas 
Emissions from a Drained Fen Peatland Cultivated with Reed Canary Grass under Different 
Harvest and Fertilizer Regimes. BioEnergy Res. 6, 883–895 (2013). 

13. Karki, S., Elsgaard, L., Audet, J. & Lærke, P. E. Mitigation of greenhouse gas emissions from 
reed canary grass in paludiculture: effect of groundwater level. Plant Soil 383, 217–230 
(2014). 

14. Heinsoo, K., Hein, K., Melts, I., Holm, B. & Ivask, M. Reed canary grass yield and fuel quality in 
Estonian farmers’ fields. Biomass and Bioenergy 35, 617–625 (2011). 

15. Järveoja, J. et al. Mitigation of greenhouse gas emissions from an abandoned Baltic peat 
extraction area by growing reed canary grass: life-cycle assessment. Reg. Environ. Chang. 13, 
781–795 (2013). 

16. Mander, Ü. et al. Reed canary grass cultivation mitigates greenhouse gas emissions from 
abandoned peat extraction areas. GCB Bioenergy 4, 462–474 (2012). 

17. Laasasenaho, K. et al. Biogas and combustion potential of fresh reed canary grass grown on 
cutover peatland. (2020). 



18. Lindh, T. et al. Production of reed canary grass and straw as blended fuel in Finland. VTT 
Process. 4–5 (2005). 

19. Pocienė, L., Šarūnaitė, L., Tilvikienė, V., Šlepetys, J. & Kadžiulienė, Ž. The yield and 
composition of reed canary grass biomass as raw material for combustion. Biologija 59, 
(2013). 

20. Ţîţei, V. et al. The green mass and silage quality of reed canary grass, Phalaris arundinacea 
under the conditions of Moldova. (2020). 

21. Kołodziej, B., Stachyra, M., Antonkiewicz, J., Bielińska, E. & Wiśniewski, J. The effect of 
harvest frequency on yielding and quality of energy raw material of reed canary grass grown 
on municipal sewage sludge. Biomass and Bioenergy 85, 363–370 (2016). 

22. Lindvall, E., Gustavsson, A.-M. & Palmborg, C. Establishment of reed canary grass with 
perennial legumes or barley and different fertilization treatments: effects on yield, botanical 
composition and nitrogen fixation. GCB Bioenergy 4, 661–670 (2012). 

23. Palmborg, C., Lindvall, E. & Gustavsson, A. M. Demand for K and P in reed canary grass 
(Phalaris arundinacea) during the harvest years. Futur. Eur. Grasslands 498 (2014). 

24. Shield, I. F., Barraclough, T. J. P., Riche, A. B. & Yates, N. E. The yield response of the energy 
crops switchgrass and reed canary grass to fertiliser applications when grown on a low 
productivity sandy soil. Biomass and Bioenergy 42, 86–96 (2012). 

25. Christian, D. G., Yates, N. E. & Riche, A. B. The effect of harvest date on the yield and mineral 
content of Phalaris arundinacea L. (reed canary grass) genotypes screened for their potential 
as energy crops in southern England. J. Sci. Food Agric. 86, 1181–1188 (2006). 

26. Semere, T. & Slater, F. M. Ground flora, small mammal and bird species diversity in 
miscanthus (Miscanthus×giganteus) and reed canary-grass (Phalaris arundinacea) fields. 
Biomass and Bioenergy 31, 20–29 (2007). 

27. Meyer, D. W., Norby, W. E., Erickson, D. O. & Johnson, R. G. Evaluation of herbacceous 
biomass crops in the northern Great Plains. Final report. (Oak Ridge National Lab., TN (United 
States), 1994). 

28. Pfeier, R. A., Fick, G. W., Lahwell, D. J. & Maybee, C. Screening and Selection of Herbaceous 
Species for Biomass Production in the Midwest/Lake States: Final Report 1985-1989. Biomass 
Feed. Dev. Program, Oak Ridge Natl. Lab. Oak Ridge, Tennessee (1990). (1990). 

