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A B S T R A C T   

Biofuels have been promoted as a renewable energy option in many countries, but have also faced extensive 
scrutiny over their sustainability. Food security is perhaps the most debated sustainability impact of biofuels, 
especially in regions such as Sub-Saharan Africa that experience high rates of malnutrition and have been a major 
destination for biofuel-related investments. This study assesses the local food security impacts of engagement in 
biofuel crop production using a consistent protocol between multiple crops and sites. We use standardized 
metrics of food security related to dietary diversity and perceptions of hunger, and focus on feedstock small-
holders and plantation workers in four operational projects: a large-scale jatropha plantation (Mozambique), a 
smallholder-based jatropha project (Malawi) and two hybrid sugarcane projects (Malawi, Eswatini). Collectively 
these reflect the main feedstocks, modes of production and land use transitions related to biofuel projects in Sub- 
Sahara Africa. Inverse Probability Weighting analysis indicates that involvement in sugarcane production 
improved household food security for plantation workers and feedstock smallholders. Conversely, involvement in 
jatropha production does not have a statistically significant positive effect on household food security for both 
workers and smallholders. Regression models indicate that the factors driving food security indicator levels vary 
between study sites. Wealth indicators influence food security indicators in several sites, but the absolute level of 
income plays a smaller role, while income stability/regularity, access to credit and stable markets for selling 
sugarcane be important drivers as indicated by the strong effect of proxy variables on indicators.   

1. Introduction 

Liquid biofuels have emerged as an important renewable energy 
option for substituting conventional fossil fuels in the transport sector 
[1]. Globally, the production of liquid biofuels from food crops, ligno-
cellulosic material, and waste has increased 12-fold since 1990, reaching 
131,224 kt in 2019 [2]. Many countries have enacted biofuel blending 
mandates to accelerate the penetration of biofuels in the transport 
sector, with a large constellation of policies implemented to facilitate the 
expansion of the sector [3]. 

However, biofuel production, use and trade have a series of sus-
tainability impacts. Some biofuel pathways have been associated with 

positive sustainability outcomes related to energy security [4] and 
economic growth and rural development [5]. In some cases some biofuel 
options can have emissions saving compared to conventional fuels [6,7] 
and store carbon on the biomass of the feedstock and the soil [8,9], 
having the potential to offer larger climate-related benefits compared to 
other land-based mitigation options [10]. However, many types of 
first-generation biofuels have been linked to some negative sustain-
ability impacts such as, among others, land use change and deforestation 
[11,12], biodiversity loss [13,14], increased GHG emissions (especially 
if direct and indirect land use change is factored) [15,16], carbon loss 
from soil [17], water overexploitation [7,12], water pollution [18,19], 
loss of land tenure and land-grabbing [20,21], social conflicts [22,23], 
gender inequality [24,25]. However, food security is perhaps the most 
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polarizing sustainability impact of biofuels [26]. Many publications 
have sought to assess the local, national and international impacts of 
biofuels on food security [27,28], exploring different aspects of this 
interface such as the effects of land use change on food availability [29], 
the effects of income/employment generation on access to food [30], the 
effects of diversion of female labour diversion on nutrition [31] and the 
effects on food prices [32], among others. However, the actual sus-
tainability impacts of biofuels (including on food security) have varied 
due to a large number of factors such as the feedstock, the fuel, region, 
the socioeconomic and environmental conditions in areas of biofuel 
production and use, and the underlying policies and trade regimes [28]. 

Sub-Saharan Africa (SSA) has been one of the parts of the globe that 
was particularly affected by the expansion of the biofuel sector, mainly 
due to the production of biofuel feedstock. Essentially, SSA was an 
attractive destination for domestic and foreign agricultural investments 
for non-food commodity crops that can be used for the production of 
biofuels [33]. After the mid-2000s, a large proportion of these in-
vestments reflected wider market and policy expectations for biofuel 
crops [33]. Jatropha and sugarcane were the two most popular biofuel 
crops in SSA during that period, accounting for the largest fraction of 
large-scale land acquisitions [33,34]. Sugarcane has been steadily pro-
moted and increased prominence in many SSA countries such as Malawi, 
Ethiopia, Mozambique, and Zambia for ethanol production [35–37], 
while jatropha investments materialized in many SSA countries, but the 
sector eventually collapsed [38,39]. 

Such investments sought to address a series of interrelated policy 
priorities in SSA related to energy security, economic growth and rural 
development [34]. However the actual drivers varied between crops and 
countries, depending on national priorities and contexts. For example, 
sugarcane for ethanol production was promoted in some countries such 
as Malawi and Ethiopia a means for enhancing national energy security 
and rural development [34,40]. Conversely jatropha was mostly pro-
moted for exports to the EU biofuel market, but due to low 
cost-effectiveness it was re-oriented to domestic markets in many SSA 
countries before collapsing [34,38]. However, in some countries such as 
Malawi, jatropha was promoted from the onset as a fuel for domestic use 
to meet energy security and rural development objectives [39]. This 
suggests that the drivers, history and trajectories of biofuel investments 
varied substantially between SSA contexts. 

Similarly, biofuel crops are grown in large-scale plantations, 
smallholder-based systems, or hybrid systems, adopting very diverse 
technical and organizational configurations [40,41]. Equally diverse 
between SSA contexts are the organisations promoting biofuel produc-
tion, which have included government agencies, civil society, and the 
private sector (both convectional companies and social enterprises) 
[34–38,40,41]. Similarly, various factors dictate the type and magnitude 
of feedstock production impacts, including the type of feedstock, mode 
of production, local environmental and socioeconomic context, and the 
institutions regulating biofuel production, use and trade [34,42,43]. 

Similar to the global patterns discussed above, the food security 
impacts of biofuel feedstock production have been perhaps the most 
hotly debated aspect of biofuel production in SSA, considering that re-
gion still experiences high malnutrition and endemic [34,44]. However, 

very different mechanisms mediate the actual impact of biofuel crop 
production on local and household food security [26,30,45–53]. A 
recent meta-analysis identified no less than 25 different mechanisms 
mediating the food security impacts of industrial crops in SSA, with 
studies having reported at least 11 mechanisms for sugarcane and 20 
mechanisms for jatropha [46]. Some of the most common mechanisms 
identified in the studies outlined above include (a) waged plantation 
employment or feedstock cultivation on own land that can reduce the 
land and labour availability for food crop production, (b) the diversifi-
cation of farm output and income streams (both in terms of magnitude 
and stability), and (c) the better access of feedstock smallholders to 
technical training, fertilisers and other agricultural inputs. 

As outlined above, several studies in SSA have explored different 
food security outcomes of biofuel crop production at the household 
level, but most have focused on single sites, crops, or modes of pro-
duction. There is a lack of comparative studies using a consistent pro-
tocol, largely because the underlying mechanisms have a combined 
effect on food security, complicating the elicitation of the actual impacts 
[45,46]. The practically complete collapse of the jatropha sector [34,38, 
39] has prevented the emergence of a comprehensive evidence base 
about the impacts of operational jatropha projects, as most such studies 
focused on the early project phases. 

This paper provides the first-ever comparative and consistent anal-
ysis of the household-level food security outcomes of involvement in 
operational biofuel feedstock projects in SSA. We focus on four opera-
tional projects in southern Africa that reflect the main configurations of 
feedstock production encountered in the region (see Methodology). We 
use robust direct measures of household food security, including the 
Food Consumption Score (FCS), the Household Food Insecurity Access 
Scale (HFIAS) and the Months of Inadequate Household Food Provi-
sioning (MIHFP) [54]. We compare the levels of these indicators for 
groups with different engagement in biofuel crop production (e.g. 
smallholders, plantation workers) and households not engaged (control 
groups). Section 2 outlines the study sites and the methods for data 
collection and analysis. Section 3 outlines the results, and Section 4 
discusses the main findings and implications. 

