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Abstract: Smallholders constitute more than three quarters of the world’s farmers, and despite

their numbers, they commonly lack opportunities to advance their development status. Bioenergy

production and consumption can help sustain smallholders’ energy needs and generate employment

and income, but it also raises concerns over social justice and equity, especially where crops used

for bioenergy could also be used for food. This perspective paper is grounded in a literature review

related to three different crops in Brazil: sugarcane, landrace maize and sweet potato. It seeks to

determine if these crops offer the potential to support smallholder farmers’ development in a more

equitable way, focusing on opportunities for their use in bioenergy. We review the literature to

identify policies shaping the smallholder development context in relation to these crops, assessing

whose knowledge informs policy and institutional decision making, and highlighting the policy

attention afforded to the different crops from different sectors. We further evaluate the literature on

each crop in relation to water use and calorific value (i.e., food and energy). Our review indicates that

while sugarcane has received the most policy and institutional attention, its development is largely

anchored in research and development investments that support large-scale commercial farms and

agri-businesses. Smallholders have not benefited or had the opportunity to engage in relevant policy

decision making for sugarcane cultivation. At the same time, smallholders hold valuable untapped

knowledge on the cultivation of sweet potato and landrace maize, both of which have the potential to

generate development opportunities for smallholders. Our review suggests that the environmental

impact of landrace maize and sweet potato in terms of water use is significantly lower than sugarcane,

while they can generate more calories for energy or food consumption and offer diversification

opportunities. Despite that these alternative crops offer considerable untapped potential to support

rural development, more research is still needed to harness these benefits. Changes are needed to

address inequities in policies, institutions and the types of knowledge informing decision making.

Such changes need to afford smallholder farmers greater recognition and participation in decision

making, so that the distribution of benefits from the three study crops can reach them to support their

development better.

Sustainability 2020, 12, 2146; doi:10.3390/su12052146 www.mdpi.com/journal/sustainability
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1. Introduction

Smallholders are commonly defined as farmers with limited resources, including land, compared

to other farmers within the same sector and country context [1]. Globally, smallholder farming

constitutes 75% of agricultural land worldwide, with the livelihoods of two billion people depending

on the production of 570 million small farms [2]. This generates a substantial share of the world’s

food production, particularly across Africa and Asia, where smallholder farming provides 80% of the

food consumed, with some crops also used as animal feed and for energy generation [2]. The majority

of smallholder households around the globe live in poverty [3]. A range of interrelated factors limit

smallholders’ development [4], and can keep them trapped below the poverty line, including a lack of

access to water, energy, credit, knowledge, inputs and markets, underdeveloped system of collecting

and selling crops, each of which constrains the efficient use of land, output commercialisation and

revenue generation [5]. Furthermore, poor health, sanitation and education hamper smallholders’

ability to develop new skills and access and use information or technology. The challenges to open up

bioenergy crops to support smallholder farmers lie in re-aligning policies that now favour large-scale

agribusinesses towards unlocking opportunities for smallholder farmers to access new markets,

finance, and research to enable a landscape where they can advance a sustainable, socially-just and

equitable future.

The focus of this paper is on Brazil, where smallholders are defined by the Federal Government as

those rural farmers who practice farming activities on an area smaller than four fiscal modules [6], where

each module ranges from 5 to 110 hectares depending on the municipality [7]. To ease agricultural and

rural development constraints in Brazil, bioenergy production and consumption have been pursued

to help satisfy energy demand, generate rural employment, increase and diversify farm income and

manage environmental degradation [8–10]. The bioenergy industry, however, has been dominated by

large agribusinesses, hardly favouring the integration of smallholder farmers [11]. The use of biofuels

in Brazil as an alternative to fossil fuels has a long history. Bioethanol, in particular, has formed a core

part of the Brazilian energy strategy since the adoption of the National Alcohol Program (ProÁlcool)

in 1975, launched as a response to the petroleum crises of the 1970s and falling sugar prices [12].

Nowadays, in Brazil, sugarcane ethanol production provides a higher worker income compared to

the vast majority of other agricultural sectors and generates six times more jobs than the Brazilian

petroleum sector [13]. However, these opportunities do not target smallholders, and indeed, can

disadvantage them. For example, bioenergy deployment can have strong distributional and other

sustainability-related impacts [14], like loss of access to productive land, or dwindling, or replacement

of family and community-based agriculture as large-scale agribusinesses take over.

Smallholder farmers have been left out from the ethanol production system in Brazil, where

policies have created unintended consequences. Impacts to smallholder farmers are related to a

confluence of factors, such as the type of bioenergy option [15], and often, the persistence of sectoral

approaches to policymaking supporting large-scale agribusinesses [11]. This has undermined both

sustainable development in the long term, as well as the livelihood security of local stakeholders in the

short term [16]. These issues leave us with an important knowledge gap as to how the outcomes of

such policies can be more equitable. Ensuring development efforts are equitable is important because

a focus only on distributional aspects may mean that some groups, like smallholder farmers, end

up being further marginalised, leaving policy to overestimate what can be achieved and neglecting

consideration of unwanted side-effects and trade-offs [17].

The introduction of the National Program of Production and Use of Biodiesel (PNPB) in 2004

signalled a recognition on the part of the Brazilian government of the need to foster more sustainable
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practices in the biofuel value chain. Research is emerging around the world, and in Brazil, on the

promising potential of alternative crops to sugarcane to meet the demands for biofuel production, and

it has been suggested that these new crops can help small scale farming systems. Sawyer, et al. [18], for

example, explored alternative bioenergy crops, but their implications for development at different scales

have not been sufficiently assessed, particularly in relation to their socio-economic impacts. Sweet

potato and corn have been highlighted as particularly suitable for biofuel production by smallholder

farmers [19,20], but unanswered questions remain relating to current development challenges and

knowledge gaps in relation to issues of social justice, environmental equity and economic equity for

smallholder farmers.