29. Muylle, H. et al. Yield and energy balance of annual and perennial lignocellulosic crops for 
bio-refinery use: A 4-year field experiment in Belgium. Eur. J. Agron. 63, 62–70 (2015). 

30. Madakadze, I. C. et al. Light interception, use-efficiency and energy yield of switchgrass 
(Panicum virgatum L.) grown in a short season area. Biomass and Bioenergy 15, 475–482 
(1998). 

31. Madakadze, I. C. et al. Leaf Area Development, Light Interception, and Yield among 
Switchgrass Populations in a Short-Season Area. Crop Sci. 38, 
cropsci1998.0011183X003800030035x (1998). 

32. Fan, X. et al. Dynamic change of biomass and quality of switchgrass in different growing 
seasons. Prataculture Sci. (2014). 

33. Gao, L., Liu, J., Deng, B., Yang, F. & Zhang, Y. Effects of nitrogen level and harvest time on 
biomass yield and energy characteristics of switchgrass. Prataculture Sci. (2016). 



34. Hou, X., Fan, X., Zuo, H., Wu, J. & Li, Z. Effect of nitrogen fertilizer on the growth 
characteristics and biomass yield of bioenergy grasses on abandoned sand excavation lands. 
Acta Agrestia Sin. 18, 268–279 (2010). 

35. Xu, B. C., Li, F. M. & Shan, L. Switchgrass and milkvetch intercropping under 2:1 row-
replacement in semiarid region, northwest China: Aboveground biomass and water use 
efficiency. Eur. J. Agron. 28, 485–492 (2008). 

36. Cadoux, S. et al. Implications of productivity and nutrient requirements on greenhouse gas 
balance of annual and perennial bioenergy crops. GCB Bioenergy 6, 425–438 (2014). 

37. El Akkari, M. et al. Using a Crop Model to Benchmark Miscanthus and Switchgrass. Energies  
13, (2020). 

38. Boehmel, C., Lewandowski, I. & Claupein, W. Comparing annual and perennial energy 
cropping systems with different management intensities. Agric. Syst. 96, 224–236 (2008). 

39. Iqbal, Y., Gauder, M., Claupein, W., Graeff-Hönninger, S. & Lewandowski, I. Yield and quality 
development comparison between miscanthus and switchgrass over a period of 10 years. 
Energy 89, 268–276 (2015). 

40. Jurgutis, L., Šlepetienė, A., Amalevičiūtė-Volungė, K., Volungevičius, J. & Šlepetys, J. The effect 
of digestate fertilisation on grass biogas yield and soil properties in field-biomass-biogas-field 
renewable energy production approach in Lithuania. Biomass and Bioenergy 153, 106211 
(2021). 

41. Ra, K., Shiotsu, F., Abe, J. & Morita, S. Biomass yield and nitrogen use efficiency of cellulosic 
energy crops for ethanol production. Biomass and Bioenergy 37, 330–334 (2012). 

42. Oliveira, J. A., West, C. P., Afif, E. & Palencia, P. Comparison of Miscanthus and Switchgrass 
Cultivars for Biomass Yield, Soil Nutrients, and Nutrient Removal in Northwest Spain. Agron. J. 
109, 122–130 (2017). 

43. Christian, D. G., Riche, A. B. & Yates, N. E. The yield and composition of switchgrass and 
coastal panic grass grown as a biofuel in Southern England. Bioresour. Technol. 83, 115–124 
(2002). 

44. Arundale, R. A. et al. Yields of Miscanthus × giganteus and Panicum virgatum decline with 
stand age in the Midwestern USA. GCB Bioenergy 6, 1–13 (2014). 

45. HEATON, E. A., DOHLEMAN, F. G. & LONG, S. P. Meeting US biofuel goals with less land: the 
potential of Miscanthus. Glob. Chang. Biol. 14, 2000–2014 (2008). 