2. Methodology 

2.1. Study sites 

Through an extensive literature review and multiple site visits across 
the region, we identified the main biofuel feedstocks (i.e. jatropha, 
sugarcane) and modes of production (i.e. plantation-based, smallholder- 
based, hybrid) [34,41]. During this preparatory phase we also identified 
the main factors that can affect food security such as the type/magnitude 
of land use change, land allocation decisions, income, and payment 
structure among others [34,55]. Based on this information we identified 
four study sites representing the main biofuel crops, production models 
and types of land use change encountered in southern Africa, see 
Ref. [56]. 

Fig. 1 identifies the location of the study sites and biofuel projects, 
and Table 1 the main characteristics of the study sites and projects. More 
details about the land use change patterns in each site are included in a 
study on carbon stock change following land use and cover change 
(LUCC) for biofuel crop production [50]. Below we describe in greater 
detail some of the main characteristics of each site and biofuel project. 

The Dwangwa (Malawi) study site consists a large sugarcane plan-
tation and mill operated by the multinational company Illovo. The 
plantation and mill are surrounded by several hundred rainfed and 
irrigated sugarcane smallholders that sell sugarcane directly to Illovo. 
The rainfed sugarcane farmers self-organise in small associations, while 
the irrigated farmers are part of the Dwangwa Cane Growers Limited 
(DCGL) [40]. Ethanol is distilled from molasses purchased through the 
Illovo mill by an independent company (EthCo). 

The Tshaneni (Eswatini, formerly known as Swaziland) study site 

Abbreviations 

ATE Average Treatment Effect 
ATT Average Treatment Effect in the Treated 
FCS Food Consumption Score 
HFIAS Household Food Insecurity Access Scale 
MIHFP Months of Inadequate Household Food Provisioning 
IPW Inverse Probability Weighting 
SSA Sub-Saharan Africa  
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consists a large sugarcane plantation, two mills and an ethanol distillery 
operated by the Royal Swazi Sugar Company (RSSC). The Swazi gov-
ernment incentivised in 1990s the local communities adjacent to the 
Komati River to consolidate their land and undertake sugarcane pro-
duction through an extensive irrigation and rural development pro-
gramme. The smallholders that consolidated land formed 28 
associations that sell sugarcane to the RSSC mills, with each member 
becoming an equal partner and receiving annual dividends. 

The Mangochi (Malawi) study site contains a few hundred jatropha 
smallholders cultivating jatropha on their own farms. In particular, they 
grow jatropha at the boundaries of their plots, as these areas are 

considered to be underutilized and thus able to accommodate jatropha 
without compromising food crop production [57]. This model was 
promoted through a social enterprise (BERL) to approximately 100,000 
farmers across Malawi [39], with the study farmers being some of the 
earliest targeted by BERL. By the time of the fieldwork, the selected 
farmers had already sold jatropha seeds for at least 2–3 times, receiving 
some level of income depending on harvest. 

The Buzi (Mozambique) study site consists of a large jatropha plan-
tation, which is operated by a private company (Niqel) funded from 
Dutch investors [39]. The plantation was established in 2007–2008, and 
while it was initially expected to convert 10,000 ha of miombo wood-
land to a jatropha monoculture, only 1700 ha had been established by 
the time of the fieldwork [50]. This site does not contain any small-
holder- or outgrower-jatropha production [57]. Most of the initial plans 
for the on-site processing of jatropha oil into fuel, fertiliser, animal feed 
and organic pellets was abandoned following the restructuring the 
company in 2016–2017. 

We selected study sites where biofuel crop production was mature 
during field data collection (August 2014–April 2015, see below) in that 
the actual projects were operational for at least five years. This is 
because project maturity is an essential factor for the manifestation of 
food security effects. Both sugarcane projects were operational for more 
than two decades [58,59]. Both of the selected jatropha projects were 
operational (i.e. had not collapsed), had started their operations in 2008, 
and by the time of data collection they had reached maturity, having 
provided multiple payments to the involved smallholders and plantation 
workers [57]. Even though both jatropha projects collapsed in 
2016–2017, this study provides a very rare insight of the impacts of fully 
mature jatropha projects, which is a major gap in the SSA biofuel 
literature. Land use change effects in each site are explained in more 
detail elsewhere [50]. 

Fig. 1. Location of study sites.  

Table 1 
Study groups in each study site, before and after data cleaning.  

Project Respondent type Original number Final number 

Dwangwa Plantation workers (Illovo) 104 102 
Irrigated sugarcane farmers 104 98 
Rainfed sugarcane farmers 107 96 
Control group, close 104 97 
Control group, far away 99 92 

Tshaneni Plantation workers (RSSC) 103 97 
Plantation workers (Community) 113 109 
Community plantation farmers 93 85 
Control group, close 101 92 
Control group, far away 104 98 

Buzi Plantation workers (Niqel) 98 90 
Control group, close 104 94 
Control group, far away 108 99 

Mangochi Jatropha growers 101 96 
Control group, close 101 98 

Note: Final sample numbers for each study group were achieved after removing 
cases with missing values. 
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2.2. Data collection 

We assess household-level food security impacts from engagement in 
biofuel feedstock through a structured household survey in the vicinity 
of the biofuel crop production sites described above. In each site we 
sampled groups with different engagement in biofuel crop production (i. 
e. plantation workers, irrigated/rainfed feedstock smallholders) and 
members of the local community not engaged in feedstock production (i. 
e. control group). We sampled a total of 1544 households across all sites, 
across groups that represent the unique characteristic of each site and 
project (Table 1). Below we outline sampling approach in each site, but 
more detail can be found elsewhere [56]. 

In the study sites containing large plantations we sampled two con-
trol groups, (a) a control group in close proximity to the plantation and 
(b) a control group further away in areas that sharing similar charac-
teristics. Below we provide basic sampling details, with the full infor-
mation about the protocol and underlying datasets found elsewhere 
[56]. 

In Dwangwa (Malawi) three intervention groups were sampled 
namely (a) formal plantation workers (Illovo), (b) rainfed sugarcane 
smallholders (from relevant associations), and (c) irrigated sugarcane 
smallholders (for DCGL). One control group containing food crop 
farmers was also sampled within the sugarcane-growing areas, and one 
control group containing food crop farmers about 50 Km from the 
plantation. This distance is considered to be a good cut-off point after 
which it becomes uneconomical to supply sugarcane to the Illovo mill 
(sugarcane is a highly perishable crop) [56]. 

Permanent plantation workers below mid-level management were 
sampled randomly using employee lists provided by the Illovo’s HR 
office. Similarly rainfed and irrigated smallholders were randomly 
selected from lists of smallholders retrieved from the respective farmers’ 
associations. We used weights proportionate to the membership of each 
association to establish sample for each association, as a means of 
avoiding oversampling from any individual association. Full details 
about the sampling can be found elsewhere [56]. 

In Tshaneni (Eswatini) three intervention groups were sampled (a) 
formal workers in the RSSC plantation, (b) formal workers in community 
plantations, and (c) irrigated sugarcane smallholders (Table 1). Two 
control groups were also sampled following the criteria outlined for the 
sugarcane area in Dwangwa, Malawi (see above). Plantation workers 
below mid-level management were randomly selected from employee 
lists obtained from RSSC’s HR department. A 2-stage process was used to 
sample irrigated sugarcane smallholders (a) fourteen associations were 
randomly from the total 27 smallholder associations; (b) each associa-
tion was visited to obtain lists of their constituent smallholders to select 
randomly respondents. We used weights proportionate to the overall 
membership of each association to avoid oversampling. This 2-stage 
sampling approach allowed for a good spread of respondent house-
holds around the site, without diluting sample sizes between associa-
tions. Full details about the sampling can be found elsewhere [56]. 