This paper seeks to offer a perspective on the challenges and opportunities linked to alternative

bioenergy crops, namely, landrace maize and sweet potato, for smallholder farmer livelihoods. We

explore the literature to determine if those crops can offer more equitable sustainable development in

Brazil that does not leave smallholder farmers behind. We concentrate on sweet potato and landrace

maize, since they represent common crops grown by smallholders in Brazil [21,22]. We examine

previous studies to compare and contrast these crops against sugarcane, as the mainstream bioenergy

source. Also, we investigate which policies are shaping the smallholder development context in specific

relation to these three crops; what the key institutions are involved in shaping the context for farming

and rural development; which groups they recognise; and what types of knowledge they rely upon at

different levels. Water, food, and energy security are vital goals in sustainable development efforts;

thus, we revise the literature to unpack the relative magnitude of the impact that the study crops could

have on those, while also identifying how the processes for ensuring smallholders have a voice in

shaping the policy and institutional context can be enhanced.

2. Conceptual Framing and Methodological Approach

It is key to identify the potential winners and losers in the deployment of bioenergy crops in order

to ensure that development outcomes are both equitable and just, particularly for smallholders [16,23]

across all three dimensions of justice: distributive, procedural and recognition [24]. The distributive

dimension (‘who gets what’—ensuring benefits and costs are not unevenly distributed spatially or

temporally), has often had the greatest focus in academic research. However, it is also important to

ensure that all stakeholders are able to participate in decisions that may impact them (procedural

justice) and that the rights, values, interests and priorities of all actors are acknowledged and accepted

(recognition justice) [24]. These dimensions are not standalone, and can both reinforce or undermine

each other [25]. Taking a justice or equity focus is not just important from a moral point of view.

Evidence demonstrates that environmental interventions are more likely to succeed when they are

equitable [26,27]. Issues of equity and justice have often been raised in reference to one part of

the water-energy-food (WEF) nexus, but rarely integrating all three [28]. For example, there have

been various campaigns to highlight the human right to accessing food, water and energy and

prevent ‘grabbing’ of resources by individuals, private companies or other countries [29,30]. However,

studies have highlighted that development interventions that improve access to these resources

are not necessarily impacting all parts of society equally [28,31]. Applying a justice lens to nexus

studies can improve understanding of decision-making processes, while taking a nexus approach

can improve understanding of the linkages between water, energy and food [28]. The literature

includes a range of holistic approaches that seek to examine interlinkages and trade-offs across scales,

often in relation to the WEF nexus. In this paper, we apply a modified version of the WEF-PIK

(water-energy-food-policies-institutions-knowledge) framework developed by Stringer, et al. [23] to

guide our literature review and to identify the challenges and opportunities of using different bioenergy

crops to advance smallholder farmers’ development (Figure 1).
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Figure 1. Modified WEF-PIK (water-energy-food-policies-institutions-knowledge) framework as

applied to the Brazilian case.

The WEF-PIK framework was selected as it enables a specific focus on issues of justice and

equity; and its utility compared to other nexus approaches is that it explicitly considers governance

dimensions through its incorporation of a second nexus: PIK (policies, institutions and knowledge).

This steers us to look not just at the distribution of winners and losers across smallholder farmers and

other groups and the WEF nexus, but also to consider the PIK that shape those distributions. Policies

and institutions across scales are guided by particular (often formal) knowledge (rather than more

informal experience and know-how held by smallholders). Institutions mediate these different forms

of knowledge, elevating some and dismissing others. This can result in a lack of recognition, meaning

that other ways of knowing, aside from formal knowledge, are marginalised in policy and decision

making. The PIK is influenced by the political landscape and existing power structures (see Section 3).

In turn, this contributes to shaping the distributions of “winners” and “losers”. The framework guides

us as we “unpack” relationships in and between each nexus; “traversing” different scales from the

global to local; and identify opportunities to share knowledge to deliver more equitable outcomes for

smallholder farmers [23,32].

Given the scarcity of relevant peer-reviewed literature of acceptable quality on alternative

bioenergy crops and smallholder farmers in Brazil, a systematic review proved inadequate. Hence,

we follow the review approach proposed by Levy and Ellis [33]. The review comprised three key

steps. First, the literature was searched and screened, including peer-reviewed literature, policy

documents, regulations and grey literature. A list of keywords was generated but, as results were

scarce, a non-systematic approach was followed, i.e., the information was extracted from primary

articles and policy documents without setting specific inclusion/exclusion criteria, as per conventional

literature review. Once the data was extracted, which is part of the second step described by Levy

and Ellis [33], it was analysed using the narrative review method [34]. Grounded in a qualitative

interpretation of the current state of knowledge, this review aims to summarise available information

on the prospective challenges and opportunities linked to alternative bioenergy crops for equitable

smallholder farming in Brazil, rather than seeking empirical generalisation. Moreover, the review

allowed the identification of various knowledge gaps that require further research.
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3. The PIK Nexus

Crop-based liquid biofuel production (such as ethanol and biodiesel) has grown rapidly in recent

years, fuelled by an interplay between public policies and market mechanisms. Climate change

mitigation, energy security and rural development stimulation have commonly been highlighted

as the main factors driving global biofuel expansion [35]. Many of these drivers are influenced by

international and national market and policy interactions, often informed by scientific knowledge, as

well as local customs and norms. These PIK interact within and across international, national and

local levels, traversing scales, while their combined impacts affect ecosystems’ ability to deliver WEF

security and support socio-economic resilience.

Pilgrim and Harvey [36] refer to the biofuels market as “politically instituted”, noting that the

aforementioned expansion was fuelled by an assortment of government economic incentives, such as tax

breaks, subsidies or preferential loans from public banks. The United States, Brazil, and the European

Union are chiefly responsible for the rapid global expansion of biofuels in recent years, jointly accounting

for close to 90% of global biofuel production [37]. The substantial expansion of biofuel production has

led to the introduction of a number of market-oriented or sustainability-oriented multilateral initiatives

to facilitate the acceleration of production and commercialisation of biofuels. The Global Bioenergy

Partnership (GBEP), the International Energy Agency (IEA), several United Nations agencies, like the

Food and Agriculture Organisation (FAO), and the various biofuels certification schemes that have

sprung up as international responses to sustainability concerns, offer examples of bodies seeking to

foster sustainable international biofuel trade [38].

