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A B S T R A C T   

Bioenergy aims to reduce greenhouse gas (GHG) emissions and contribute to meeting global climate change 
mitigation targets. Nevertheless, several sustainability concerns are associated with bioenergy, especially related 
to the impacts of using land for dedicated energy crop production. Cultivating energy crops can result in syn
ergies or trade-offs between GHG emission reductions and other sustainability effects depending on context- 
specific conditions. Using the United Nations Sustainable Development Goals (SDGs) framework, the main 
synergies and trade-offs associated with land use for dedicated energy crop production were identified. 
Furthermore, the context-specific conditions (i.e., biomass feedstock, previous land use, climate, soil type and 
agricultural management) which affect those synergies and trade-offs were also identified. The most recent 
literature was reviewed and a pairwise comparison between GHG emission reduction (SDG 13) and other SDGs 
was carried out. A total of 427 observations were classified as either synergy (170), trade-off (176), or no effect 
(81). Most synergies with environmentally-related SDGs, such as water quality and biodiversity conservation, 
were observed when perennial crops were produced on arable land, pasture or marginal land in the ‘cool 
temperate moist’ climate zone and ‘high activity clay’ soils. Most trade-offs were related to food security and 
water availability. Previous land use and feedstock type are more impactful in determining synergies and trade- 
offs than climatic zone and soil type. This study highlights the importance of considering context-specific con
ditions in evaluating synergies and trade-offs and their relevance for developing appropriate policies and 
practices to meet worldwide demand for bioenergy in a sustainable manner.  
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1. Introduction 

Reducing greenhouse gas (GHG) emissions to limit global tempera
ture rise to well below 2 ◦C above pre-industrial levels is crucial for 
avoiding serious impacts from climate change [1,2]. Meeting GHG 
emission reduction targets will require various forms of renewable en
ergy. Bioenergy is expected to play an essential role in future energy 
supply [2–4] and could exceed 20% of global (gross) final energy con
sumption by 2050 [5–7]. However, in recent years, the sustainability of 
large-scale bioenergy deployment has been the subject of fierce debate, 
with a strong focus on the impacts of using land for dedicated energy 
crops [8–12]. 

By reducing GHG emissions, bioenergy can contribute directly to the 
United Nations Sustainable Development Goals (SDGs) 7 (Affordable 
and clean energy) and 13 (Climate action) [13]. Although bioenergy 
aims to reduce emissions, it does not always lead to emission reductions 
[14]. Furthermore, allocating land to dedicated energy crops can 
compete with other ecosystem services, such as the provision of food, 
feed, and fibre [15,16]. In addition, growing dedicated energy crops 
may compete for land with other climate change mitigation options (e. 
g., afforestation and solar energy) or the conservation of natural habitats 
[17–20]. Competition for land will increase hand in hand with the in
crease in demand for these services [8]. This competition can lead to 
trade-offs by diminishing biodiversity and water resources or by causing 
adverse socio-economic impacts (e.g., increasing the risk in food secu
rity) [21]. Conversely, relative to arable land, utilizing land for dedi
cated energy crops can result in synergies with an increase in, among 
other things, biodiversity, water conservation, soil carbon stocks and 
employment (SDG 6 - Clean water and sanitation, SDG 8 - Decent work 
and economic growth and 15 - Life on Land) [22–24]. 

Whether land use for dedicated energy crops leads to synergies or 
trade-offs depends on a wide range of context-specific biophysical and 
socio-economic conditions [25,26]. Not accounting for these conditions 
can lead to sustainability impacts and counterproductive land use 
planning. For example, afforestation programs in China with non-native 
tree species have exacerbated water shortages [27,28]. Similar effects 
can occur for certain dedicated energy crops [29]. Despite potentially 
providing GHG mitigation benefits, the production of dedicated energy 
crops can simultaneously worsen other sustainability aspects when not 
considering context-specific conditions, e.g., increased food prices 
driven by land use change [30]. Therefore, identifying the 
context-specific conditions that maximize synergies and minimize 
trade-offs between the impacts of using land for dedicated energy can 
better inform decision-making on sustainable bioenergy systems. 

Some studies have quantified synergies and trade-offs between 
different sustainability aspects of land use for dedicated energy crops 
[31–34]. Nevertheless, the understanding of this topic is still limited 
[34]. In addition, a synthesis that highlights the context-specific con
ditions underpinning the synergies and trade-offs between sustainability 
effects is missing. This lack of understanding hinders the development of 
sustainable land use strategies in which context-specific biophysical and 
socio-economic conditions are explicitly considered to prevent unde
sirable effects, or opportunities to deliver win-win outcomes are 
increased. Therefore, a synthesis to highlight the effect of 
context-specific conditions in shaping sustainability is paramount to 
developing coherent land use strategies. 

Using the United Nations SDGs as a framework, this study synthe
sizes research on synergies and trade-offs between SDGs associated with 
land use for dedicated energy crops. This is done by reviewing the 
literature through a pairwise comparison between GHG emission 
reduction and other sustainability impacts of land use for dedicated 
energy crop production. Furthermore, the context-specific conditions 
under which sustainability synergies or trade-offs are found by exam
ining biomass feedstock type, previous land use, climate, soil type and 
agricultural management leading to each outcome are assessed. Based 
on this analysis, strategies that can maximize synergies and minimize 

trade-offs, providing insights and identifying challenges for policy- 
making and future research are discussed. 

2. Materials and methods 

The scope of the study is land use for dedicated energy crops. Hence, 
bioenergy systems that use, for example, agricultural or forest residues 
as main feedstock are not considered. The residues definition of the 
European Commission’s Renewable Energy Directive (REDII) to exclude 
residues studies was applied [35]. Synergies and trade-offs between the 
effects of land use for dedicated energy crops on SDGs were analyzed. As 
the objective of many policies promoting bioenergy is climate change 
mitigation, it was specifically addressed the synergies and trade-offs 
related to GHG emission savings. Therefore, synergies and trade-offs 
are analyzed through a pairwise comparison between GHG emission 
savings and effects in other SDGs. Studies that explicitly define and 
quantify GHG emission savings, and those that implicitly assume these 
savings were included. For example, studies that assess the effects on 
sustainability aspects (e.g., water availability) driven by dedicated en
ergy crop production (biomass potentials) to meet bioenergy demand or 
climate change targets (implicitly assuming GHG savings). 