In Buzi, Mozambique we sampled formal Niqel workers as the 
intervention grops, and two control groups following the criteria out-
lined above (Table 1). Due to its smaller size compared to the sugarcane 
plantations (both in terms of area and personnel) [50], workers were 
randomly selected from congregation areas such as the garage, picking 
points, and nurseries during breaks or after shifts. We sampled the close 
control group through transect walks from starting points that were 
randomly selected in the periphery of the plantation. The faraway 
control group was also identified through transect walks in two 
pre-identified sites that share similar characteristics with the area 
around the plantation. Due to the high forest density and very low 
population density in the study area [50,57], we selected every second 
household identified across the transect walks to achieve some degree of 
randomization. Full details about the sampling can be found elsewhere 
[56]. 

In Mangochi (Malawi) jatropha smallholders were the intervention 

group and food crop farmers the control group. Due to the absence of a 
large plantation to cause positive or negative spill-over effects, a control 
group was not sampled in far away from the area of jatropha production 
as in other sites. Jatropha farmers were selected through information 
gathered from the lead farmers designated by BERL. This information 
was used to identify farmers that still sell jatropha as several jatropha 
farmers had stopped producing jatropha seeds. The selected households 
had already sold jatropha to BERL at least 2–3 times prior to the survey. 
Full details about the sampling can be found elsewhere [56]. 

2.3. Data analysis 

2.3.1. Food security indicators 
There are multiple mechanisms that can affect household food se-

curity in sites of industrial crop and biofuel feedstock production [26,45, 
46]. The study projects have been developed during different periods in 
time, from different organisations, and for different end goals (Section 
2.1). Similarly, in each site feedstock smallholders and plantation 
workers are targeted and integrated in feedstock production value 
chains through very different approaches, ranging from strong targeting 
and support through government agencies for rural development (e.g. 
irrigated sugarcane farmers in Eswatini and Malawi), to targeting and 
basic support from social enterprises (e.g. jatropha smallholders in 
Malawi), to individual engagement through own motivation (e.g. rain-
fed sugarcane farmers in Malawi, plantation workers). 

The above suggest the very different motivations and approaches 
related to engagement in feedstock production. All of these suggest the 
existence of very different mechanisms through which food security 
outcomes emerge for those engaged in feedstock production and the 
surrounding communities. To avoid these complications we rely on 
different standardized metrics of household food security [54,60]. 
Despite some shortcomings [61], such standardized metrics can have 
large explanatory power and relevance for policy and practice [62]. In 
this study we use the Food Consumption Score (FCS), the Household 
Food Insecurity Access Scale (HFIAS) and the Months of Inadequate 
Household Food Provisioning (MIHFP) as indicators of food security. 
These measures have been used to capture complementary aspects of 
food security in agricultural contexts of SSA [63,64]. 

The FCS is a measure of dietary diversity, which estimates the fre-
quency of household consumption across eight food groups (i.e., staples, 
pulses, vegetables, fruits, meat/fish/egg, milk, sugar, and oil) in the 
seven days before the survey [65]. These frequencies are aggregated and 
multiplied by standardized weights for each food group [65]. The cutoffs 
that were used for FCS are as follows: 0 to 28.4 (poor); 28.5–42 
(borderline); >42 (acceptable), with high FCS indicating a higher diet 
diversity, as a proxy to higher food security [61]. 

The HFIAS elicits perceptions about hunger and the lack of food, 
using progressively more severe questions about their prevalence in the 
four weeks before the survey [66]. The HFIAS uses nine “occurrence” (i. 
e. yes, no) and then nine “frequency-of-occurrence” (i.e. rarely, some-
times, often). The HFIAS scores range between 0 and 27, with low HFIAS 
scores indicating a lower prevalence of hunger, as a proxy to better food 
security. 

Finally, we use the MIHFP as a simple proxy indicator of access to 
food [67]. The MIHFP indicates the number of months that the surveyed 
household lacked enough food to meet its needs. However, due to its 
simplicity and limited explanatory power [54], we report the statistical 
analysis, but we do not discuss it in depth. 

Apart from the indicator scores we use t-tests to assess the signifi-
cance of differences between groups using the svyttest function from the 
Survey package [68,69] in R. Boxplots are also plotted on the unadjusted 
sample (i.e. before IPW). The graphs are done using the ggplot2 package 
[70]. 

2.3.2. Food security determinants 
We examine the factors affecting food security using the generalized 
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linear regression models for the pooled samples in each study area. In 
particular, we regress the FCS, HFIAS, and MIFHP as the dependent 
variables, on a set of variables that include the different types of 
engagement in biofuel production (as dummy variables), and various 
demographic and socioeconomic characteristics that have been shown 
to affect household food security in rural SSA contexts (Table 2). The 
regressions follow Eqs. (1)–(3): 

FCS= β0 + β1X1 + β2X2 + …βnXn + ε (1)  

HFIAS= β0 + β1X1 + β2X2 + …βnXn + ε (2)  

MIFHP= β0 + β1X1 + β2X2 + …βnXn + ε (3)  

where MIFHP, FCS and HFIAS are dependent variables denoting the 
three food security indicators, β0 is the constant, ε is the error term, and 
X1 to Xn are the different covariates. Section S1 (Supplementary Elec-
tronic Material) contains detailed explanation for these variables and 
scores for each group. 

2.3.3. Inverse probability weighting 
We use, inverse probability weighting (IPW) as a causal inference 

method [71,72]. We calculate two specific indicators, namely the 
average treatment effect (ATE) and the average treatment effect in the 

treated (ATT). “The former denotes the average effect of treatment in an 
entire population/sample when that entire population/sample is moved from 
control to treated, while the latter denotes the average effect of treatment in 
those subjects who were ultimately treated” [73] (p. 1655). In our analysis, 
the main treatment denotes involvement in feedstock production as a 
plantation worker, irrigated feedstock smallholder or rainfed feedstock 
smallholder. An additional analysis involved assessing the causal effect 
of irrigation on food security, which involved the comparison of irri-
gated sugarcane farmers as treatment and rainfed sugarcane farmers as 
the control (only in Dwangwa, Malawi). The robustness of the results 
was assessed using the robust standard errors and bootstrapping tech-
niques [74] (Section S2; Table S29-31, Supplementary Electronic 
Material). 