At the national level, although governments in the US and the EU have only been engaged in

biofuels since the 2000s, ethanol production in Brazil has a long and far more contentious history.

ProÁlcool, the 1975 government programme governing the biofuels value chain, initially envisaged

the stimulation of alcohol production by sugarcane, sweet potato, cassava and other relevant crops [11].

Unable to compete with the large-scale and efficient production of the sugarcane sector, with roots

linked to the large plantations of the colonial times, other crops were eventually discarded, leaving

sugarcane as the dominant crop for ethanol production in Brazil [39]. This resulted in a policy

environment heavily influenced by large sugarcane interests, side-lining smallholder agriculture, and

the marginalisation of alternative biofuel crops.

Back in the 1970s, attempts were also made to introduce biodiesel, but lack of supply and

infrastructure hindered effective deployment at the national level [40], which highlights that structural

problems need to be addressed, so policies are able to deliver intended outcomes. Renewed efforts

were undertaken with the promulgation of the 2004 PNPB which, in addition to advancing biodiesel

as a transportation fuel, also sought to confront the aforementioned problems and foster the social

inclusion of family farmers through participation in the biodiesel chain. Social inclusion is supported

by the Social Fuel Seal (SFS), which can only be obtained by those biodiesel producers that purchase

a percentage of their raw material from family farmers. Results to date, however, have been mixed,

with dysfunctions in the overall operation of the SFS having compromised its ability to make biodiesel

more socially sustainable [41]. For instance, by actively supporting the development of cooperatives as

a means of enhancing small-scale farmer social inclusion, the Brazilian government has marginalised

in the process those subsistence farmers who have not organised themselves into such schemes [40].

A host of social and environmental implications have been documented, due to these policy paths,

with Stattman, et al. [40] (p. 22) listing “geographical concentration, single crop focus, dominance

of agribusiness, and exclusion of family farmers” as among the most pertinent. An array of other

unsustainable production practices have also been highlighted, ranging from poor labour conditions [42],

and rampant unemployment, due to increasing mechanisation of farming practices [43] to land-use

change [44], water depletion [45], and competition with food crops [46].
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3.1. Policies

Only in recent years have there been efforts to deal with the legacy of significant social and

environmental costs of bioethanol production in Brazil and strengthen the sustainability profile of the

Brazilian sugarcane ethanol sector. Such efforts are in line with the promulgation of biofuel policies

containing sustainability requirements and criteria among Brazil’s main trading partners, notably

the US and EU [47]. A host of domestic policies are relevant to the development of sustainable

bioenergy-related activities in Brazil, such as the 2012 Native Vegetation Law, ordinarily called the

new Forest Code, which promulgates the “mandatory protection and, in some cases, restoration of

native vegetation around water springs and along riparian buffers” [48] (p. 50). The width of the

stream or river, the size of the property and the type of biome determine the area of forest protection.

For example, the Forest Code requires landowners to conserve 80% of the native forest in private

property in the Amazon region, with figures for the Cerrado region and the remaining Brazilian biomes

being 35% and 25%, respectively [49].

The primary planning instrument at the federal level regulating sustainable sugarcane expansion

is the Agro-Environmental Zoning program (ZAE Cana), developed by EMBRAPA and launched in

2009. Based on information on agricultural potential, potential climate risks, environmental regulations,

as well as surface and underground water availability and vulnerability, ZAE Cana excludes sugarcane

cultivation in sensitive ecosystems like the Amazon, the Pantanal wetlands or the Upper Paraguay

river basin [47]. It instead prioritises expansion in areas perceived as agronomically, climatically

and environmentally more suitable, such as under-used areas or degraded pastures. Views on its

effectiveness, however, are rather polarised. For example, Mercure, et al. [46] (p. 236) argue that ZAE

Cana is a “technical instrument of a merely indicative nature”, which pays no attention to the potential

for competition between sugarcane and food production. Nogueira and Capaz [50], in turn, take a

more favourable stance and maintain that Brazilian biofuels contribute to food security and have a

negligible impact on food production.

At the state level, the main (voluntary) regulatory instrument is the ‘Etanol Verde’ (Green

Protocol) programme, launched in 2007 and developed by the state of São Paulo and the Brazilian

Sugarcane Industry Association (UNICA). The programme sets out a number of commitments

and technical objectives, such as preventing soil erosion, conserving water resources, phasing-out

pre-harvest field burning, and protecting riparian forests [51]. Appraisals so far have been positive,

with Mercure, et al. [46] noting that it has performed well in eliminating sugarcane burning, and

Benites-Lazaro, et al. [47] (p. 586) calling the programme “an important achievement” that has

promoted the incorporation of sustainable practices in the sugarcane sector.

To ensure the continued success of its biofuels policy, which is also a cornerstone in its efforts

to mitigate climate change, Brazil is planning to substantially increase the share of biofuels in the

Brazilian energy mix. Under the 2015 Paris Agreement on Climate Change, Brazil pledged to reduce

its greenhouse gas emissions by 43% below 2005 levels by 2030 [52]. As part of its implementation

strategy, the Brazilian government launched in 2017 the “RenovaBio” program, which sets a target

of increasing ethanol production from 28 billion L per year in 2015 to around 50 billion L per year

by 2030 [53]. Doubts, however, have been expressed with regard to the ability of the “RenovaBio”

programme to guarantee the sustainable production of biofuels, especially with respect to land use

change and disruption of food supply [54].

As the above discussion illustrates, smallholder farming in Brazil has historically taken a secondary

and subordinate role to large-scale sugarcane agribusiness. The latter has garnered the bulk of policy

attention from Brazilian policymakers, eager to ensure its modernisation and reproduction [55]. Focus on

cash crop production over food crops further alienated smallholder farmers. As Rocha, et al. [56]

(p.521) note: “Small, family production has always been considered a marginal, and even dispensable,

part of the agricultural economy. Until the 1990s, there was little recognition [in Brazil] of the family

farm sector’s real and potential economic contribution. In fact, for most of the country, small rural
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producers were something to be dealt with as a ‘social problem’, given the widespread poverty among

rural families, and their demands for agrarian reform and land settlements.”