Given the different definitions of synergies and trade-offs in litera
ture, these terms were explicitly defined in accordance with the defi
nitions provided by the IPCC. Positive connections between mitigation 
options (in this case, use of land for dedicated energy crop production to 
reduce GHG emissions) and SDGs are presented as synergies and nega
tive connections as trade-offs [2]. Therefore, a synergy was considered 
when in addition to mitigating GHG emissions, land use for dedicated 
energy crops results in a positive effect on another SDG. For example, 
growing poplar for bioenergy on land previously in use for pasture can 
mitigate GHG emissions (SDG 13 Climate action) and reduce the risk of 
soil erosion (SDG 15 life on land) [30]. This positive connection is thus 
considered a synergy. Conversely, a trade-off occurs when land use for 
dedicated energy crops results in GHG emission reduction (SDG 13) 
while adversely affecting another SDG. For example, converting pasture 
to sugarcane for ethanol production can reduce GHG emissions (SDG 13) 
but also increase water scarcity (SDG 6 clean water and sanitation) [36]. 
This negative connection is, therefore, considered a trade-off. A 
connection was classified as ‘no effect’ when no positive or negative 
effects on SDGs besides GHG emission reduction were reported from 
using the land for growing dedicated energy crops. Unless explicitly 
specified, on every occasion where synergies and trade-offs are 
addressed in the following sections, it refers to those between GHG 
emission reduction (SDG 13) and other SDGs of using land for dedicated 
energy crop production for bioenergy. 

The review was conducted in two stages, (1) synergies and trade-offs 
were identified, and (2) the context-specific conditions of these con
nections were characterized. For the first stage, international peer- 
reviewed journal papers were analyzed, seeking to extract reported 
synergies and trade-offs. An integrated search string in Scopus (TITLE- 
ABS-KEY (bioenergy AND land use AND trade-offs OR synergies/co- 
benefits) AND DOCTYPE (ar), where “ar” refers to articles) was 
applied. The search words were based on relevant terms that capture the 
most important literature regarding synergies (or ‘co-benefits’), trade- 
offs and bioenergy. Only studies that include both terms “bioenergy” 
and “land use” were considered. Only articles published from 2010 
onwards were included to focus on the most recent developments and 
ensure a state-of-the-art review. Review style papers were not consid
ered to avoid double counting. The search was complemented with 
additional relevant peer-reviewed publications suggested by experts 
from the International Energy Agency Bioenergy Task 45: Climate and 
Sustainability Effects of Bioenergy within the broader Bioeconomy. An 
overview of the studies included in the sample is presented in Table S1 of 
the supplementary material and in section 3 on the observations of 
synergies and trade-offs of land use for bioenergy section. 

For this first stage, a multi-step approach was followed in which first 
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the sustainability effects presented in each study and their direction 
(positive or negative) were identified. No threshold was applied on the 
severity of the sustainability effects; the focus was on the direction of the 
sustainability effect and not its intensity. Second, these sustainability 
effects were classified according to the SDGs. This was based on previ
ously defined linkages between sustainability indicators for bioenergy 
(here taken from the Global Bioenergy Partnership, (GBEP)) and the 
SDGs [37]. The GBEP has developed a set of indicators for assessing 
bioenergy sustainability [38]. These indicators are developed for the 
three pillars of sustainability. Frtischce et al. [37] has developed a 
framework to link SDGs and GBEP sustainability indicators for bio
energy based on the relevant criteria of each indicator and SDG de
scriptions. For example, effects on water quality from biomass 
production were linked with SDG 6 (clean water and sanitation), more 
specifically with target 6.3 water quality [37]. Thus, effects on water 
quality were classified within SDG 6. For this first stage of the literature 
review, sustainability effects were classified on an SDG level, and thus 
SDG targets and indicators were not specified. Third, based on the SDG 
classification and the direction of the relation, it was established 
whether the connection between GHG emission reduction (SDG 13) and 
other SDGs was a synergy or a trade-off. Fourth, the number of 
“observed” synergies and trade-offs present in the literature sample were 
counted. For this study, one “observation” refers to one individual 
synergy or trade-off found in the literature sample. To illustrate, an 
identified synergy or trade-off between GHG emission reduction (SDG 
13) and life on land (SDG 15) represents one observation. 

For the second stage of the review, the scope of the analysis was 
narrowed to the environmental SDGs and included SDG indicators. The 
focus was on the environmental SDGs because of the primary relevance 
of the natural environment for human well-being [39]. Synergies and 
trade-offs between GHG emission reduction (SDG 13) and SDG 6 (Clean 
water and sanitation), SDG 15 (Life on land), and other indicators of 
SDG 13 (Climate action, e.g., albedo effect) are covered. The following 
context-specific conditions that can determine synergies and trade-offs 
are considered: previous land use, biophysical characteristics (mainly 
climate conditions and soil characteristics), management practices and 
feedstock type. The IPCC climate zone and soil type classes (IPCC 2006) 
were used to classify the biophysical characteristics of the area of each 
reviewed study. This was done to harmonize terminology used by 
different studies to describe biophysical characteristics and ascribe 
conditions for studies that did not report soil or climate data. The 
designation ‘scale’ was used to classify observations in which the 
geographical scope of the study extended beyond the boundaries of one 
particular climate zone or soil type. The context-specific conditions for 
each study were identified in order to link them to the synergies and 
trade-offs. This allowed determining under which conditions land use 
for energy crops led to synergies or trade-offs between GHG emission 
reduction and other SDGs. 

3. Observations of synergies and trade-offs of land use for 
bioenergy 

A total of 134 peer-reviewed studies were found through the sys
tematic literature search. However, studies that focused on agricultural 
residues were excluded [40–42], land use mapping [43–46], stake
holders’ perspectives and decision making [47–50], farmland services 
(e.g., dairy and poultry) [51–53] and review style studies [54–57]. Thus, 
in total only 59 studies fell within the scope of the study. 

The geographical scope of the sample was mainly limited to North 
America (39%) and Europe (29%). 7% of studies focused on South 
America and the Caribbean, and 2% focused on Africa. The geographical 
scope of the rest of the studies included in the review was worldwide 
(23%). The study area (scale) of each study varied considerably within 
the sample, from a few hectares (8%) to a global scale (25%). The scale 
from a few studies was limited to a continent (7%) or country (7%), 
while the majority applied a regional scale (53%). Nevertheless, the 

scale of the regional studies varied considerably in extent. For some 
studies, a small area was defined by a county, while others comprised an 
entire region like the Southeastern US. Regarding the approach used by 
these studies, 73% of studies present in the sample were modelling ex
ercises with a wide range of model types such as input-output models, 
partial equilibrium models, integrated assessment models and hydro
logical models (e.g., SWAT). In addition, several studies combined the 
modelling exercise with other particular methods such as ecosystem 
service assessment (7%) or a life cycle assessment approach (LCA) (2%). 
Few studies carried out field trials (8%). The rest of the studies were 
carried out with an LCA approach (2%), ecosystem service assessment 
(5%) or a descriptive assessment (3%). A large proportion (74%) of the 
relevant studies were published in the last years (from 2015), high
lighting increasing interest in the topic. Table S1 in the supplementary 
material presents the overview of the studies in the sample. 