Two possible treatments are assumed for households (active treat-
ment vs. control treatment), with each subject having two potential ef-
fects: Yi (0) and Yi (1), which are the effects under the control and active 
treatment, respectively under the same conditions [75]. However, each 
household receives either the active (Z = 1) or no treatment (control; Z 
= 0) [75]. In this study we use three outcomes (FSCi = Yi, HFIASk = Yk, 
MIFHPj = Yj) for each household (see Eqs. (4)–(6)) that are equal to: 

Yi =ZiYi(1) + (1 − Zi)Yi(0) (4)  

Yk =ZkYk(1) + (1 − Zk)Yk(0) (5)  

Yj =ZjYj(1) +
(
1 − Zj

)
Yj(0) (6)  

where Yi or Yk is equivalent to Yi(0) (if Zi = 0), and equivalent to Yi (1) (if 
Zi = 1). The effect of treatment is the difference between the two po-
tential outcomes: Yi (1) - Yi (0) [75]. In this case the average treatment 
effect (ATE) is E [Yi (1) - Yi (0)] [71], and defined as the average effect, 
at the group level, of moving an entire group from the control to the 
treated. If Z denotes treatment assignment (Z = 1 treatment; Z =
0 absence of treatment), and X is vector of observed baseline covariates, 
then the propensity score is defined as the probability of a subject 
receiving the treatment of interest conditional on their observed base-
line covariates: e = P (Z = 1/X) [75]. The inverse probability of treat-
ment weight (Eq. (7)) is then defined as: 

W =
Z
e
+

1 − Z
1 − e

(7) 

The weight of each household is equal to the inverse of the proba-
bility of receiving the treatment that the subject received [75]. If the 
outcome variable is denoted with Y variable (Eq. (8)), the ATE is esti-
mated as: 

1
n

∑n

i=1

ZiYi

ei
−

1
n

∑n

i=1

(1 − Zi)Yi

1 − ei
(8) 

… where n is the number of households. Another estimator of the 
ATE is (Eq. (9)): 
(
∑n

i=1

Zi

ei

)
∑n

i=1

ZiYi

ei
−

(
∑n

i=1

1 − Zi

1 − ei

)− 1
∑n

i=1

(1 − Zi)Yi

1 − ei
(9) 

The weights described earlier are estimated as: 

WATE =
Z
e
+

1 − Z
1 − e

(10) 

Similarly, to the weights described earlier, this formula allows the 
estimation of the ATE. By using different weights it is possible to esti-
mate the ATT [75] (Eq. (11)): 

WATET =Z +
e(1 − Z)

1 − e
(11) 

In observational studies it is important to define explicitly the causal 
effect and the focal population subset [76]. In Dwangwa (Malawi), we 
consider engagement in irrigated and rainfed sugarcane production and 

Table 2 
Definition of variables used in the analysis.  

Category Variable Metric 

Demographic Gender Binary (1 = male-headed; 0 = female- 
headed) 

Age of household head Continuous (years) 
Household size Continuous (years) 
Education of 
household head 

Ordinal (1 = no formal schooling; 2 
= some primary; 3 = completed 
primary; 4 = some secondary; 5 =
completed secondary or equivalent; 
6 = completed college/pre- 
university/university; 7 = completed 
post-graduate 

Education (highest 
level in the household) 

Ordinal (1 = no formal schooling; 2 
= some primary; 3 = completed 
primary; 4 = some secondary; 5 =
completed secondary or equivalent; 
6 = completed college/pre- 
university/university; 7 = completed 
post-graduate 

Farming Land ownership 
(agricultural) 

Hectares 

Crop diversity - food Total number of food crops grown 
Fertilizer usage Kilograms 
Irrigation usage Binary (1 = uses irrigation, 0 =

otherwise) 
Asset ownership Household domestic asset index 

(HDAI) 
Livestock ownership Tropical livestock holding (TLH) 

Biofuel crop 
engagement 

Biofuel plantation 
worker 

Binary (1 = plantation worker, 0 =
otherwise) 

Biofuel farmer Binary (1 = biofuel crop farmers 
(sugarcane or Jatropha); 0 =
otherwise) 

Biofuel feedstock 
experience 

Years of involvement in biofuel 
feedstock farmers or working as 
plantation workers 

Livelihood and 
income 

Market orientation Ratio of products sold to those 
produced, in energy units 

Ecosystem services 
(food) 

Summation of the frequencies of 
getting various food products from 
nature 

Total borrowed Total borrowed per year (converted 
to US$ equivalen 

Total borrowed for 
food 

Total borrowed for food per year 
(converted to US$ equivalent) 

Total income Total income per year (converted to 
US$ equivalent)  
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waged employment in the sugarcane estate (Illovo) as the involvement 
in the biofuel value chain. The first considers sugarcane estate worker as 
the treated group, and the non-sugarcane growers within the sugarcane 
area as the control (close control). The second considers sugarcane es-
tate worker as the treated group, and the non-sugarcane growers outside 
the sugarcane area as the control (far away). The third compares irri-
gated sugarcane farmers as the treated group, and the non-sugarcane 
growers within the sugarcane area as the control (close control). The 
fourth compares irrigated sugarcane farmers as the treated group, and 
the non-sugarcane growers outside the sugarcane area as the control (far 
away). The fifth compares irrigated sugarcane farmers as the treated 
group, and the non-sugarcane growers within the sugarcane area as the 
control (close control), sixth is with the non-sugarcane growers outside 
the sugarcane area as the control (far away). 

In Tshaneni (Eswatini), we consider irrigated sugarcane production 
and waged employment in sugarcane estates as the involvement in the 
biofuel value chain. The first and second comparison considers waged 
employment in the RSSC sugarcane estate as the treated group, in 
relation to the close control and far away control. The third and fourth 
compares waged employment in the community sugarcane plantations 
as the treated group, to the close control and far away control. The fifth 
and sixth comparison is between irrigated sugarcane growers as the 
treated group, against the close control and far away control. 

The jatropha sites do not contain coupled plantation and smallholder 
systems, and hence there is a small number of study groups in each area. 
In Buzi (Mozambique), we consider employment in the jatropha estate 
(Niqel) as the involvement in the biofuel value chain. Estate workers are 
considered as the treated group, while the close control group is the only 
control. This is because there is no smallholder-based biofuel production 
in the area (see Section 2.1). In Mangochi (Malawi), we consider 
engagement in smallholder jatropha production as the involvement in 
the biofuel value chain. The jatropha growers are the treated group, 
which is compared to the close control of non-jatropha farmers. This is 
because there is no plantation-based jatropha production in the area 
(Section 2.1). 

The covariates used for labour group comparisons include: age of 
household head, gender of household head, household size, education of 
household head, highest education within the household, and asset 
ownership index (HDAI). The covariates used for farmer group com-
parisons include: age of household head, gender of household head, 
household size, education of household head, highest education within 
the household, assets ownership index (HDAI), livestock ownership 
(TLH), and agricultural land size. 

2.3.4. Data analysis steps in R programming 
The data handling approach entailed:  

• Import data from Excel using readxl package [77].  
• Organise the sub-datasets for various group comparisons in a lists of 

dataframes and respective computation using the map () from purrr 
package [78]. 

For the descriptive analysis we estimate:  

• Means, standard deviations, standard errors, confidence intervals 
through the summarySE () function from Rmisc package [79].  

• Frequencies and proportions through xtabs () and prop. table ()  
• Boxplots through geom_boxplot () in ggplot2 package [70].  
• T-tests through svyttest () from survey package [69]. 

For the Inverse Probability Weighting we use two main R packages 
the WeightIt [81] and cobalt [80]. The IPW is conducted for both the 
ATT and the ATE for all metrics of food security. We follow the steps t 
outlined by Ref. [74], and summarized below:  

• Examine the initial imbalance on the covariates using bal. tab () 
function through the cobalt package;  

• Estimate weights using weightit () from the WeightIt package to 
establish balance on the covariates;  

• Trim off extreme weights using a 0.95 level through the trim () 
function from the WeightIt package;  

• Check if these weights manage to yield balance on the covariates 
using the bal. tab ();  

• Apply the derived weights using svydesign () function from the 
survey package;  

• Estimate the treatment effect using svyglm () function from the 
survey package;  

• Design the graphs using the ggpredict () function from ggeffects 
package [82] and ggplot2 package [70]. 