It was only in the late 1990s, following a long period of neglect, that Brazilian governments

initiated policies designed to favour smallholder farmers. It should be noted, however, that none of the

aforementioned policies seeks to promote landrace maize or sweet potato ethanol production, despite

their great potential (see Section 4) [57–61].

The main instrument to promote sustainable development of smallholder farming in Brazil is

the National Program for Strengthening Family Farming (PRONAF), established in 1996 as a political

response to the social mobilisation of the sector. PRONAF provides support for “modernization (sic)

and/or acquiring new machinery and equipment related to soil improvements, milk coolers, the genetic

improvement of production factors (plants and animals), irrigation systems, orchards, greenhouses and

storage as well as investments in tourism activities, such as craft workshops and cottages” [62] (p. 3).

However, while PRONAF offers credit for a wide range of crops [63], most has been directed to finance

inputs within intensive farming systems [64]. More recently, it has supported sustainable farming

practices (e.g., PRONAF-Agroecology and PRONAF-Forest), and other groups (e.g., PRONAF-Women

and PRONAF-Youth), but again, access to this credit is often far from straightforward for smallholder

farmers. One of the reasons is the need to comply with Agricultural Climate Risk Zoning provisions.

The latter is an instrument of agricultural policy and risk management in agriculture, “guiding the

farmer about the best planting and sowing of crops season, in order to reduce agricultural losses” [65].

However, several alternative crops common to smallholder farming, such as sweet potato and landrace

maize, are not considered in official studies of climatic risk zoning. Even so, farmers can opt to use

their own seeds and still apply for PRONAF credit. If, however, the harvest fails, they will not be

able to access insurance. Despite the important results in reducing rural poverty [66], it maintains

a concentration of resources and contracts on more capitalised, cash-crop farmers (mainly corn and

soybeans), reinforcing its strong productivity-based bias [67]. Lack of trained human resources for

technical assistance and project design and socio-economic viability analysis at financial institutions

represent additional constraints for directing the policy to support more sustainable farming practices

(e.g., that do not rely on toxic chemicals) and socio-economic development.

Another policy that is pertinent here is the National School Nutrition Program (PNAE), a federal

public food procurement program that enables public schools to offer free meals to students through

the purchase of locally and regionally produced food [68]. There is also the Organic Food for School

Meals launched in 2010 and the National Plan of Organic and Agroecology production (PLANAPO).

In addition to improving the nutritional quality of school meals, these programmes have stimulated

the creation of new markets for small-scale farmers. A final policy that merits mention is the 2003

National Technical Assistance and Rural Extension Policy (PNATER), which aims to promote or

support processes of “agroecological training, exchange of experiences and knowledge, research-action,

and technical support to families and producer communities” [69] (p. 794). This offers scope to bring

together different kinds of knowledge to build human capital in agricultural production. A number

of practical experiences related to this policy are found across Brazil, and include the provision of

extension services for agroforestry development, organic certification of agricultural products, and the

strengthening of agroecology in federal universities [70].

3.2. Institutions

Brazil’s single-crop policy focus has resulted in the progressive establishment of an institutional

infrastructure primarily tasked with paving the way for large-scale sugarcane ethanol production to

become an integral component of the Brazilian energy matrix. At the national level, the two major

government players in the Brazilian sugarcane ethanol sector are the Ministry of Agriculture and the

Ministry of Energy, with the Ministry of the Environment also playing an important controlling role [71].

Illustrative of the high priority accorded to sugarcane is that the National Energy Policy Council

(CNPE), which coordinates biofuels policy formulation, is supported by two separate inter-ministerial
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councils, one for sugarcane ethanol and one for biodiesel. An equally important institution is the

National Agency of Petroleum, Natural Gas and Biofuels (ANP), which is the regulatory agency

overseeing activities undertaken by energy industries in Brazil. Ethanol production has received

substantial support from public funding, with the Brazilian National Bank for Economic and Social

Development (BNDES) having a department dedicated to biofuel-related investments [37]. Other

state-owned institutions, like the now-extinct IAA, the Institute of Sugar and Alcohol created in 1933,

and more recently, EMBRAPA, the Brazilian Agricultural Research Corporation, have played a pivotal

role in improving sugarcane cultivation over recent decades [72]. Universities and research centres,

at both federal and state levels, have also been particularly active in improving agro-industrial and

ethanol production technologies, while funding bodies, such as the Research Support Foundation of the

State of São Paulo (Fapesp), have invested heavily in supporting sugarcane research and development

activities [73]. An inter-university network for the development of sugarcane industry in Brazil

(RIDESA), formed by an agreement between ten public universities and public-private partnerships,

has been playing an important role in the development of more resistant crops to pests, diseases and

water stress.

With three-quarters of Brazil’s biofuel production consisting of sugarcane ethanol, and large-scale

farms accounting for the bulk of it, the participation of smallholder farmers and local institutions

in the Brazilian ethanol sector is considerably limited [11]. Structural issues are the root cause of

these problems, because without opportunities to compete, smallholders are often forced to sell their

land and seek alternative livelihoods either in the nearby cities or in local sugar fields, where only

precarious jobs exist [74,75]. In addition, Brazil’s institutional framework has historically prioritised

energy security and financial attractiveness, with limited consideration for ethanol’s ecological impact

(e.g., water footprint) and potential competition with food production [46]. Only since the late 2000s

have Brazilian institutions promulgated policies discussed by all levels of stakeholders, aimed at

enhancing the sustainability of the sugarcane production system [76]. As Stattman, et al. [40] note,

while the Brazilian sugarcane industry and government remain the dominant actors, domestic and

international civil society organisations increasingly scrutinise the environmental and socio-economic

performance of the sector.

In the sugarcane sector, the number of small, non-capital-intensive, poor landholders producing

cane for the sugar/ethanol industry is negligible, thereby eliminating the need for institutionalisation

of programs of financial and technical support. This is not the case as far as other crops are concerned,

with the Brazilian government having undergone (until recently) an intense process of institution

building in order to support smallholder farmers. For instance, PRONAF came under the remit of the

Ministry of Agrarian Development (MDA) until 2016, the year in which the latter was replaced by the

Secretariat for Family Agriculture and Agrarian Development, linked to the Office of the President.