A total of 427 observations from the 59 retained studies were clas
sified as either synergies (170), trade-offs (176), or no effect (81) 
(Fig. 1). Most of the observations were found between GHG emission 
reduction (SDG 13) and SDGs 6 (Clean water and sanitation) with 45 
synergies, 72 trade-offs and 32 no effects; and SDG 15 (Life on land) with 
74 synergies, 56 trade-offs and 31 no effects. Fewer observations were 
found with SDG 2 (Zero hunger with 1 synergy, 34 trade-offs and 9 no 
effects), other indicators of SDG 13 (Climate action; 21 synergies, 4 
trade-offs and 2 no effects), SDG 8 (Decent work and economic growth; 6 
synergies, 10 trade-offs and 2 no effects) and SDG 3 (Good health and 
well-being; 18 synergies, 0 trade-offs and 4 no effects). One synergy was 
observed related to SDG 14 (Life below water). 

3.1. Synergies and trade-offs with SGD 15 – Life on land 

Compared to other SDGs, more synergies and trade-offs were found 
in the sample between GHG emission reductions (SDG 13) and life on 
land (SDG 15) (Fig. 1). SDG 15 aims to protect, restore and promote 
sustainable use of terrestrial ecosystems, sustainably manage forests, 
combat desertification, halt and reverse land degradation, and halt 
biodiversity loss. Most synergies are observed with soil quality and 
biodiversity conservation, while most trade-offs are with the sustainable 
management of forests. Production of dedicated perennial energy crops 
can increase soil organic carbon (SOC) levels compared to the previous 
land uses such as arable land and pasture. In addition, it can also in
crease sediment retention, and improve the overall quality of soils, thus 
contributing to restoring degraded land (SDG 15) [30,58–63]. Because 
perennial crops are not replanted every year, soil disturbance is less 
frequent than annual crops. Nevertheless, it is also reported that the 
initial cultivation of dedicated energy crops when non-agricultural land 
is used can aggravate soil erosion, negatively affect soil quality, and 
contribute to overall soil degradation [36,64–66]. 

For some locations and feedstocks, the production of dedicated en
ergy crops was reported to increase species abundances and improve 
habitat for insects, birds and mammals (SDG 15) [30,59,67–69]. For 
example, it has been observed that using land for dedicated energy crops 
can enhance ecosystem conservation and promote pollinator commu
nities, depending on the land use transition [70–72]. Other studies re
ported a trade-off between growing dedicated energy crops and 
biodiversity. Specifically, habitat deterioration was reported for lands 
with high ecological and biodiversity values [73,74]. Negative effects on 
species abundance were also reported in former natural areas [62,75]. 

Only trade-offs were reported for producing dedicated energy crops 
and the sustainable management of forests (SDG 15). Without mitigation 
measures, land used for dedicated energy crops can lead to competition 
for land with other land-based objectives, which can imply the loss of 
forest and other important biodiversity areas [76–79]. The majority of 
studies that presented these trade-offs followed a global geographical 
scope with an ex-ante type of assessment, in which forest loss was traced 
as an indirect effect of land competition under different bioenergy, food 
demand and socio-economic scenarios [21,80–82]. Therefore, trade-offs 

I. Vera et al.                                                                                                                                                                                                                                     



Renewable and Sustainable Energy Reviews 161 (2022) 112409

4

with sustainable management of forests depended upon additional dy
namics such as the development of future food demand [34]. 

3.2. Synergies and trade-offs with SGD 13 – Water and sanitation 

Fewer synergies and trade-offs were reported between the effects of 
land used for dedicated energy crops on GHG emission reductions (SDG 
13) and clean water and sanitation (SDG 6). Most trade-offs were related 
to a region (mainly a watershed or a basin), hydrological cycle changes, 
or the effect of irrigation water withdrawals on water availability. Using 
land for dedicated energy crops can result in changes in run-off or 
streamflow, disturbances of evapotranspiration balances, and re
ductions in water storage [65,73,83–85]. To illustrate, using land for 
dedicated energy crops such as eucalyptus or oil palm is shown to reduce 
the streamflow of a watershed as a consequence of higher evapotrans
piration rates compared to the previous land uses [86,87]. Reducing 

GHG emissions and meeting bioenergy targets by the end of the century 
can substantially increase water withdrawals, intensify the pressure on 
water resources, and exacerbate water stress [88–92]. In many regions, 
the cultivation of dedicated energy crops does not require irrigation. 
However, in some water-scarce regions, yields would be reduced if no 
irrigation is applied. Consequently, more land would be required to 
achieve the same bioenergy production. This can indirectly affect forests 
(SDG 15) and decrease food-related agricultural production (SDG 2) [34, 
91,93]. 

Most synergies between using land for dedicated energy crops and 
clean water and sanitation (SDG 6) are related to water quality. 
Generally, an overabundance of nutrients (mainly phosphorous and 
nitrogen) in water bodies can deteriorate water quality and affect 
aquatic life. However, it is shown that the production of some dedicated 
energy crops on agricultural landscapes can help to reduce these impacts 
by intercepting nutrient run-off to water bodies and benefit downstream 

Fig. 1. Synergies and trade-offs between effects of growing dedicated energy crops on GHG emission reductions (SDG 13 Climate action) and other SDGs. The width 
of each connection refers to the number of observations recorded as synergies, trade-offs and no effect found in the literature. 
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ecosystems [94,95]. Therefore, these are synergies with water quality 
(SDG 6) and life below water (SDG 14). Lower fertilization and pesti
cides rates characterize the production of some dedicated energy crops 
so that the introduction of these crops into agricultural landscapes with 
previously high fertilization inputs can improve water quality and 
reduce salinization of water bodies [30,60,62,70,96]. 

3.3. Synergies and trade-offs with SDG 2 – Zero hunger 

There are considerably more trade-offs than synergies between land 
use impacts for dedicated energy crops on GHG emission reduction (SDG 
13) and zero hunger (SDG 2). Literature has highlighted that food se
curity risks increase when land dedicated to food production is limited 
by dedicated grown energy crops [21,57,75,78,83,97–99]. Land 
competition can negatively affect agricultural production and food 
supply, and lead to increases in food prices [30,76]. Furthermore, it can 
potentially drive the conversion of natural land to managed systems and 
affect other SDGs such as SDG 15 [74]. Meeting global bioenergy de
mand while simultaneously assuring sufficient land for agricultural 
production for a continuously growing and changing food demand is a 
challenge [21,79,83]. However, shifting from 1st to 2nd generation 
crops for bioenergy (i.e. annual crops to lignocellulosic energy crops) 
can reduce food security risks and can even provide synergies with SDG 
2 (Fig. 1). For example, in the Brandenburg region (Germany), the 
regional biogas and GHG emissions reduction target can be achieved 
using miscanthus on marginal land instead of corn on arable land. Due to 
the comparatively higher yields, less area is required. This results in the 
release of land previously occupied by corn cultivation for biogas to 
additional agricultural production [59]. 

