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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
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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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