The abolition of the MDA, however, as well as of other agencies linked to rural development, has been

viewed as signalling the progressive marginalisation of family agriculture in the highest echelons of

government [77]. Turning to PNAE, school feeding falls under the remit of the National Fund for

Development of Education (FNDE), a structure linked to the Ministry of Education. Implementation

is strongly regulated, with each executing unit (e.g., municipal government) required to have a

nutritionist “who is in charge of the elaboration of menus in line with nutritional norms” [78]. For rural

development policies and extension, every state has a rural extension organisation that is supported by

a host of municipal, state and federal government resources. Besides these state agencies, PNATER also

allows for civil society organisations, farmer associations, and rural unions to engage in the provision

of rural extension services [79]. In addition to formal institutions, the Brazilian smallholder sector is

characterised by several informal institutions and practices, such as traditions, cultural expectations or

social movements. A pertinent example is the land settlements of the Movimento dos Trabalhadores

Rurais Sem Terra (MST). This movement occupies the land with high risks (including to life) and

constantly strive for the rights of its members. When the settlements become formally recognised, the
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settled farmers organise themselves into cooperatives, to the point that they become a source of organic

food production for the formal market [80].

3.3. Knowledge

In addition to high rates of investment, effective learning and innovation are key for stimulating

economic growth. Etzkowitz and Leydesdorff [81] refer to the triad of university, industry and

government relations as being instrumental in generating knowledge infrastructures. It is the

interactions between these three actors that largely shape the evolution of institutions and policies

aimed at spurring investment [82]. In the case of sugarcane in Brazil, such interactions have paved the

way for the current model of large-scale agro-industrial development, with the consequent “radical

transformation of natural ecosystems, local customs, and social relationships” [83] (p. 1321). Such

approaches have resulted in local actors being marginalized and local knowledge being excluded

from decision-making processes related to regional development, leading to a lack of recognition and

procedural justice.

When it comes to sweet potato and landrace maize though, local knowledge still receives attention

and recognition, and there are relationships that draw upon both expert and local knowledge. Starting

with sweet potato, there are universities in Brazil, like the Federal University of Tocantins or the State

University of Ponta Grossa, that have set up research centres focusing on furthering understanding

of its potential for food and biofuel production. Local knowledge is pertinent here, as researchers

actively seek local knowledge to inform their project design. Local NGOs and research institutions in

some Brazilian states, like Paraná in southern Brazil, are also active in organising informal knowledge

exchange and seedling fairs which bring together farmers, as well as researchers, creating a platform

for knowledge sharing. However, this local knowledge does not reach the mainstream formal

knowledge. EMBRAPA has also looked into breeding and developing sweet potato varieties for food

consumption [84]. The capacity of sweet potato, as a more nutritious food and as a source for climate

change adaptation, has been recognised on an international level [85], with the International Potato

Centre, for instance, seeking to develop innovations that enhance farmer capacity to produce this

crop [86].

Regarding landrace maize, knowledge generation activities receive greater support compared to

sweet potato and take place in a more integrated manner. Conventional corn research has a substantial

profile, with a significant body of literature, for instance, looking into the potential of using corn to

produce ethanol [59]. The energy output of crops shows high positive correlations with research

investment [85]. Consequently, landrace maize has benefited from increased research activity in

this area. This bias is also reflected on investment levels. Various universities and research centres

(e.g., EMBRAPA) are active in this area throughout Brazil [87], at both federal and state levels. For

instance, the Agronomic Institute of Paraná (IAPAR) or the Agricultural Research and Rural Extension

Company of Santa Catarina (EPAGRI) are among the most prominent. NGOs and social movements

are particularly vocal on issues of food and nutritional sovereignty and security, which passes through

the production of farmers’ own seeds and conservation of landrace germplasms. For example, various

governmental, non-governmental and civil society institutions established ReSA (Agroecology Seed

Network), an association pushing for peasant autonomy with respect to seed multiplication [88].

4. Water-Energy-Food (WEF) Considerations

While extensive literature is available on the water, energy and food implications of sugarcane

production—as a result of the heavy political and financial support given to the crop in colonial and

modern times—limited empirical knowledge is found on sweet potato or landrace maize. Particularly,

when exploring the role of alternative bioenergy crops in sustaining smallholder development, the

available literature focuses predominantly on conventional (large-scale) systems [58,89], with limited

empirical evidence relating to smallholder production [90]. These knowledge gaps translate into a

poor capacity to evaluate the production viability of such crops in smallholder systems, which are
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characterised by low inputs and technology when compared to conventional ones. A consistent

ranking of the three study crops in terms of their water needs and calorific outputs cannot be generated

due to these knowledge gaps, which require further investigation. Nevertheless, here we have opened

the scope to include literature not only related to Brazil, but worldwide. We found that despite being

in its infancy, the research on alternative crops is growing. Next, we provide an indicative examination

of the water requirements, and potential calorific (energy and/or food) outputs across the three crops

based on the limited literature available.

Overall, sweet potato and landrace maize have similar WEF implications. While corn may produce

about 2500 L per ha [91], sweet potato, due to its high level of carbohydrate production per unit

area [92–94], yields higher levels of ethanol [95]. For instance, in Southern Italy it has been observed a

production of 2032 L/ha [96], 3320 to 5364 L/ha in Indonesia [97], 4.17 L/ha in China [98], 4800 L/ha

in Uruguay [57], and from 6136 to 10,007 L/ha in Central Brazil [99]. Others have reported yields

between 2990 and 10,467 L of ethanol per ha [57,100]. These values depend on a range of biological,

physiological, physical and chemical processes, which are determined by varying environmental

conditions (i.e., climate, soil and water) and genetic factors [101]. Comparatively, sugarcane yields

6000 to 6800 L of ethanol per ha [102,103].