3.4. Synergies and trade-offs with SDG 8 – Decent work and economic 
growth 

Most of the trade-offs between using land for dedicated energy crops 
for GHG emission reduction and decent work and economic growth 
(SDG 8) were related to farmers’ revenue. Studies reported negative 
effects on farmers’ revenue when they shifted from 1st to 2nd generation 
crops as bioenergy feedstock. In most cases, the shift reduced GHG 
emissions and decreased revenue for farmers [65,70,72,100]. Unfavor
able economic conditions, such as low biomass prices and high logistical 
costs, resulted in lower revenues for dedicated energy crops than food 
crops [65]. For example, in Illinois (USA), corn for bioethanol is more 
competitive in term of farmers’ revenue than switchgrass under current 
market conditions and policy incentives [72]. However, in other loca
tions (e.g., East Tennessee), it has been shown that under certain con
ditions 2nd generation bioenergy crops can provide additional sources 
of income [95]. For example, farmers can benefit from additional in
come from harvesting switchgrass at times of the year when there is no 
other agricultural work available [101]. Still, bioenergy production 
costs are too high to compete with (conventional) energy costs in several 
world regions (Wu et al., 2019). This disincentivizes farmers to use the 
land for dedicated energy crops. However, subsidies can promote 
increasing land use for dedicated energy crops for bioenergy and posi
tively affect income and revenues (SDG 8) [102]. Furthermore, in some 
cases, wood pellet production from short-rotation coppice (SRC) is 
cost-competitive for heat and electricity, such as reported for Mexico 
[103]. Several synergies are also reported between GHG emission 
reduction and job creation (SDG 8). Using land for dedicated energy 
crops for bioenergy can create jobs for local communities [59,73,101]. 

3.5. Synergies and trade-offs with other indicators from SDG 13 – 
Climate action and SDG 3 – Good health and well-being 

Utilizing land for dedicated energy crops shows synergies with 
climate change adaptation indicators of SDG 13. It has been reported 
that using land for such purposes can help to mitigate floods, especially 

when integrating perennials in flood-prone areas in agricultural land
scapes [60,104]. This effect is not only crucial for the adaptation to 
climate-related hazards and natural disasters (SDG 13), which can 
become more frequent in the upcoming years, but it also contributes to 
avoiding the high costs of other potential flood mitigation efforts [58]. 
In addition, integrating perennial crops into arable areas can provide 
cooling effects through albedo changes and improved air quality [32,83, 
101]. 

For good health and well-being (SDG 3), mostly synergies were re
ported with dedicated energy crop production. Most of these synergies 
are related to ecosystem cultural services. For example, in Denmark, 
managing land to grow poplar or oak for bioenergy positively affected 
recreation and aesthetics services, whereas miscanthus reported neither 
a positive nor negative effect [105]. Synergies were also reported for 
other recreational services and wildlife habitats. For example, in Illinois, 
dedicating land to grow switchgrass instead of corn for bioenergy pro
duction was reported to enhance water-based recreation, wildlife 
viewing and pheasant hunting [72]. 

4. Context-specific conditions that shape synergies and trade- 
offs 

Previous land use, feedstock type, soil and climate zone influence the 
synergies and trade-offs between GHG emissions reduction (SDG 13) 
and other environmentally-related SDGs. The analysis of these context- 
specific conditions and how they affect synergies and trade-offs show 
that previous land use and feedstock type appear to have more influence 
than other context-specific conditions. 

4.1. Previous land use 

Previous land use is an important biophysical attribute that defines 
trade-offs and synergies. The analysis showed more synergies than 
trade-offs between environmentally-related SDGs (6, 13, 14 and 15) 
(Fig. 2) when agricultural land was used for the production of dedicated 
energy crops. However, this did not hold true when potential effects of 
indirect land use change on other SDGs were considered (SDG 2, 3, and 
8). Dedicating arable land to the production of dedicated energy crops 
can result in GHG emission reductions (SDG 13) and simultaneously 
improve water quality (SDG 6.3); help to strengthen resilience and 
adaptive capacity to climate-related hazards and natural disasters (SDG 
13.1); increase biodiversity (SDG 15.1); and improve soil quality (SGD 
15.3). The synergies that are reported for a land use transition from 
arable land to dedicated energy crops are linked to the feedstock change 
from annual food crops (e.g., corn and soybean) to perennial energy 
crops (e.g., perennial grasses and SRC) (Fig. 3). Conversely, when arable 
land is dedicated to growing perennial energy crops, it generally results 
in trade-offs with water-use efficiency (SDG 6.4). 

Converting arable land to producing dedicated perennial energy 
crops has been reported to have synergies with several SDG indicators 
(Fig. 2). For example, it was reported that growing perennials on land 
previously in use for (intensively) managed corn and soy bean decreased 
nutrient loading at the watershed/basin level (SDG 6.3) and helped to 
prevent downstream hypoxia episodes, thus benefitting aquatic life 
(14.1) [94]. Synergies with biodiversity conservation were reported for 
several locations (e.g., the USA, Germany and the Netherlands) [30,59, 
69,70,72]. For example, allocating less-profitable areas of arable land to 
switchgrass has been shown to increase bird species richness [106]. It 
was also reported that perennial crops provided better habitat condi
tions compared to annual crops in arable land, which increased the 
abundance of species such as birds, mammals, and pollinators (e.g., 
Dauber et al., 2015). In the Netherlands, the introduction of miscanthus 
in intensively managed arable areas positively affected biodiversity 
[64]. Another synergy relates to improving soil quality by accumulating 
organic matter in deeper soil layers, providing better conditions to in
crease sediment retention and decreasing soil erosion (SDG 15.3) (e.g. 
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Ref. [62]). Integrating deep-rooted perennial crops as buffers into 
agricultural landscapes can help to increase resilience to more extreme 
climate conditions [104] and to provide mitigation benefits on flood 
events [58] (SDG 13.1). Conversely, Introducing dedicated energy crops 
(e.g., eucalyptus) can lead to changes in the hydrological system of a 
region and affect water availability by increasing water use for irrigation 
compared to previously arable land (e.g., Heidari et al., 2021). 

Synergies with water quality (SDG 6.3) from land previously in use as 
pastures (including intensively managed) generally involved a feedstock 
change to perennial crops as they require lower fertilization rates than 
annual crops such as corn. Applying fewer inputs can result in less 
nutrient run-off and overall water quality improvement [64,72,105]. 
However, meeting global bioenergy targets with dedicated energy crops 
produced in areas previously used as pasture (and forest) could double 
agricultural water withdrawal, increase pressure on water resources and 
lead to ecosystem degradation (Bonsch et al., 2016). In addition, it can 
also reduce the soil water storage capacity and reduce water streamflow 
[73]. For example, the production of oil palm in tabasco on pastures 
increased evapotranspiration considerably and reduced the water shed 
stream flow (Heidari et al., 2020). Nevertheless, for some locations, it is 
suggested that the production of poplar in pasture areas can have min
imal hydrological effects [90]. When sugarcane was produced on land 
previously in use for pastures, it provided a slightly worst cover against 
the impacts of rain, thereby increasing soil loss to a limited extent [36]. 