The distribution of propensity scores before and after weighting 
adjustment was assessed using bal. plot () function from the cobalt 
package (Figure S3-S4, Supplementary Electronic Material). The bal-
ance on covariates using absolute standardised mean differences was 
also assessed using the love. plot () function from cobalt package 
(Figure S5-6, Supplementary Electronic Material). For most of the 
groups the IPW improved that balance, however, some groups that 
balancing did not improve much, particularly in Tshaneni, for the RSSC 
plantation workers and the respective control groups. 

An important aspect in the analysis was to assess the robustness of 
the results. Some authors recommend using robust standard errors, 
while others recommend using bootstrapping [74]. In this study both 
methods are applied. The output from svyglm () has robust standard 
errors and summ () function from jtools package [83] was used to 
summarise the results and get the robust confidence intervals. To esti-
mate confidence intervals using the bootstrapping approach, the boot 
package [84] was used. A total of 2000 bootstrap replicates were run. 
The boot. ci () function was applied to derive the adjusted bootstrap 
percentile (BCa) confidence intervals [84,85]. Both the robust confi-
dence intervals and the bootstrapping confidence intervals were evalu-
ated at 97.5% (see Section S2, Supplementary Electronic Material). 
Finally, for the regression analysis we use the svyglm () from survey 
package. This allows for the incorporation of inverse probability 
weighting on data used on the regression analysis. 

3. Results 

3.1. Sample characteristics and food security patterns 

Table 3 contains some of the main characteristics of the study groups. 
Overall plantation workers in the sugarcane areas have very low land 
ownership and fertilizer compared with the other study groups in their 
respective areas. Results show large diversity in fertilizer use across 
areas, with farmers in Dwangwa (Malawi) (especially sugarcane 
farmers) using very large amounts of fertilisers compared with the rest of 
the study groups. Crop diversity shows some variability between study 
groups in the two sugarcane areas, while there is almost no difference 
between study groups in the jatropha areas. Finally it is also worth 
noting that in term of assets respondents in sugarcane areas (and espe-
cially those engaged in sugarcane production) report more assets than 
respondents in jatropha areas. 

Fig. 2 presents the mean indicator scores for each study group and 
Fig. 3 the significance of the difference between indicator scores. The 
results are rather variable between sites as described below. The Sup-
plementary Material contains more details including group distributions 
across different food security levels and detailed descriptive statistics for 
the study groups (Tables S1-28, Supplementary Electronic Material). 
Table 4 outlines the fraction of respondents falling in different levels of 
food insecurity in terms of the HFIAS. 

In Dwangwa (Malawi) groups engaged in biofuel production gener-
ally have (with few exceptions) significantly higher food security in 
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terms of the FCS, HFIAS and MIHFP scores compared to their respective 
control groups, with the best performers being irrigated smallholders, 
followed by rainfed smallholders and plantation workers (Fig. 3). Only 
few households involved in sugarcane production fall below the “poor” 
and “borderline” FCS thresholds (Table 4). Irrigated and rainfed sugar-
cane growers report the lowest HFIAS scores, indicating better food 
security compared to other groups (e.g. 90.8% of irrigated and 76.0% of 
rainfed sugarcane smallholders report secure food access in terms of 
HFIAS) (Table 4). Surprisingly, the only contradiction was the relatively 
high HFIAS and MIHFP scores for plantation workers, which were not 
significantly different from the levels reported by control groups. 
Feedback received during the dissemination of these results to local 
stakeholders suggested that this might be due to the low wages offered to 
low-skilled workers, which might not be sufficient to sustain their 
families for the entire month. However, this is anecdotal evidence that 
needs to be tested in future studies. 

In Tshaneni (Eswatini), workers in the large RSSC sugarcane plan-
tations, workers in community plantations and irrigated sugarcane 

farmers reported the highest mean FCS in this order. No members of 
these groups scored in the “poor” food consumption threshold (Table 4). 
Workers in the RSSC and community plantation also report very low 
levels of HFIAS compared to the control groups, but only RSSC planta-
tion workers report very low levels of MIHFP compared to other groups 
(Figs. 2 and 3, Table 4). With the exception of the FCS, sugarcane 
smallholders have reported almost similar indicator levels with the 
control groups. These findings possibly reflect the lower reliance of 
RSSC plantation workers on agriculture for their livelihoods considering 
the much lower land ownership, fertilizer use and livestock ownership 
(see Table 3), in an area characterized by dry climate and poor soils 
(even for irrigated farmers). 

In Mangochi (Malawi), jatropha smallholders and non-growers 
report almost similar mean FCS and HFIAS scores (Fig. 3, Table 4). 
Finally, in Buzi (Mozambique), though workers at the jatropha planta-
tion (Niqel) report relatively higher food security in terms of the FCS, 
HFIAS, and the MIFHP scores than their control groups (particularly the 
close control), the differences are not significant (Fig. 3, Table 4). 

Table 3 
Summary of farming variables.  

Project Respondent type Land ownership 
(ha) 

Fertilizer 
(kg) 

Livestock 
ownership (TLH) 

Asset ownership 
(HDAI) 

Crop diversity (all 
crops, number) 

Crop diversity (only food 
crops, number) 

Dwangwa Plantation workers 
(Illovo) 

0.7 37 0.3 54.1 3.7 2.6 

Irrigated sugarcane 
farmers 

4.9 281 0.7 127.6 6.1 4.1 

Rainfed sugarcane 
farmers 

6.3 782 1.2 132.9 5.9 4.0 

Control group, close 1.7 105 0.2 44.6 4.8 3.8 
Control group, far away 3.5 145 0.5 58.2 5.6 4.5 

Tshaneni Plantation workers 
(RSSC) 

0.1 1 0.6 118.8 3.1 2.1 

Plantation workers 
(Community) 

2.6 21 3.3 116.7 3.8 2.8 

Community plantation 
farmers 

1.6 46 4.0 174.3 4.8 3.6 

Control group, close 1.6 10 2.1 89.4 3.8 2.7 
Control group, far away 2.5 48 4.7 122.9 4.4 3.4 

Buzi Plantation workers 
(Niqel) 

3.6 0 1.6 90.3 4.9 3.9 

Control group, close 3.5 0 1.1 68.2 4.8 3.8 
Control group, far away 4.1 0 0.9 81.2 4.9 3.9 

Mangochi Jatropha growers 2.0 44 1.1 54.1 5.4 3.5 
Control group, close 1.6 35 0.7 47.4 5.1 3.4  

Fig. 2. Means and confidence intervals for food security indicators. Note: High FCS scores denote high levels of food security. High HFIAS and MIHFP scores denote 
lower levels of food security. 
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3.2. Determinants of food security indicators 

Regression analysis results identify the factors that drive the levels of 
food security indicators in each area (Tables 5 and 6). In Dwangwa 
(Malawi), involvement in irrigated sugarcane production was found to 
be a strong predictor of the FCS (β = 10.251, p < 0.01) and HFIAS (β =
− 0.826, p < 0.05) (Tables 5 and 6). Fertiliser use and income are also 
found to be statistically significant predictors for the FCS and HFIAS, 
albeit having small effect. Interestingly market orientation has a highly 
negative and significant effect for the FCS (β = − 10.551, p < 0.01). In 
Tshaneni (Eswatini), involvement in plantation work was found to be a 
strong predictor of the FCS (β = 9.370, p < 0.01) and HFIAS (β =

− 1.430, p < 0.1). Asset ownership, and income also have a positive and 
statistically significant effect on FCS and HFIAS (albeit small). 