As regards to water consumption, values for conventional corn grown under agribusiness

schemes range between 393 and 735 mm per crop cycle [104,105]. Values for landrace maize grown by

smallholder farmers are not found in the literature, while sweet potato’s water consumption accounts

for 450 to 500 mm per cycle [100,106]. Sugarcane has similar food and energy output potential to the

other crops, however, the water required to grow it stands out for being notably larger than sweet

potato and landrace maize [107]. Moreover, its water consumption value accounts for roughly 1,780

mm per cycle in the state of São Paulo [108]. According to Dias [109], the water demand for sweet

potato is about three times lower than that of sugarcane when comparing ethanol productivity with

the volume of water consumed during the crop cycle. Once again, local conditions are fundamental for

the determination of its productivity and input values. While sweet potato and landrace maize have

potential to be produced interchangeably to achieve similar outputs, their suitability under varying

contexts will depend on variables, including soil type, the crop variety utilised, the specific weather

in the region of study, the climatic conditions during different crop seasons, as well as the specific

cost-benefit implications for each crop. It is relevant to note that we do not consider the inputs in terms

of labour, energy used in the production and application of fertiliser or energy used in irrigation, as

information on these aspects is not currently available.

In the Brazilian context, the country’s vast territorial extension results in highly variable agricultural

practices subject to different regimes of precipitation and temperature across regions [110]. This

has direct implications for the feasibility of growing these three crops for energy and food end uses.

One advantage of sweet potato and landrace maize is that, in addition to their lower water requirements,

they can be grown across a larger geographical area than sugarcane, thanks to their higher adaptability

to varying types of soil and weather [111,112]. In terms of sweet potato, it has been highlighted that it

has wide adaptation to marginal lands. It can grow under various environments, and is less vulnerable

to pest and disease. It is also drought-resistant, has a high multiplication rate and low degeneration

of the propagation material, short grow cycle, and can help controlling weed problems and erosion

caused by rains. It is responsive to inputs, and its wider harvesting periods make sweet potato popular

for peasant subsistence in rural areas [95,113].

The lack of information and knowledge means a multitude of trade-offs remains unexplored. For

instance, when valuing the crops’ potential and sustainability implications, additional considerations

must be made depending on the by-products or waste streams the different crops can generate.

As in the case of sugarcane, the disposal of vinasse in soils and water bodies presents numerous

challenges and environmental concerns [114]. A comprehensive analysis that considers both positive

and negative environmental externalities for the production of each crop is needed in order to allow

better prioritisation and evaluation of alternative crops.
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Another trade-off that needs more attention is that while the calorific content of the outputs

produced by alternative crops might be similar, this can either be diverted to bioenergy or for food as

an end use. In the latter case, food might be intended either for human or animal consumption. Sweet

potato tubers are suited to direct human consumption; however, smallholder farmers face difficulties

to control the attractiveness (visual aspect and colour) demanded by local markets. Sweet potato

stalks and leaves are particularly suited for animal feed in smallholder pig production [115], due to its

high-protein content. The dry-milled or starch fractions of landrace maize and sweet potato can be

used to produce flour and a range of industrialised food. Sugarcane can be consumed in the form of

juice, syrup, dried sugar or molasses, while the sucrose extracted in mills can be used as a raw material

in the food industry. Fresh-chopped sugarcane or extracts may be used as a dietary supplement for

ruminants or pigs under limited forage availability [116]. Considering this variety of uses, we observe

that different sweet potato varieties, as well as sugarcane and corn varieties, may be suited to the

production of certain outputs (and related by-products), opening up a wide range of new market

opportunities for smallholder farmers. Each component of this multi-faceted system might require

varying levels of water inputs and will have varying cost and benefit implications. In terms of sweet

potato, researchers have claimed that the diversification and advances in the technology applied to

its production have been considerable in the last decades leading to a myriad of opportunities, from

energy production to providing raw material for starch, flour, juice, bread, liquors, pigments, candy,

and various uses in the cosmetic industry, etc., [117].

In Brazil, the transformation of sweet-potato and landrace maize into energy is modest, with

production being used almost entirely for human consumption. Despite that in Brazil the expansion

of the formal knowledge-base of the two alternative crops has not been favoured, researchers’ calls

have started to emerge in terms of the ‘attractiveness’ of these crops for the biofuel sector [57,59,60].

Pilot research units are being run by universities in the states of Rio Grande do Sul and Tocantins.

EMBRAPA has specific sweet potato varieties for ethanol production [118], as is the case for varieties

developed by the Federal University of Tocantins. Regarding corn cultivation, Brazil already has two

large ethanol production units in the State of Mato Grosso and Goiás, according to the National Corn

Ethanol Union. However, for the production of landrace maize ethanol, no activities are occurring to

the best of our knowledge.

Studies in other parts of the world are growing, and the crops are gaining importance. In recent

years, genetic improvement studies delivered varieties of sweet potato—with multiple genotypes

identified by Wesley, et al. [99]—that have shown promising potential for their use in various

industrialised scenarios.

We acknowledge that each crop and variety therein have their own characteristics, and that

production and use need to be adapted to different regions of Brazil (and worldwide), resulting in

a variable range of benefits and trade-offs across environmental and socio-economic dimensions.

Nevertheless, our analysis of the existing literature suggests that in comparison to sugarcane, sweet

potato and landrace maize have a lower environmental impact in terms of water, can be grown in

diverse soil types, and also have a greater capacity to resist droughts and plagues. In the face of the

current climate change projections, crops with those coping capacities will be more adapted to future

climate-related impacts. At the same time, they have the potential to produce energy, higher nutritious

food than sugarcane, while opening a window of opportunities to smallholder farmers to participate in

new markets. Given the major knowledge gaps identified, empirical investigations into the agronomy

and socio-economic implications of sweet potato and landrace maize across smallholder systems are

urgently needed to effectively inform production, use and appropriate policy and institutional support

for this backbone of the economy.
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5. Discussion

Our analysis of the literature has shown that the mass production of biofuel crops in Brazil has

been mainly dominated by large farmers and agribusinesses, shaped by international and national

policies and institutions. This approach has excluded smallholder farmers, who have not been able to

reap development benefits by participating in the biofuel market, thus exacerbating poverty and social

inequality [11]. Local policies and institutions designed to stimulate production at smaller quantities or

exploring alternative bioethanol crops remain practically non-existent. This highlights a disconnection

between the elements of PIK across different scales, which has shaped the types of crops that are

produced, having implications for the WEF nexus and the distribution of winners and losers.