Allocating natural or semi-natural areas, including forests, to the 
production of dedicated energy crops generally led to trade-offs 
affecting different targets related to life on land (SDG 15), especially 
target 15.1 biodiversity conservation and 15.2 sustainable use of forest 
(end deforestation and restore degraded forests) [76,80,107]. Meeting 
future global bioenergy demand while preserving natural and 
semi-natural areas and avoiding effects in other ecosystem services can 
be a significant challenge [108]. In addition, conversion from natural 

vegetation to dedicated energy crops can reduce carbon stocks in 
biomass and soil and can therefore result in negative effects on GHG 
emissions (SDG 13) [21]. Nevertheless, restoring natural landscapes, 
such as natural grasslands or forests, can provide a valuable source of 
biomass for bioenergy and (depending on the species grown) could 
enhance biodiversity conservation by providing species habitats. How
ever, land restoration is undertaken to enhance conservation values and 
will not necessarily maximize biomass production (Van Meerbeek et al., 
2016). In the USA, converting grassland to arable land (corn/soybean 
rotation for bioenergy purposes) decreased bird communities (Blank 
et al., 2016). It has also been shown that compared to grasslands, 
introducing switchgrass affects the hydrological cycle by reducing 
transpiration and increasing evaporation [109]. 

Although there are fewer observations compared to other land use 
transitions, using marginal land for dedicated energy crops provided 
more synergies than trade-offs (Fig. 2). These synergies were mainly 
observed between GHG emission reduction (SDG 13) and water quality 
(SDG 6.3), and to a lesser extent with soil quality (15.3). For example, 
allocating marginal lands previously used for cropland to dedicated 
energy crop production reduced nutrient loading to water bodies [96]. 
In addition, growing perennial crops such as miscanthus and poplar on 
marginal lands reduced sediment loss and the overall risk of soil erosion 
[84]. For land already in use for the production of dedicated energy 
crops, trade-offs are mainly with water-use efficiency (SDG 6.4). In 
South America and the Caribbean, many countries will have to introduce 
irrigation schemes to mitigate climate change-induced yield losses in 
sugar crop plantations to meet bioethanol demand and avoid significant 
expansion. These irrigation schemes can have impacts on local water 
resources (Zhong et al., 2021). 

Fig. 2. Number of observations recorded as synergies and trade-offs between the effects of using land for dedicated energy crops on GHG emission reductions (SDG 
13 Climate action) and other environment-related SDG targets classified according to the type of previous land use. A description of the land use categories can be 
found in Table S2 of the supplementary material. 
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4.2. Feedstock type 

Based on the studies in the sample, utilizing perennial crops and 
forestry feedstock provides more synergies than trade-offs, compared to 
annual crops (Fig. 3). Most of the synergies for perennial crops were 
related to water quality (SDG 6.3), strengthening resilience and adaptive 
capacity to climate-related hazards and natural disasters (13.1), and 
biodiversity conservation (15.1), while the majority of trade-offs are 
with water use and water-use efficiency (SDG 6.4). Generally, perennial 
crops require fewer inputs such as fertilizers and pesticides. Therefore, 
for several locations, nitrogen and phosphorus losses to water consis
tently decreased when perennials were planted, resulting in an overall 
water quality improvement [101]. However, the reduction of nutrient 
losses is relative to the type of previous land use. In most of these cases, 
land previously in use for the cultivation of annual crops with high in
puts was used for dedicated energy crop production [30,70,72,96]. The 
positive effect of perennial crops on biodiversity, and on resilience and 
adaptive capacity to climate-related hazards and natural disasters also 
depends on the previous land use. For example, including perennial 
crops in agricultural areas with annual crops can mitigate impacts from 
floods [60,104] and enhance biodiversity [68]. Furthermore, this feed
stock transition can also lead to regional cooling via changes in albedo 
[110]. Conversely, the production of perennials to meet global bio
energy demand can considerably affect biodiversity if carried out in 
natural areas [74]. Still, perennial crops provide better habitat for 

species than annual crops [101]. 
Although most observations with water use and water use efficiency 

(SDG 6.4) for perennial crops are trade-offs associated with the inclusion 
of irrigation schemes for high yields and hydrological changes, there are 
also synergies. Perennial crops are characterized by higher water-use 
efficiency than annual crops, and can capture more water, i.e., in
crease interception of lateral flow. For example, under the same condi
tions, miscanthus is reported to have a higher water-use efficiency than 
corn [109]. In addition, deep-rooted perennials can have a reduced need 
for irrigation. However, watershed models show that replacing annual 
with perennial crops consistently reduces stream flow because of 
increased evapotranspiration [84,86]. Nevertheless, these effects can 
also vary across seasons. To illustrate, the production of poplar has 
minimal effects on annual stream flows. However, evapotranspiration 
from poplar substantially exceeds that of the previous land use during 
summer months, decreasing seasonal streamflow considerably [90]. 
Synergies are also found with soil quality (SDG 15.3) as perennials can 
accumulate more SOC than annual crops leading to an overall 
improvement in soil fertility. 

For forestry feedstocks such as oak and spruce, mostly synergies have 
been shown between GHG emissions reduction and biodiversity con
servation (SDG 15.1). In Denmark, it is reported that under local bio
physical conditions, forestry feedstock types provide better habitat for 
species and thus a higher conservation potential relative to perennial 
grasses and SRC [105]. Similar outcomes are reported for other locations 

Fig. 3. Number of observations recorded as synergies or trade-offs between GHG emission reductions (SDG 13 Climate action) and other environment-related SDG 
targets for using land for dedicated energy crops, classified according to feedstock type. A description of the feedstock types can be found in Table S3 of the sup
plementary material. 
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when poplar is managed under a short rotation forestry scheme [61]. 
Forestry feedstocks are also shown to increase soil quality (SDG 15.3) 
and provide pollination services (SDG 15.1) [105]. They are also re
ported to have less impact on local water availability than other feed
stocks such as miscanthus. These positive effects also depend upon the 
previous land use, such as arable land or grassland. 