46. Arundale, R. A., Dohleman, F. G., Voigt, T. B. & Long, S. P. Nitrogen Fertilization Does 
Significantly Increase Yields of Stands of Miscanthus × giganteus and Panicum virgatum in 
Multiyear Trials in Illinois. BioEnergy Res. 7, 408–416 (2014). 

47. Ma, Z., Wood, C. W. & Bransby, D. I. Impact of row spacing, nitrogen rate, and time on carbon 
partitioning of switchgrass. Biomass and Bioenergy 20, 413–419 (2001). 

48. Sladden, S. E., Bransby, D. I. & Aiken, G. E. Biomass yield, composition and production costs 
for eight switchgrass varieties in Alabama. Biomass and Bioenergy 1, 119–122 (1991). 

49. Muir, J. P., Sanderson, M. A., Ocumpaugh, W. R., Jones, R. M. & Reed, R. L. Biomass 
Production of ‘Alamo’ Switchgrass in Response to Nitrogen, Phosphorus, and Row Spacing. 
Agron. J. 93, 896–901 (2001). 

50. Parrish, D. J., Wolf, D. D., Daniels, W. L., Vaughn, D. H. & Cundiff, J. S. Perennial species for 



optimum production of herbaceous biomass in the Piedmont. (Oak Ridge National Lab., TN 
(USA); Virginia Polytechnic Inst. and State Univ …, 1990). 

51. Pfeifer, R. A., Fick, G. W., Lathwell, D. J. & Maybee, C. Screening and Selection of Herbaceous 
Species for Biomass Production in the Midwest/Lake States: Final Report 1985-1989. 
ORNL/Sub/85-27410/5, Submitt. to Biomass Feed. Dev. Program, Oak Ridge Natl. Lab. Oak 
Ridge, Tennessee (1990). 

52. Reynolds, J. H., Walker, C. L. & Kirchner, M. J. Nitrogen removal in switchgrass biomass under 
two harvest systems. Biomass and Bioenergy 19, 281–286 (2000). 

53. Sanderson, M. A., Read, J. C. & Reed, R. L. Harvest Management of Switchgrass for Biomass 
Feedstock and Forage Production. Agron. J. 91, 5–10 (1999). 

54. Anderson, I. C., Buxton, D. R. & Hallam, J. A. Selection of herbaceous energy crops for the 
western corn belt. (Oak Ridge National Lab., TN (United States), 1994). 

55. Bransby, D. I., Sladden, S. E. & Kee, D. D. Selection and Improvement of Herbaceous Energy 
Crops for the Southeastern USA, Final Report in a Field and Laboratory Research Program for 
the period March 15, 1985 to March 19, 1990. ORNL/Sub//85-27409/5, Oak Ridge Natl. Lab. 
Biomass/Feedstock Dev. Program, Oak Ridge, TN (1990). 

56. Wright, L. & Turhollow, A. Switchgrass selection as a “model” bioenergy crop: A history of the 
process. Biomass and Bioenergy 34, 851–868 (2010). 

57. Wright, N. A. Screening of herbaceous species for energy crops on wet soils in Ohio. in 
Advances in new crops. Proceedings of the first national symposium’New crops: research, 
development, economics’, Indianapolis, Indiana, USA, 23-26 October 1988. 263–267 (Timber 
Press, 1990). 

58. Aravindhakshan, S. C., Epplin, F. M. & Taliaferro, C. M. Switchgrass, Bermudagrass, 
Flaccidgrass, and Lovegrass biomass yield response to nitrogen for single and double harvest. 
Biomass and Bioenergy 35, 308–319 (2011). 

59. Stout, W. L., Jung, G. A. & Shaffer, J. A. Effects of Soil and Nitrogen on Water Use Efficiency of 
Tall Fescue and Switchgrass Under Humid Conditions. Soil Sci. Soc. Am. J. 52, 429–434 (1988). 