The challenge is to achieve a sustainable, socially-just and equitable future, particularly for

smallholder farmers who until now have been disfavoured by the prevailing PIK configuration.

It is difficult to envisage future opportunities for smallholders to participate in the mainstream

sugarcane-based biofuel industry, given prevailing market and production structures. The prioritised

production mode has strong equity implications for smallholders as, unlike agribusinesses, they

do not have the large amounts of land and high investments required to participate in the market.

Without meaningful participation, it will be impossible to achieve all three dimensions of justice and

equity. Smallholder farmers’ system of collecting and selling alternative crops to the industry is in its

infancy. This can represent an important market barrier. However, there are some examples such as

PNAE or PLANAPO, which show that well-directed policies can create new markets and open up

those opportunities urgently needed for smallholder farmers. Participation underlies distributional

justice, as those who participate are more able to define how costs and benefits are distributed, and

also recognition, as those who are unable to participate cannot command recognition [17,119,120].

However, the two alternative crops that we have analysed, landrace maize and sweet potato, offer the

potential for improving development opportunities for smallholders in terms of energy, food sources

and market diversification. In diverse regions in Brazil, smallholder farmers have traditionally grown

local varieties of these crops, mainly for household consumption [21,121]. Local knowledge about

their cultivation and use is abundant, although there has been limited knowledge sharing with other

groups [122,123]. Sweet potato, particularly cultivated in the northeast of the country, is considered to

be relatively easy to grow and has diverse uses, from biofuels and animal feed to the production of

paper and cosmetics [124]. In relation to landrace maize, local varieties offer several advantages in

terms of sustainability, such as lower production costs, resistance to pests and diseases, and higher

resilience to climate variations [125]. The literature examined suggests that sweet potato and landrace

maize offer a more accessible and inclusive alternative to smallholder farmers because local knowledge

exists, they have similar yields of ethanol per hectare, use less water, and their by-products can

be commercialised in various markets (see Section 4). In relation to production costs, for example,

Masiero [126] estimated the economic feasibility of using sugarcane, sweet sorghum, cassava, and

sweet potato for ethanol production. The author argues that sweet sorghum and sweet potato were the

most viable feedstocks. However, further research is required to determine the specific production

costs, as well as their related WEF implications.

These alternative crops open up opportunities to diversify economic activities and improve the

development situation of small farmers. Sweet potato and landrace maize, especially when managed

through sustainable agro-ecological systems, can help to attain food security, as well as to reduce the

use of fertilisers, achieve higher productivity rates, prevent soil degradation and offer a clean energy

source [127]. In this sense, when managed adequately, they can contribute to some of the Sustainable

Development Goals (SDGs), namely, Goal 2 (i.e., ending hunger, achieving food security, improving

nutrition and promoting sustainable agriculture), Goal 7 (i.e., ensuring access to affordable, reliable,

sustainable and modern energy for all), and Goal 8 (i.e., access to decent work and economic growth).

Promoting better opportunities to achieve equitable and sustainable development based on

these crops requires policies and institutions at the local scale, capable of recognising the existing

knowledge. The PIK landscape, analysed in Section 3, provided us with a challenging panorama
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for the production of alternative bioenergy crops by smallholder farmers. Policies such RenovaBio,

aiming to increase the annual production of ethanol in almost 79% by 2030, fail to include the

opportunities that alternative crops can bring to Brazil’s GHGs mitigation pledges, by focusing only

on sugarcane. While large agribusinesses can definitely help to meet those pledges, smallholder

farmers can also contribute—considering that smallholder farms account for 84% of the total farms in

Brazil, and provide 70% of the staple food [128]. Policies and institutions well-directed to expand the

production of alternative crops could bring even more benefits in terms of development for millions

of families depending on the land in Brazil. For instance, the current programme of PNAE or the

Food Acquisition Programme (PPA) promotes decentralised agriculture. Those programmes provide a

space for smallholder farmers in the food supply chain, while also improving the nutritional quality of

food for local schools. More programmes and new business models that encourage a more equitable

production and distribution of the development gains are needed for smallholder farmers. Despite

that bioenergy production and consumption could bring benefits in terms of covering the energy needs

of smallholders, we identified various barriers that impede further advancements. For example, the

current policy landscape prohibits small-scale production, sale and self-consumption of bioenergy by

smallholder farmers. One of the major challenges of smallholder farmers is their scale and limited

access to resources (financial, technological, market, etc.). Promoting smallholder farmer organisations

can help level the playing field and balance structural issues. Collective action can leverage their power

by exercising economies of scale [129,130], tackling in this way, their current inability to influence the

market, due to their individual size. Local cooperatives, for example, could be crucial to organise these

efforts, as they have a history of producing social and political transformations [131]. Cooperatives

can give representation to smallholders, important for the recognition and participation dimensions

of social justice and can leverage collective efforts to produce better outcomes. Smallholders could

be incentivised in the production of biofuels given the possibility of producing ethanol derived from

sweet potato and landrace maize in small distilleries as long as they are supported by well-organised

cooperatives [103].

Cross-fertilisation of policies that have helped in the past to reach smallholder farmers could be

valuable to expand instruments, such as ‘Etanol Verde’, to smallholders to ensure sustainability in

the production of alternative crops. Historically, those instruments have been targeted for large-scale

producers, but adopting standards and certifications by smallholders is an inevitable process and

a positive trajectory of sustainable development for the biofuel industry [132]. However, research

has also highlighted that certification schemes can have high barriers to participation, meaning that

only already commercially minded farmers can benefit [132]. This can be overcome by ensuring that

certification schemes have equity and justice considerations built-in, and that these are compulsory

rather than voluntary. In addition, barriers to participation can be minimised by including training and

capacity building for resource-poor smallholder farmers [133]. For instance, the voluntary regulatory

instrument of organic certification, PLANAPO, has been successful with smallholder farmers in Parana,

or PNATER, which supports agroecological training and exchange of experiences [69]. The Social Fuel

Certificate (Selo Combustível Social), granted by the Ministry of Agriculture [134], is another pertinent

example, which inserts family agriculture, via registered cooperatives, into the biodiesel production

chain. Additional criteria for the certificate have been officially approved this year, permitting large

biodiesel producers to acquire a certain percentage of their inputs from these cooperatives (at least 60%

of their members need to be family farmers), thus, obtaining the designation of producers of ‘social

fuel’.