For sugar crops, oil palm and annual crops, mostly trade-offs are 
reported. These feedstock types were reported to negatively affect water 
availability (SDG 6.4), biodiversity (SDG 15.1) and soil quality (15.3). 
However, these trade-offs also depend considerably on the local bio
physical conditions and previous land use. For example, in Brazil, water 
availability can be diminished if sugarcane is produced in areas where 
precipitation conditions are not adequate for plant development and 
irrigation is required [88]. A similar outcome is reported for annual 
crops (e.g., maize, wheat and sorghum) at a regional and global scale 
where developing irrigation schemes in water-scarce areas can affect 
water availability [92,93]. Local water availability could also be 
affected in several countries in South America and the Caribbean, where 
climate change-induced precipitation changes could result in irrigation 
being required for sugar crops [89]. Producing sugar crops can affect 
biodiversity and soil quality, e.g., reducing species abundance and 
increasing soil erosion risk [36,64]. Nevertheless, this effect og sugar 
crops production relies strongly on the previous land use. In some cases, 
sugarcane production shows synergies as it increases species abundance 
and reduces the risk of soil erosion, mainly when carried out on previ
ously arable land under annual crop regimes. Oil palm production has 
also been shown to have a negative effect on sustainable forest man
agement, and it is suggested that developing oil palm in the Congo Basin 
can negatively affect the country’s sustainable forest management (SDG 
15.3) [76]. 

4.3. Biophysical conditions 

For dedicated energy crops grown in a ‘cool temperate moist’ climate 
more synergies than trade-offs were reported between GHG emission 
reduction and other SDGs (see Fig. SM1 in the supplementary material). 
Under these climate conditions, more synergies were reported between 
GHG emission reduction (SDG 13) and water quality (SDG 6.3), 
strengthening resilience to climate-related hazards and natural disasters 
(SDG 13.1), biodiversity conversation (SDG 15.1) and soil quality (SDG 
15.3). In contrast, more trade-offs were reported with water use and 
efficiency (SDG 6.4). Most synergies reported for a ‘cool temperate 
moist’ climate were also characterized by ‘high activity clay’ soils (see 
Fig. SM2 in the supplementary material). In addition, most synergies 
were related to the production of perennial crops accompanied by a 
transition away from arable land, which generally produced more syn
ergies than trade-offs. For example, the production of poplar on land 
previously in use as arable land in Mulde, Germany, which has a ‘cool 
temperate moist’ climate and has ‘high activity clay’ soils, resulted in 
positive effects on water quality (SDG 6.3), biodiversity conservation 
(SDG 15.1) and soil quality (SDG 15.3) [30]. Similar outcomes are re
ported for other locations with comparable biophysical characteristics. 
For example, the production of miscanthus in Ireland and switchgrass in 
Wisconsin (USA) on land previously in use for arable cropping with a 
‘cool temperate moist’ climate and ‘high activity clay’ soils, positively 
affected biodiversity [67,68]. 

Also, more synergies than trade-offs were reported for the ‘warm 
temperate moist’ climate, especially related to water quality (SDG 6.3) 
and soil quality (15.3). Most of these synergies are classified under 
either ‘high activity clay’ soils or ‘low activity clay’ soils. For ‘low ac
tivity clay’ soils, more synergies than trade-offs were reported (see 
Fig. SM2 in the supplementary material). These synergies were also 
related to the production of perennial crops on land previously in use as 
pasture or cropland [72,95]. However, under this combination of bio
physical characteristics, switchgrass production also reported trade-offs 
by reducing water storage (SDG 6.4), negatively affecting biodiversity 

(SDG 15.1) and hampering soil quality (SDG 15.3) [73]. Nevertheless, 
these trade-offs were also traced to a change in a combination of land use 
categories to produce dedicated energy crops, i.e., savannah, grasslands, 
pasture and barren land (see category Mix in Fig. 2). It was also reported 
that allocating land to the production of dedicated energy crops under 
‘warm temperate moist’ and ‘low activity clay soil’ negatively affected 
the sustainable use and managament of forest via indirect land use 
change (SDG 15.2) [111]. 

Other climate zones and soil types were not well represented in the 
literature. However, studies in the ‘tropical’ (moist and wet) climate 
zone reported more trade-offs than synergies between GHG emission 
reduction and other SDGs, especially with water use and efficiency (SDG 
6.4). For example, oil palm production in Mexico reduced watershed 
streamflow due to an increase in evapotranspiration rates [87]. In 
addition, in the same climate zone, it was shown that the production of 
oil palm can affect the sustainable use of forests and biodiversity (SDG 
15.1 and 15.2) [76]. Water availability trade-offs were also reported for 
sugarcane production under a ‘tropical moist’ climate zone and ‘low 
activity clay’ soil [36]. The production of eucalyptus was also shown to 
lead to streamflow reduction and affect water quantity (SDG 6.4) under 
a ‘tropical moist’ climate zone and ‘high activity clay’ soils [86]. 

The large majority of synergies and trade-offs were reported under 
the ‘scale’ classification for climate zone and soil type (studies in which 
the geographical scope extended beyond the boundaries of one partic
ular climate zone or soil type). Most of the studies classified under ‘scale’ 
had a global, national or regional focus. Most of the trade-offs were 
related to water use and efficiency (SDG 6.4) and, to a lesser extent, to 
biodiversity conservation (15.1). Regardless of the feedstock type and 
previous land use, it was generally shown that deploying large-scale 
bioenergy systems to meet global and national bioenergy demand can 
lead to unsustainable water withdrawals in the form of irrigation [89,92, 
112]. These trade-offs were generally reported through the nexus be
tween land and water and its effects on biodiversity conservation (SDG 
15.1) [74,79] and the sustainable use of forest (SDG 15.2) [21,81,113]. 

5. Discussion 

5.1. Key findings 

This study compiled state-of-the-art knowledge on synergies and 
trade-offs between GHG emission reduction from utilizing land for 
dedicated energy crops production (SDG 13) and other SDGs. Context- 
specific conditions under which sustainability synergies or trade-offs 
occur, particularly for environmentally-related SDGs were identified. 
The findings suggest that using land for dedicated energy crops results 
overall in almost an equivalent number of synergies and trade-offs be
tween SDG 13 and other SDGs, just a few more trade-offs were reported. 
Note that more synergies were found for SDGs 3, 13, 14 and 15, and 
more trade-offs for SDGs 2, 6 and 8. Dedicated energy crops can compete 
for land with food production and therefore (directly or indirectly) affect 
food supply and food price [114]. In addition, the pressure on food 
markets can intensify when annual crops such as corn are allocated to 
bioenergy [115]. However, this effect is not exclusively negative: 
increased food prices can harm consumers, especially low-income 
households, but can simultaneously benefit farmers through higher 
profits [116]. Still, the degree to which an increase in food prices is 
directly driven by using land to produce dedicated energy crops is 
difficult to determine, as food prices depend on interactions among 
many variables [117]. 