In Mangochi (Malawi), crop diversity, dependence on ecosystem 
services for food, and asset ownership have a positive and significant 
effect on FCS (β = 3.561, p < 0.05; β = 0.365, p < 0.1; β = 0.086, p <
0.05 respectively). Market orientation and engagement in jatropha 
production have respectively a significant negative effect to food secu-
rity in terms of the FCS (β = − 8.847, p < 0.05), and the HFIAS (β =
2.793, p < 0.05). Factors that significantly improved the HFIAS include 
gender of household head (male) (β = − 2.307, p < 0.01), jatropha 
experience (β = − 0.384, p < 0.05), market orientation (β = − 4.011, p <
0.01), assets (HDAI) (β = − 0.019, p < 0.01), and land size (agricultural) 

Fig. 3. Statistical significance of differences in mean indicator scores. Note: The differences between groups are calculated after the Inverse Probability Weighing 
(IPW). Significance level: *** = 1%, ** = 5%, * = 10%, ns = not significant. 

Table 4 
Food security status of study groups.  

Project Respondent type Household Food Insecurity Access Scale (HFIAS) Food Consumption Score 

Secure 
(%) 

Mildly insecure 
(%) 

Moderately insecure 
(%) 

Severely insecure 
(%) 

Acceptable 
(%) 

Borderline 
(%) 

Poor 
(%) 

Dwangwa Plantation workers (Illovo) 65.7% 12.7% 11.8% 9.8% 88% 10% 2% 
Irrigated sugarcane farmers 90.8% 7.1% 1.0% 1.0% 92% 8% 0% 
Rainfed sugarcane farmers 76.0% 12.5% 5.2% 6.2% 83% 16% 1% 
Control group, close 61.9% 12.4% 11.3% 14.4% 71% 25% 4% 
Control group, far away 64.1% 8.7% 14.1% 13.0% 67% 26% 7% 

Tshaneni Plantation workers (RSSC) 57.7% 29.9% 12.4% 0.0% 95% 5% 0% 
Plantation workers 
(Community) 

26.6% 30.3% 30.3% 12.8% 88% 12% 0% 

Community plantation 
farmers 

17.6% 30.6% 35.3% 16.5% 88% 12% 0% 

Control group, close 14.1% 22.8% 30.4% 32.6% 72% 21% 8% 
Control group, far away 20.4% 26.5% 31.6% 21.4% 75% 22% 3% 

Buzi Plantation workers (Niqel) 94.4% 1.1% 1.1% 3.3% 80% 18% 2% 
Control group, close 89.4% 1.1% 3.2% 6.4% 72% 16% 12% 
Control group, far away 89.9% 3.0% 1.0% 6.1% 84% 16% 0% 

Mangochi Jatropha growers 52.1% 19.8% 8.3% 19.8% 72% 26% 2% 
Control group, close 56.1% 20.4% 5.1% 18.4% 84% 13% 3%  
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(β = 0.250, p < 0.01) (Tables 5 and 6). In Buzi (Mozambique), the main 
factors that significantly increase FCS are education (β = 3.806, p <
0.01) and duration of plantation employment (β = 1.001, p < 0.1), while 
the total amount borrowed for food was negatively associated with the 
FCS (β = − 0.052, p < 0.1). Market orientation and assets ownership 
significantly reduce the HFIAS, but the overall effect is rather small. 

3.3. Impacts of involvement in biofuel feedstock production 

Figs. 4 and 5 outlines the impact of involvement in feedstock pro-
duction on the main outcome variables, i.e. food security indicators. 
Below we report the ATT (Fig. 4) and the ATE (Fig. 5 calculated through 
inverse probability weighting (IPW). Section S2 and Tables S29-S34 in 
the Supplementary Material contains more extensive results. 

In Dwangwa (Malawi), the involvement in plantation work increases 
the FCS by 5.9 points compared to close control (61.9 vs 56.1; p < 0.1); 
and by 7.3 points compared to the far away control (61.9 vs 54.7; p <
0.01) (Fig. 4) (Table S29, Supplementary Material). The involvement in 
irrigated sugarcane can increase the FCS by 13.8 points (69.6 vs 55.9; P 
< 0.05) and reduce the HFIAS by 2.5 points (0.4 vs 2.9; P < 0.01) 
compared to the close control group. Similarly involvement in irrigated 
sugarcane farming increases the FCS by 15.1 points (69.6 vs 54.5; p <

0.01) and reduces HFIAS by 1.3 points (0.4 vs 1.7; p < 0.01) compared to 
the far control group. Involvement in rainfed sugarcane farming 
significantly reduces the levels of the HFIAS by 1.9 points (1.0 vs 2.8; p 
< 0.01) compared to the close control (Table S29-30, Supplementary 
Material). These findings strongly suggest that in Dwangwa, involve-
ment in smallholder feedstock production greatly improves food secu-
rity, while involvement in plantation work does not seem to have a 
strong effect. When comparing different smallholder feedstock produc-
tion practices, irrigation use significantly increases the FCS by 10.7 
points (69.6 vs 59.0; P < 0.01), and significantly reduces the HFIAS by 
0.6 points (0.4 vs 1.0; P < 0.05), compared to rainfed production (Fig. 4) 
(Table S29-30, Supplementary Material). 

In Tshaneni (Eswatini), involvement in irrigated sugarcane produc-
tion significantly increases the FCS by 7.6 points (60.4 vs 52.8; P <
0.05), and reduces the HFIAS by 2.7 points (10.1 vs 7.5, p < 0.1) 
compared to the close control group, though significance for the latter is 
low. Similarly, paid employment in sugarcane plantations has a signif-
icant positive effect on food security for RSSC workers and to a lesser 
extent for community plantation workers. Employment at the RSSC 
plantation improves the levels of both food security indicators; FCS in-
creases by 18.6 points (70.1 vs 51.4; p < 0.01) and HFIAS decreases by 
8.6 points (1.7 vs 10.3; p < 0.01), in comparison to the close control. The 

Table 5 
Regression results for the Food Consumption Score (FCS).  

Variables Dwangwa Sig Tshaneni Sig Buzi Sig Mangochi Sig 

(Intercept) 40.26770 *** 41.76668 *** 39.50077 *** 40.67760 *** 
Age − 0.05317  0.00638  − 0.05574  − 0.05642  
Gender 0.28627  − 0.98116  2.04835  1.24329  
Education - head 2.14163 *** 1.08786 * 0.09522  0.77398  
Education - highest 2.24153 ** − 0.05025  3.80578 *** 0.38890  
Household size − 0.17442  − 0.56808 * − 0.26845  − 0.45285  
Biofuel farmer (binary) 1.80062  0.00000  NA  − 5.69128  
Biofuel worker (binary) 4.18906  9.36982 *** − 2.84526  NA  
Biofuel experience − 0.00280  0.21474  1.00123 * 0.30807  
Fertilizer amount 0.00020 ** 0.02255  0.00000  0.01872  
Irrigation usage (binary) 10.25110 *** 4.48065 * NA  NA  
Food crop diversity 0.77447  1.26776  − 0.01659  3.56106 ** 
Market orientation − 10.55121 *** − 0.03038  − 0.11150  − 8.84732 ** 
Ecosystem services 0.01228  0.04295  0.24446 * 0.36575 * 
TLH 0.05296  − 0.04193  − 0.13750  − 0.56617  
HDAI 0.00866  0.02164 ** 0.02387  0.08603 ** 
Land size − 0.23369  0.07495  0.42060  − 0.52188  
Total borrowed for food 0.00303  − 0.00415  − 0.05225 * − 0.01091  
Total income 0.00042 *** 0.00047 *** − 0.00015  0.00033  

Note: Significance level: *** = 1%, ** = 5%, * = 10. 

Table 6 
Regression results for the Household Food Insecurity Access Scale (HFIAS).  