60. Tian, S. et al. Switchgrass growth and pine–switchgrass interactions in established 
intercropping systems. GCB Bioenergy 9, 845–857 (2017). 

61. Leirpoll, M. E. et al. Optimal combination of bioenergy and solar photovoltaic for renewable 
energy production on abandoned cropland. Renew. Energy 168, 45–56 (2021). 

62. Næss, J. S., Cavalett, O. & Cherubini, F. The land–energy–water nexus of global bioenergy 
potentials from abandoned cropland. Nat. Sustain. 4, 525–536 (2021). 

63. Myers, N., Mittermeier, R. A., Mittermeier, C. G., Fonseca, G. A. B. & Kent, J. Biodiversity 
hotspots for conservation priorities. Nature 403, 853–858 (2000). 

64. Folberth, C. et al. The global cropland-sparing potential of high-yield farming. Nat. Sustain. 3, 
281–289 (2020). 

65. Hu, X., Huang, B., Verones, F., Cavalett, O. & Cherubini, F. Overview of recent land‐cover 
changes in biodiversity hotspots. Front. Ecol. Environ. (2020). doi:10.1002/fee.2276 

66. WDPA. World Database of Protected Areas, Annual Release 2009. 

67. Lewandowski, I., Scurlock, J. M. O., Lindvall, E. & Christou, M. The development and current 



status of perennial rhizomatous grasses as energy crops in the US and Europe. Biomass and 
Bioenergy 25, 335–361 (2003). 

68. Casler, M. D., Mitchell, R. B. & Vogel, K. P. Switchgrass. in Handbook of Bioenergy Crop Plants. 
563–590 (2012). 

69. Barney, J. N. & DiTomaso, J. M. Bioclimatic predictions of habitat suitability for the biofuel 
switchgrass in North America under current and future climate scenarios. Biomass and 
Bioenergy 34, 124–133 (2010). 

70. Hui, D. et al. Effects of precipitation changes on switchgrass photosynthesis, growth, and 
biomass: A mesocosm experiment. PLoS One 13, e0192555–e0192555 (2018). 

71. Deng, Q. et al. Effects of precipitation changes on aboveground net primary production and 
soil respiration in a switchgrass field. Agric. Ecosyst. Environ. 248, 29–37 (2017). 

72. Cooney, D. et al. Switchgrass as a bioenergy crop in the Loess Plateau, China: Potential 
lignocellulosic feedstock production and environmental conservation. J. Integr. Agric. 16, 
1211–1226 (2017). 

73. Usťak, S., Šinko, J. & Muňoz, J. Reed canary grass (Phalaris arundinacea L.) as a promising 
energy crop. J. Cent. Eur. Agric. 20, 1143–1168 (2019). 

74. Laurent, A., Pelzer, E., Loyce, C. & Makowski, D. Ranking yields of energy crops: A meta-
analysis using direct and indirect comparisons. Renew. Sustain. Energy Rev. 46, 41–50 (2015). 

75. Ge, Z. M. et al. Acclimation of photosynthesis in a boreal grass (Phalaris arundinacea L.) under 
different temperature, CO2, and soil water regimes. Photosynthetica 50, 141–151 (2012). 

76. Miller, R. C. & Zedler, J. B. Responses of native and invasive wetland plants to hydroperiod 
and water depth. Plant Ecol. 167, 57–69 (2003). 

77. Olofsson, P. et al. Good practices for estimating area and assessing accuracy of land change. 
Remote Sens. Environ. 148, 42–57 (2014). 

78. Trivedi, P. et al. Energy return on investment for alternative jet fuels. Appl. Energy 141, 167–
174 (2015). 

79. Staples, M. D., Malina, R., Suresh, P., Hileman, J. I. & Barrett, S. R. H. Aviation CO2 emissions 
reductions from the use of alternative jet fuels. Energy Policy 114, 342–354 (2018). 