In general, the findings show that trade-offs between SDG 13 and 
clean water and sanitation (SDG 6) are mostly related to water use and 
efficiency (SDG 6.4). In contrast, most synergies are related to water 
quality (SDG 6.3). Water demand for dedicated energy crops can in
crease water withdrawal through irrigation and increase water scarcity. 
However, carefully choosing locations to produce dedicated energy 
crops for bioenergy and choosing feedstocks adapted to local conditions 
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can minimize pressures on water availability [20]. Synergies and 
trade-offs with SDG 15 are both consistently reported. Depending on 
context-specific conditions, it is shown that producing dedicated energy 
crops can positively or negatively affect biodiversity (SDG 15.1). Also, 
using arable land to grow dedicated energy crops can improve soil 
quality (15.3). Generally, perennials provide better protection to soil 
erosion and increase soil quality [118]. However, dedicating land to 
produce dedicated energy crops can also negatively affect sustainable 
forest management (15.2) without concrete mitigation measures. Uti
lizing land for dedicated energy crops without economic incentives re
sults in trade-offs with farmers’ revenues and income (SDG 8) but also in 
synergies with good health and well-being (SDG 3). 

A combination of context-specific conditions influences synergies 
and trade-offs. Most synergies were observed when perennial crops were 
produced on marginal land, previous arable land or pasture under a ‘cool 
temperate moist’ climate zone and ‘high activity clay’ soils. However, 
synergies arising from the production of perennials on land previously in 
use as cropland were also reported for other climate zones such as ‘cool 
temperate dry’ and ‘warm temperate moist’. Other feedstock types such 
as sugarcane also present synergies across different climatic zones and 
soil types. However, these synergies are limited to specific land use 
transitions. In addition, it is also shown that regardless of the feedstock 
type, allocating natural or semi-natural areas, including forests, to the 
production of dedicated energy crops generally leads to trade-offs. 
Therefore, these findings suggest that previous land use and feedstock 
type appear to be more relevant in modulating synergies and trade-offs 
than climatic zones and soil types. 

5.2. Strategies and challenges to reduce trade-offs 

This literature review showed that using abandoned arable land or 
marginal lands to produce perennial crops as bioenergy feedstock is an 
option that may maximize synergies and minimize trade-offs between 
GHG emission reduction and SDGs. On marginal land, perennial crop 
production is less likely to compete with other land-based services (e.g., 
food security SDG 2) and to generate displacement effects [119]. In 
addition, it is recognized that utilizing marginal lands for perennial crop 
production can have advantageous effects on biodiversity and 
contribute to land restoration [16]. For example, utilizing marginal 
lands to produce perennials can enhance biodiversity (SDG 15) by 
avoiding directly or indirectly the conversion of natural ecosystems for 
bioenergy production [120]. Furthermore, compared to annual crops, 
perennial crops can sequester more carbon in biomass and soil, improve 
soil quality, and reduce soil erosion (SDG 15.3) [121,122]. However, the 
total (current and future) marginal land area that can be dedicated to 
producing dedicated energy crops is highly uncertain [16]. In addition, 
the performance (e.g., yield) of perennials on marginal lands also re
mains uncertain [10]. So far, only a limited number of trials have been 
carried out with perennial feedstocks on marginal lands and these 
perennial crops are also not commonly planted by farmers [123,124]. In 
addition, feedstock production costs in marginal conditions are rela
tively high [125]. These conditions, including market uncertainties and 
lack of knowledge, affect the farmer’s willingness to adopt perennial 
crop production systems in general. Nevertheless, there are new prac
tices, techniques and technologies such as precision farming, reduced 
tillage and soil sampling that could improve the cultivation of perennial 
crops on marginal lands, achieve higher yields and reduce costs. For 
example, carefully selecting well-adapted perennial crop species to local 
biophysical conditions, considering the crop’s chemical and physical 
characteristics for specific end-uses applying a life cycle perspective 
[126]. This selection process can avoid additional pre-processing steps 
before the conversion process and provide more competitive production 
costs. Yields can be enhanced by identifying the morphological or 
physiological traits that allow plants to thrive in marginal conditions 
and enhance these traits in perennial crops through new breeding 
technologies [127]. Shifting from rhizome-based to seed-based or 

stem-based establishment practices has shown to reduce perennial 
grasses production costs [128]. The implementation of perennial crop 
production systems should focus on reducing or overcoming negative 
farmer income and revenue (SDG 8) and promoting the sustainability 
benefits of other SDGs. 

To overcome barriers of changing to perennial bioenergy production 
systems, changes in the rewarding systems, policies and practices are 
needed. Introducing perennial crop systems should include long-term 
contracts with fixed prices and tax credits [129] to help guarantee 
farmers’ income. In addition, policy can focus on internalizing the value 
of positive externalities. For example, by creating schemes to reward 
farmers for sequestering carbon, restoring ecosystems, enhancing 
biodiversity, increasing soil quality and improving water quality. Smart 
feedstock choices within perennials can minimize adverse effects on 
water availability while considering location-specific biophysical char
acteristics, thus resulting in more water-efficient biomass production 
systems. Irrigation schemes could be applied to obtain higher yields and 
reduce overall costs. However, irrigation schemes for bioenergy systems 
are controversial and should be avoided in water-stressed regions. 
Biomass production costs, dominated by stable costs related to land rent, 
are largely fixed per unit of land, and thus, overall production costs can 
decrease with higher yields [123]. 

5.3. Uncertainties of the study 

The results of this review should be interpreted with care. The 
number of observations is limited to the sample size of relevant studies 
(59 relevant studies were included). Studies that failed to meet the 
search string or were not suggested by the board of experts were 
excluded. For example, the sample did not include studies that assessed 
the impacts of biomass production under different indicators that did 
not include the terms “synergy” or “trade-off”. In addition, a focus was 
given to reporting and linking the number of synergies and trade-offs 
between GHG emission reduction (SDG 13) and other SDGs found in 
the literature. Although this allowed us to quantify how often a synergy 
or trade-off is studied, it falls short of indicating the strength of the 
connection. For example, more synergies related to biodiversity con
versation were generally encountered for perennial grasses than for SRC 
(SDG 15.1). However, in some cases, growing SRC could be more 
beneficial for biodiversity than growing perennial grasses. For example, 
Sántha and Bentsen (2020) suggest that managing land for poplar rather 
than miscanthus production has a stronger positive effect on biodiver
sity. The magnitude of synergies and trade-offs depends on the context 
and therefore needs to be considered when designing bioenergy systems. 

The analysis intended to serve as a basis to expand the current 
knowledge on synergies and trade-offs between SDG 13 and other SDGs. 
Most of the observations presented in the study are based on modeling 
assessments limited to the “Global North”. In addition, a large part of the 
observations’ study areas extended extensively beyond the boundaries 
of one particular climate zone or soil type. Therefore, other geographical 
regions, climate and soil types are under-represented. More observations 
from the “Global South”, different climate zones and soil types are 
required to better understand synergies, trade-offs and potential trends 
in sustainability effects of using land for dedicated energy crop pro
duction. In addition, there are still relatively few trials to study the 
actual effects of growing novel feedstocks such as perennials for bio
energy systems on SDGs [130]. Furthermore, synergies and trade-offs 
between SDGs are also directly related to the scale of bioenergy imple
mentation [16]. For example, regarding biodiversity, possible synergies 
are mainly reported on the field level, while the negative effects are 
reported across field, region, continent or global scales (Immerzeel et al., 
2014). Thus, the effect of synergies and trade-offs also depends upon 
scale. 