Variables Dwangwa Sig Tshaneni Sig Buzi Sig Mangochi Sig 

(Intercept) 5.37829 *** 6.80511 *** 1.35639  7.69095 *** 
Age − 0.00874  0.07676 *** 0.01190  − 0.02511  
Gender 0.10969  − 0.09111  0.33459  − 2.30681 *** 
Education - head 0.12715  − 0.37348  0.02410  − 0.15105  
Education - highest − 0.79722 *** 0.15544  − 0.33063  − 0.42441  
Household size 0.13443 * 0.09418  0.09326  0.32925 * 
Biofuel farmer (binary) − 1.26472 *** 0.00000  NA  2.79270 ** 
Biofuel worker (binary) 0.12373  − 1.43018 * − 0.84836  NA  
Biofuel experience 0.00572  − 0.12630 *** 0.11640  − 0.38362 ** 
Fertilizer amount − 0.00003 ** − 0.00372  0.00000  − 0.00439  
Irrigation usage (binary) − 0.82583 ** 0.90646  NA  NA  
Food crop diversity − 0.19664  − 0.51482 * − 0.11173  0.05864  
Market orientation − 0.20624  0.12325 *** − 0.08991 * − 4.01089 *** 
Ecosystem services 0.03386  0.04861 ** 0.01342  − 0.09921  
TLH 0.03041  − 0.08471  0.02922  0.00072  
HDAI 0.00036  − 0.00406 * − 0.00518 ** − 0.01917 *** 
Land size − 0.02754  0.09720 *** − 0.02607  − 0.25019 *** 
Total borrowed for food 0.00381 *** 0.00126 ** 0.01858  − 0.01546  
Total income − 0.00002 * − 0.00025 *** − 0.00002  0.00023  

Note: Significance level: *** = 1%, ** = 5%, * = 10%. 
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positive food security outcomes are higher compared to employment in 
community plantations where FCS increases only by 9.4 points (60.0 vs 
51.6; p < 0.01) and HFIAS decreases by 3.3 points (5.1 vs 8.4; p < 0.01). 
All of the above suggest the strong positive effect of involvement in 
sugarcane production on food security. 

For the jatropha sites, the results suggest that involvement in 
smallholder-based production (Mangochi, Malawi) and paid plantation 
employment (Buzi, Mozambique) do not have a significant positive 

effect on food security (Fig. 4). 

4. Discussion 

4.1. Synthesis of findings 

Involvement in sugarcane production seems highly likely to increase 
household-level food security for plantation workers and feedstock 

Fig. 4. ATT and bootstrapping confidence intervals for study indicators, Note: Significance level: *** = 1%, ** = 5%, * = 10%, ns = not significant: ( ) represent 
significant effect which is not robust based on bootstrapping confidence intervals. 

Fig. 5. ATE and bootstrapping confidence intervals for study indicators, Note: Significance level: *** = 1%, ** = 5%, * = 10%, ns = not significant: ( ) represent 
significant effect which is not robust based on bootstrapping confidence intervals. 
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smallholders (Figs. 3 and 4). For smallholder producers the food security 
improvement is quite substantial in Dwangwa (Malawi) (for both irri-
gated and rainfed farmers), and to a lesser extent in Tshaneni (Eswatini). 
This reflects other studies that have identified the positive socioeco-
nomic effects of engagement in smallholder sugarcane production in 
these sites [e.g. 52,58,86]. Access to irrigation seems to have a sub-
stantial positive effect on food security, as evidenced by the significantly 
better scores of irrigated farmers in Dwangwa (Malawi) compared to 
rainfed farmers (Fig. 4). 

Waged employment in sugarcane plantations has different food se-
curity outcomes in the two sites. In Tshaneni (Eswatini) plantation 
employment seems to have a strong significant positive effect, while in 
Dwangwa (Malawi) it has significant effect, however, for the close 
control the significance of the effect is not robust enough when 
considering bootstrapping confidence intervals (Fig. 4). This lack of 
strong food security was alluded to during expert workshops in 
Dwangwa, where participants outlined the generally low-paid and pre-
carious working conditions in the local sugarcane plantation. This is in 
stark contrast with the situation in the large-scale plantation in Tshaneni 
(Eswatini), where workers have reported significantly better scores for 
both indicators. 

On the other hand, engagement in jatropha production seems un-
likely to improve household food security in both sites (Figs. 3 and 4). 
Studies in smallholder jatropha settings have identified that jatropha 
production in hedges is a secondary livelihood activity, which aims to 
provide some additional income with low land investment [42,57,87]. 
Although households engaged in paid employment in the Niqel planta-
tion in Buzi (Mozambique) score better for both food security indicators 
(Fig. 3), we cannot conclude that this is due to their involvement in 
waged plantation work (Fig. 4). Studies have suggested that the received 
income from employment in jatropha plantations is often small and 
precarious given that jatropha projects are prone to collapse [88,89]. 

Depending on the site, we identify different factors driving the levels 
of the food security indicators but some interesting patterns emerge for 
some variables. In most cases, indicator levels are driven more strongly 
by the dummy variables that indicate the type of involvement in biofuel 
feedstock production (or lack of it), with this effect being more pro-
nounced in the two sugarcane areas, rather than the jatropha areas 
(Tables 5 and 6). 

At the same time, with few exceptions, all plantation worker or 
feedstock smallholder groups have substantially higher incomes than 
their control groups (Table S3 and S24, Supplementary Material). This is 
to be expected, as formal employment and other income-generating 
opportunities are quite scarce in the study areas [86]. However, 
despite being in many cases significant the absolute effect of income on 
the food security indicators tends to be low (Tables 5 and 6). On the 
contrary wealth indices such as domestic assets or livestock ownership 
(depending on the area) tend to have more significant effects to the 
different food security indicators in most sites. 

The above suggest that it might not be the actual income levels that 
influence the performance of the food security indicators, but other as-
pects such as income stability/regularity, access to credit, technical 
assistance, stable market for selling sugarcane and in-kind benefits from 
plantation employment [58,86,89,90]. In this sense involvement in 
feedstock production seems to provide a tightly linked “package of 
benefits” that contributes positively to food security. Such livelihood 
benefits have been identified in several studies of different industrial 
crops in SSA, including sugarcane [40,91]. 

In line with a priori expectations, irrigation use has a significant 
positive effect on the food security of irrigated farmers in Dwangwa, 
when compared to rainfed farmers (Figs. 3 and 4). This reflects studies 
that have identified the importance of irrigation for sugarcane produc-
tion in SSA [40,52], but this is one of the most clear-cut example of its 
importance for increasing the household food security of sugarcane 
smallholders. 

However, we have to note that despite the possible positive food 

security outcomes of biofuel feedstock production at the local level, this 
might have differentiated impacts on food security at the national level. 
Although the assessment of impacts at higher levels was beyond the 
focus of this study, there are various publications that have explored 
biofuel’s food security impacts at the national level. For example studies 
using computable general equilibrium (CGE) models in Ghana [27], 
Tanzania [92,93], Malawi [94], Ethiopia [95], and Mozambique [96, 
97] have found very diverse food security outcomes of biofuel produc-
tion at the national level due to various interlinked factors such as crop 
diversion, improved access to food due to income/employment gener-
ation, and increased food crop productivity through spillover effects. 
However, as these macro-level studies have focused only on some of the 
possible mechanisms mediating food security outcomes in SSA [46] and 
the fact that they use secondary data of (sometimes) low granularity, it is 
difficult to ascertain the possible food security outcomes at the national 
level in a truly comprehensive manner, see Ref. [27] for an exception. 
This makes this an important research gap (see also Section 4.2). 