These policies can be used as platforms to extend technical support and help smallholder farmers

to advance towards a more sustainable bioenergy production. There is a need to strengthen current

programmes, which have smallholder farmers at their core. PRONAF, for example, needs to expand

its risk management rules to include alternative crops. This is important because it could assist

smallholder farmers by expanding the availability of credit and insurance cover. Currently, alternative

crops are not included in official studies of climatic risk zoning; thus, smallholder farmers cannot
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report the use of other crops and are left without support if their crops fail. PRONAF provides an

opportunity to incorporate smallholder farmers’ informal knowledge to inform the guidelines of the

Agricultural Climate Risk Zoning provisions and, in this way, expand the use of alternative crops.

This is also an example of how the sharing of informal knowledge into documents and processes

dominated by formal knowledge could benefit smallholder farmers.

Universities have an important role to play in moving towards knowledge co-production with

multiple stakeholder groups. Our review shows that while research on sugarcane has been heavily

supported by universities, this has not been the case for sweet potato nor landrace maize. In addition,

research has been concentrated in particular areas, such as Sao Paulo, leaving behind smaller universities

across Brazil. Reallocation and redistribution of research funds need urgent attention [85]. Local

universities, through their rural extensions and partnerships, are well placed to make the link between

research institutes, government, and smallholder farmers. Universities and research centres could help

address remaining knowledge gaps by conducting more research on the WEF requirements of sweet

potato and landrace maize, as well as of other alternative crops, in addition to carrying out detailed

cost-benefit and environmental impact studies in order to assess the technical, socio-economic and

operational feasibility of using them to produce bioenergy. Assessing optimal crop rotation is another

relevant issue in order to identify adequate varieties and crop types that can help to maximise soil

fertility and plant nutrition.

While the previous examples show positive perspectives, given the current political circumstances

in Brazil, the formulation of policies towards improving smallholder farmers’ conditions, however,

faces difficulties. The inauguration of Brazil’s new government in 2019 has led to a ‘systematic

dismantling’ of Brazilian environmental laws, weakening environmental enforcement and institutions

and increasing the risks of incurring losses on all fronts [135–137]. In the case of smallholder farmers,

for instance, the restructuring of the Ministry of Environment and the appointment of new ministers,

including in the Ministry of Agriculture [138], or the law proposal No. 5695 to end the government

obligation to buy 30% of the food that smallholders produce [139], have both reinforced concerns

that the focus on large agribusinesses will persist. Among the situations that give rise to concern

are presidential decrees that have excluded advisory councils representing smallholder farming, as

well as changing the number of questions in the agricultural census, making it difficult to stratify

and clearly define the peasant agriculture class. The way the Brazilian state has prioritised policies,

knowledge, institutions through time has created trade-offs affecting issues of social justice, such as

recognition justice and participation justice for smallholder farmers. By the same token, the decisions

of the State government have shaped aspects of water, energy and food through time. The perspectives

of those essential resources in Brazil are worrisome as the recent policies implemented have disturbed

the key role the country had pursued on climate change mitigation and sustainable development

efforts [140]. The current political context in the country may worsen the scenario [141], leading to a

fear of state action limiting, and in some cases, threatening the activities of researchers, educators, and

environmental practitioners—which has been described as the “landscape of fear” [142].

Given the political situation and that smallholder farmers have been historically marginalised from

the benefits of bioenergy production, we argue that it is essential to promote local genetic improvement,

selecting varieties adapted to each cultivation region and to adopt agronomic management systems. It

is also important to stimulate research aimed at simplifying the processes of transformation of biomass

(sweet potato, landrace maize, sorghum, among others) in the context of small and medium scale

ethanol production. Moreover, more flexibility in federal legislation is needed, allowing the direct sale

of ethanol to the final consumer, which would make several small and medium scale processing plants

financially viable, in order to improve the welfare of smallholders.
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6. Conclusions

This paper has examined the literature to unpack the relationships within and between WEF

and PIK, which traverse multiple spatial and temporal scales. PIK vary widely across local, regional,

national and international levels. Mass production of biofuels in Brazil has been largely shaped and

supported by international and national policies and institutions through time. This is reflected in

the large volumes of ethanol produced by large agribusinesses mainly from sugarcane. When it

comes to the local scale, and the smallholder farmers, local policies and institutions remain practically

non-existent and have barely played a role in stimulating biofuel production in smaller quantities or

exploring alternative biofuel crops. Local knowledge is abundant, but in most cases has been often

ignored or scarcely disseminated. This highlights an opportunity for the “share” aspect of the WEF-PIK

framework, which should be emphasised in addressing the disconnection between PIK across scales

and levels. Not least to enable smallholders to play a greater role in determining the types of crops

that are produced and supported, with subsequent impacts on WEF in terms of energy and food

consumption and mainly water use. The examined alternative crops to sugarcane, i.e., sweet potato

and landrace maize, show potential benefits for the smallholder farmer because there is local traditional

knowledge of them, the alternative crops have multiple uses which can fulfil multiple smallholder

needs—e.g., fuel, animal feed,—and generate diversified sources of income generation—through

the by-products, for instance. The benefits seem more evident as regards the water consumption

dimension, as their water input requirements stand out for being notably smaller than the mainstream

one. Crops that have less of an impact on the environment, and that are more resistant to pests and

weather-related impacts, seem promising—but empirical evidence on alternative crops is very limited,

and more research is required to unveil the detailed benefits and trade-offs.

The WEF and PIK nexuses, and their inherent inter- and intra-relationships, are not static, but

continue changing and evolving over time. The challenge for Brazil is to achieve a sustainable,

socially-just and equitable future, particularly for smallholder farmers who until now have been

disfavoured by the prevailing PIK configuration, while the large agribusinesses have accumulated

the gains. In this sense, it is vital to address the PIK disconnection through improved consideration

of recognition and participation justice supported by improved knowledge across scales and

stakeholder groups.
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