The scope of this review is limited to analyzing context-specific 
conditions through direct observations reported primarily around 
environmentally-related SDGs. However, bioenergy-induced synergies 
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and trade-offs with socio-economic SDGs, such as SDG2 ‘zero hunger’, 
also depend on context-specific conditions [25] and were not consid
ered. The study provides a first impression of the relevance of 
context-specific conditions and how they affect synergies and trade-offs. 
Other analytical approaches such as regression analysis could be more 
suitable to identify the hierarchical relevance of context-specific con
ditions in determining specific positive or negative effects [131]. In 
addition, the included studies specifically mentioned or assumed that 
growing dedicated energy crops leads to GHG emissions reduction 
(progressing SDG 13) and thus, bioenergy crop production provides 
synergies when it leads to positive effects for another SDG. Nevertheless, 
land use transitions can also result in additional GHG emissions by 
disturbing carbon stocks in biomass and soils [132]. 

Determining actual synergies related to GHG emissions reductions 
from bioenergy requires a full supply chain perspective within the entire 
energy system as GHG performance of bioenergy value chains depends 
on supply chain designs, logistics, and end uses, and not just land 
management [126,133,134]. Similar positive and negative pairwise 
correlations between SDGs can also occur at later stages of the supply 
chain. For example, synergies exist between GHG emissions reduction 
and job creation (SDG 8) in the bioenergy sector (e.g., processing and 
transporting biomass) [135]. Furthermore, significant indirect effects 
across connected systems, induced by market perturbations, may 
require a broader consequential life cycle perspective to be captured 
[136]. 

Although synergies and trade-offs between GHG emissions (SDG 13) 
and other environmental SDGs were assessed through a pairwise com
parison, effects on SDGs are shown to be interconnected. For example, 
utilizing arable land for dedicated energy crops can displace food pro
duction, expanding agricultural activities into natural areas [88]. This 
process of indirect land use change (iLUC) can simultaneously affect 
biodiversity (SDG 15) and global food prices (SDG 2) [74]. In contrast, 
interconnected effects can also result in synergies. For example, it can 
result in monetary benefits (SDG 8) from nitrate (SDG 6) and sediment 
retention (SDG 15), and increase the recreational and aesthetic value of 
the landscape [72,105]. Sediment retention can also contribute to 
reducing the adverse effects of floods (SDG 13) and the costs of flood 
mitigation projects (SDG 8 and SDG 13) [58,104]. Understanding these 
interconnected effects can expand the knowledge on synergies and 
trade-offs towards more sustainable land systems and be addressed in 
future research as well as to include other land-based feedstock types 
such as residues. 

Although management practices are an important part of the context 
that determines whether synergies or trade-offs will occur, it was not 
possible to identify the effects of management practices in this study. 
The variety of management practices connected to feedstock types, 
scopes, geographical and temporal scales prohibited us from discerning 
clear patterns. However, synergies with water quality are shown for 
perennial crops partially as a result of fewer inputs (e.g., fertilizers) than 
annual crops [70,72,96,137]. Therefore, from a management practice 
perspective, the low requirements of perennial crops for chemical inputs 
are a characteristic that can potentially lead to more synergies with 
various SDGs than other feedstock types. 

The differences in scope and approach with similar studies result in a 
challenge for comparison purposes. For example, this study focused on 
synergies and trade-offs between GHG emissions reduction (SDG 13) 
from using land for dedicated energy crops and six other SDGs that were 
found in the literature sample. However, bioenergy is a potential option 
to achieve “Affordable and clean energy” (SDG 7). In addition, more 
interlinkages between SDGs such as “Responsible consumption and 
production” (SDG 12) could be established under a different scope. To 
illustrate, producing dedicated energy crops can synergize with SDG 12 
as it provides a more responsible way of producing and consuming en
ergy than fossil fuels. For example, Nerini et al. (2018) [138] identified 
that 16 SDGs are related to achieving affordable and clean energy. 
However, Nerini et al. (2018) [138] assessed the whole energy sector 

and not specifically dedicated energy crop production. Studies with 
other biomass types have also found that developing bioenergy systems 
can indirectly result in synergies with societal related SDGs such as “No 
poverty” (SDG 1), “Quality education” (SDG 4) “Gender inequality” 
(SDG 5) and “Reduced inequalities” (SDG 10) [13,139]. Also, as shown 
in this study, Blair et al. (2021) reported that bioenergy systems have 
several synergies and trade-offs with SDG 6 and 15. It has also been 
reported that sustainable soil management is intrinsically related to 11 
SDGs [140]. As allocating land for bioenergy crops can improve soil 
quality, it can also be related to additional SDGs like the ones shown in 
Lal et al. (2021). 

5.4. Conclusions 

This literature review synthesizes the current understanding of the 
synergies and trade-offs between the impacts of land use for dedicated 
energy crops to reduce GHG emissions (SDG 13) and other SDGs, and 
identifies the context-specific conditions that determine these relation
ships. Overall, an almost equal number of synergies and trade-offs were 
found between GHG emission reduction and SDGs 2 (Zero hunger), 3 
(Good health and well-being), 6 (Clean water and sanitation), 8 (Decent 
work and economic growth), 13 (Climate action-other indicators), 14 
(Life below water) and 15 (Life on land). However, more synergies were 
found related to SDGs 3, 13, 14 and 15, while more trade-offs were 
found related to SDGs 2, 6 and 8. Most synergies related to environ
mental SDGs were observed when perennial crops (SRC and perennial 
grasses) were produced on arable, pasture or marginal land in a ‘cool 
temperate moist’ climate zone and ‘high activity clay’ soils. Utilizing 
marginal land to produce perennial crops is a key strategy as it can avoid 
trade-offs with other land-based services such as food, feed, and fiber 
production (SDG 2). To minimize trade-offs, the findings suggest that it 
is of paramount importance to consider context-specific conditions, with 
priority given in the order of first land use transitions and second 
feedstock types, while both parameters need to be considered in line 
with local biophysical conditions to contribute to multiple SDGs. The 
magnitude of synergies and trade-offs between GHG emission reduction 
and other SDGs must be accounted for in decision making and from a 
supply chain perspective approach. Otherwise, it can lead to suboptimal 
implementation strategies and negative effects. This study highlights the 
importance of considering context-specific conditions to analyze syn
ergies and trade-offs, informing appropriate policies and practices to 
meet worldwide demand for bioenergy, especially in regions with 
strongly competing needs for land for various land-based ecosystem 
services. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rser.2022.112409. 

References 

[1] Masson-Delmotte V, Zhai P, Priani A, Connors SL, Péan C, Berger S, IPCC. Climate 
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