4.2. Policy and practice recommendations 

Our results suggest that engagement in biofuel feedstock production 
has quite differentiated household food security outcomes depending on 
the crop, adopted production practices and engagement type. Generally, 
sugarcane workers and smallholders tend to be significantly better off in 
terms of food security than their control groups (Figs. 4 and 5). On the 
other hand, even though jatropha smallholders and plantation workers 
experience some economic benefits, these benefits do not necessarily 
materialise in improved household food security. These differentiated 
outcomes of biofuel crop production need to be seriously considered 
when developing incentives and policies to promote different biofuel 
feedstocks and other industrial crops in SSA. It suggests that one size- 
fits-all strategies are likely to be counter-productive, paying significant 
attention on local circumstances. 

At the time of study, jatropha was a relatively new and unproven 
crop that subsequently largely collapsed across SSA [34,38,39]. Even in 
the fully operational projects we studied, the small observed benefits 
were most likely due to the low obtained yields and the underdeveloped 
market conditions. In fact, both jatropha projects used unimproved 
jatropha strains and had limited market options to channel their pro-
duce, with the jatropha smallholders receiving little-to-no direct finan-
cial benefits [57]. Eventually, despite being the last remaining 
operational projects in their respective countries, both jatropha projects 
collapsed. In this sense, policy support for untested crops such as 
jatropha should be conditional to dedicated longer-term efforts in the 
past or future to (a) improve yields, (b) cut production costs, and (c) 
create enabling market conditions [34]. The above would require at 
least many improvements in the basic production models used for 
jatropha in SSA (i.e. minimal input [38]) including optimal irrigation 
[98], targeted fertiliser use [99] and improving germplasm and/or 
introducing improved jatropha varieties [100]. At the same time there 
should be comprehensive efforts to improve large-scale land acquisition 
processes, as many of the past approaches were linked to loss of land 
tenure, social conflicts, and the eventual collapse of many jatropha 
projects [38]. 

On the other hand, for mature and tested industrial crops such as 
sugarcane, it is important to consider that different models of production 
can have widely different outcomes on farmer decisions and household 
food security. For example, in Dwangwa irrigated smallholders were 
given land and were asked to farm it, while rainfed smallholders simply 
re-allocated to sugarcane parts of their family farms [59]. In Tshaneni, 
farmers were asked to consolidate their lands for sugarcane production 
as a pre-condition by the government of Eswatini to develop the irri-
gation infrastructure [58]. In Tshaneni and less so in Dwangwa the 
irrigated sugarcane smallholders have become owners and equal part-
ners in these community plantations. Essentially these community 
plantations operate as private enterprises, with this model that receiving 
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some success in different parts of SSA [40,91]. In both areas sugarcane 
production is mostly irrigated, but admittedly the irrigation is rather 
inefficient. Improving the water use efficiency of sugarcane for example 
through innovations in irrigation [101] and/or improved agronomic 
practices [102] would allow attaining the high current yields, but at the 
same time reduce increasing water requirement [36], which is critical 
considering the effects on climate change on water resources in the re-
gion and how the sugarcane sector in both Malawi and Eswatini was 
affected severely by the 2014–2016 El Nino event [103,104]. 

The nuances of the different types of involvement explained above 
need to be taken seriously into consideration when aiming to promote in 
SSA biofuel (and more generally industrial) crops as a rural development 
strategy with poverty alleviation potential. It would be necessary to 
identify innovative production models that can increase crop yields (and 
income/profits to producers), without putting them in a disadvanta-
geous state. The focus should be to develop attractive and strong 
packages of technical support, institutional coordination and stable 
policies that could offer sustained benefits for those involved, as our 
results indicate that it is these packages that most likely have a strong 
effect on household food security. At the same time, our results also 
indicate that various factors affect food security, having a different effect 
depending on the site. As a result adopting a “one size fits all” mentality 
can possibly have counter-productive effect. 

Furthermore, although not analysed directly in this paper, the posi-
tive outcomes of feedstock production also depend on how the demand 
for the final products is articulated through policy frameworks. Without 
a sustained national or regional market, there is a real risk that biofuel 
feedstocks (and other industrial crops) will undergo boom-and-bust 
cycles, much like jatropha [34,38,39]. This may end up negatively 
affecting the investors and local communities involved in the production 
of these crops, as they invest their land, labour and agricultural inputs. 
Securing demand over a long period of time through dedicated inno-
vation efforts would be particularly important for safeguarding the 
possible positive food security outcomes of involvement in feedstock 
production. 

Finally we should note that our study has explored only one of the 
different sustainability impacts of biofuel production outlined in Section 
1, namely food security. If biofuels are to become a truly sustainable 
renewable energy alternative there is a need for broader understanding 
not only of individual impacts, but also of their interactions. One 
important element would be to conduct deep impact assessment studies 
such as the one outlined in this paper in tandem with studies that explore 
the energy output and environmental performance of biofuels. Insights 
from techno-economic analyses [105,106], exergoeconomic analysis 
[107,108], exergoenvironmental analysis [109,110] exergy analysis 
[111,112], and different nexus approaches [12,113] can offer particu-
larly valuable insights on whether biofuel production is truly sustain-
able. A second important element is to understand better possible 
interventions that can enhance the sustainability of biofuels such as 
biorefineries,1 both in terms of their energy and environmental impacts, 
as well as in relation to socioeconomic impacts such as employ-
ment/income generation and food security. For example there is a 
burgeoning research on sugarcane biorefineries [114–116], with very 
few studies from SSA (mainly from South Africa [117,118]). Similarly, 
research on jatropha biorefineries is much more limited with only a few 
mainly conceptual studies to date [119,120], with the research from SSA 
being practically non-existent at this stage. Such research gaps would be 
necessary to be tackled in future studies if biofuels are to become a truly 
sustainable renewable energy alternative in SSA. 

5. Conclusions 

In this study we explored the local food security impacts of 
engagement in biofuel crop production in southern Africa. We explore 
these outcomes for different types of engagement (i.e. smallholders, 
plantation workers) in four sites of biofuel crop production in Malawi, 
Mozambique and Eswatini, which reflect the main biofuel crops and 
modes and production options in southern Africa (and SSA more 
broadly). The results suggest that the food security outcomes are usually 
better in sugarcane projects rather than jatropha projects. However 
there is high heterogeneity between projects, and also between groups 
within the same project. 

Such differentiated outcomes should be seriously considered when 
developing incentives and policies to promote different biofuel feed-
stocks in SSA. When it comes to jatropha projects, there should be co-
ordinated efforts to improve thoroughly the production models moving 
beyond minimal input models, for example by including optimal irri-
gation, targeted fertiliser use, improving germplasm and/or introducing 
improved jatropha varieties. These should be complemented through 
the creation of strong markets, and improving large-scale land acquisi-
tion processes, as a means of avoiding negative impacts linked to the loss 
of land tenure, the emergence of social conflicts, and the eventual 
collapse of jatropha projects. Conversely, for sugarcane projects there 
should be efforts to improve water use efficiency, possibly through 
irrigation innovations and/or improved agronomic practices. These will 
be critical to ensure the currently high sugarcane yields without over-
exploiting scarce water resources, which beyond environmental benefits 
would reduce the vulnerability of sugarcane production to droughts. 

However, such interventions should reflect the prevailing agroeco-
logical, socioeconomic and institutional context as one size-fits-all 
strategies are likely to be counter-productive. By paying significant 
attention to the local contexts and the needs there is a higher chance of 
ensuring that biofuel production can fulfill its intended development 
potential without compromising local food security. 
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