80. Staples, M. D., Malina, R. & Barrett, S. R. H. The limits of bioenergy for mitigating global life-
cycle greenhouse gas emissions from fossil fuels. Nat. Energy 2, 16202 (2017). 

81. Staples, M. D. et al. Water Consumption Footprint and Land Requirements of Large-Scale 
Alternative Diesel and Jet Fuel Production. Environ. Sci. Technol. 47, 12557–12565 (2013). 

82. Zhang, B., Hastings, A., Clifton-Brown, J. C., Jiang, D. & Faaij, A. P. C. Modeled spatial 
assessment of biomass productivity and technical potential of Miscanthus × giganteus, 
Panicum virgatum L., and Jatropha on marginal land in China. GCB Bioenergy 12, 328–345 
(2020). 

83. Rosenzweig, C. et al. Assessing agricultural risks of climate change in the 21st century in a 
global gridded crop model intercomparison. Proc. Natl. Acad. Sci. 111, 4–9 (2014). 

84. Rosa, L. et al. Potential for sustainable irrigation expansion in a 3C warmer climate [Data set]. 
(2020). doi:10.5281/zenodo.3995044 

85. Huang, B. et al. Predominant regional biophysical cooling from recent land cover changes in 



Europe. Nat. Commun. 11, 1066 (2020). 

86. Harding, K. J., Twine, T. E., VanLoocke, A., Bagley, J. E. & Hill, J. Impacts of second-generation 
biofuel feedstock production in the central U.S. on the hydrologic cycle and global warming 
mitigation potential. Geophys. Res. Lett. 43, 10,710-773,781 (2016). 

87. Georgescu, M., Lobell, D. B. & Field, C. B. Direct climate effects of perennial bioenergy crops 
in the United States. Proc. Natl. Acad. Sci. 108, 4307–4312 (2011). 

88. Wang, M. et al. On the Long-Term Hydroclimatic Sustainability of Perennial Bioenergy Crop 
Expansion over the United States. J. Clim. 30, 2535–2557 (2016). 

89. Alter, R. E., Im, E.-S. & Eltahir, E. A. B. Rainfall consistently enhanced around the Gezira 
Scheme in East Africa due to irrigation. Nat. Geosci. 8, 763–767 (2015). 

90. Harding, K. J. & Snyder, P. K. Modeling the atmospheric response to irrigation in the Great 
Plains. Part II: The precipitation of irrigated water and changes in precipitation recycling. J. 
Hydrometeorol. 13, 1687–1703 (2012). 

91. Baumann, M. et al. Declining human pressure and opportunities for rewilding in the steppes 
of Eurasia. Divers. Distrib. 26, 1058–1070 (2020). 

92. Prishchepov, A. V, Ponkina, E. V, Sun, Z., Bavorova, M. & Yekimovskaja, O. A. Revealing the 
intentions of farmers to recultivate abandoned farmland: A case study of the Buryat Republic 
in Russia. Land use policy 107, 105513 (2021). 

93. Swinnen, J., Burkitbayeva, S., Schierhorn, F., Prishchepov, A. V & Müller, D. Production 
potential in the “bread baskets” of Eastern Europe and Central Asia. Glob. Food Sec. 14, 38–
53 (2017). 

94. Kuipers, K. J. J., May, R. F., Graae, B. J. & Verones, F. Reviewing the potential for including 
habitat fragmentation to improve life cycle impact assessments for land use impacts on 
biodiversity. Int. J. Life Cycle Assess. 24, 2206–2219 (2019). 

 



Negative emission potentials of biofuels 
produced from perennial crops and nature-based 
solutions on abandoned and degraded cropland 
in Nordic countries 

Supplementary Information 

Table of Contents 
Supplementary Figures ....................................................................................................................... 2 

Supplementary Tables ...................................................................................................................... 12 

Supplementary References ............................................................................................................... 20 

The main article is awaiting publication and this supplemtary information is not included in NTNU 
Open 


	preface etc
	blank_page
	Main
	Intro_Chapter_2_3_4_5
	Intro_Chapter_2_3_4
	Intro_Chapter_2_3
	Introduction
	Næss et al. (2021)_The land-energy-water nexus of global bioenergy potentials on abandoned cropland
	The land–energy–water nexus of global bioenergy potentials from abandoned cropland
	Results
	Global abandoned cropland. 
	Global bioenergy potentials. 
	Bioenergy crop productivity. 
	The land–energy–water nexus. 

	Discussion
	Methods
	Mapping abandoned cropland
	Land and water availability
	Bioenergy crops and yield model
	Indicators for nexus approach
	Uncertainties and limitations
	Reporting Summary

	Acknowledgements
	Fig. 1 Global abandoned cropland between 1992 and 2015 as fraction of grid cell.
	Fig. 2 Global bioenergy potentials on abandoned cropland.
	Fig. 3 Bioenergy potentials (EJ yr−1) on abandoned cropland for present-day climatic conditions and a set of different assumptions regarding water supply, agricultural management intensity level and land availability.
	Fig. 4 Present-day productivity distribution of global abandoned cropland (Mha) and optimal crop allocation as a function of bioenergy yields (GJ ha−1 yr−1) for different management intensities and water supply systems.
	Fig. 5 Irrigation effects on bioenergy potentials and key water requirement indicators under two alternative agricultural management intensities and water scarcity levels.
	Extended Data Fig. 1 Bioenergy potentials on abandoned cropland with a mixed management distribution based on existing yield gaps.
	Extended Data Fig. 2 Spatial explicit changes in bioenergy potentials under future climatic conditions relative to present day.
	Extended Data Fig. 3 Global bioenergy potentials under climate change.
	Extended Data Fig. 4 Spatially explicit water withdrawals and blue water footprint of irrigated bioenergy potentials on abandoned cropland.
	Extended Data Fig. 5 Comparison of bioenergy potentials with future projections.
	Table 1 Overview of the possible combinations of global bioenergy potentials investigated in this study.


	Chapter 3
	Leirpoll et al. (2021)_Optimal combination of bioenergy and solar photovoltaic for renewable energy production on abandoned cropland
	Optimal combination of bioenergy and solar photovoltaic for renewable energy production on abandoned cropland
	1. Introduction
	2. Methods
	2.1. Identification of recently abandoned cropland
	2.2. Primary bioenergy potential
	2.3. Solar photovoltaic primary energy potential
	2.4. Development Potential Index for the renewable energy options

	3. Results and discussion
	3.1. Abandoned cropland
	3.2. Primary energy potential of bioenergy and PV
	3.3. Development Potential Index for bioenergy and PV
	3.4. Optimal deployment of bioenergy and PV based on DPIs
	3.5. Development Potential Index thresholds and land-energy interactions
	3.6. Uncertainty and limitations

	4. Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References



	Chapter 4
	Næss_2022_Energy potentials and water requirements from perennial grasses on abandoned land in the former Soviet Union_Environ._Res._Lett._17_045017
	Energy potentials and water requirements from perennial grasses on abandoned land in the former Soviet Union
	1. Introduction
	2. Methods
	2.1. Land availability
	2.2. Water availability
	2.3. Bioenergy crop productivity
	2.4. Land–energy–water nexus

	3. Results
	3.1. Bioenergy potentials, productive land, and water use
	3.2. Bioenergy productivity across water management strategies
	3.3. Spatial land–energy–water interactions

	4. Discussion and conclusions
	Acknowledgments
	References



	Chapter 5
	Nordic_Manuscript

	Synthesis
	Næss et al. (2021) Supplementary Information
	Leirpoll et al. SI
	Næss et al. 2022_ERL_Supplementary
	Nordic_Supplementary Material

	Blank Page



