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P(
(
Xiβi + Fiγi + Ziθi)−

(
Xjβ j + Fjγj + Zjθj

)
+ (εi − ε j

)
> 0 (6)

where β, λ, and θ are parameter estimates of independent variables. P is a probability function, which
can be estimated from a variety of quantitative choice models. The outcome of the utility function in
this study is the productivity of the cassava farmers, which was estimated from the non-parametric
Data Envelopment Analysis (DEA).

2.2. The Nexus of Value Addition and Productivity

The conceptual framework in this study examines the relationship between the decision of cassava
farmers to add value and the consequent outcome of such a decision (see Figure 1). The decision to add
value within their cassava production system is determined by a number of variables. On the one hand,
these variables influence the productivity of farmers; however, we are interested in how these variable
determine productivity through value addition as an intervening factor. These variables include the
socioeconomic characteristics of the farmer; institutional and macroeconomic environment in which
the farmer is operating; crop characteristics; and the initial goal of the farming enterprise. The farmers’
socioeconomic characteristics include age, gender, education, and years of experience. These factors
may be inherited, or influenced by other external forces, and they dictate the responsibilities of farmers
within their productive systems. Institutional and production constraints define the environment
within which farmers carry out their productive activities. These include access to credit, extension
contact, and macroeconomic policies which serve as catalyst to the enterprise development of the
farmers. Farming system/crop characteristics determine to a large extent how much value addition
can be carried out. In this study, the versatility of cassava biomass increases its value adding potential.
Overall, it is expected that the decision to add value and the extent of value addition will lead to
positive outcomes (such as income and productivity).

Figure 1. The Nexus of Value Addition and Productivity; Author’s conceptualization.
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3. Materials and Method

3.1. Study Area and Sampling Procedure

The study area is Nigeria. Cassava is produced in almost all the states in Nigeria, although
the main producing zones are the forest sand guinea savannah zones [24,25]. The guinea savannah
belt consists of Kogi, Kwara, Benue, Taraba, Kaduna states while the rain forest zone includes Delta,
Edo, Ebonyi, Anambra, Oyo, Ogun, among others. We, however, selected Ogun and Kwara states
to represent the forest and guinea savannah zones in this study (see Figure 2 for the maps of the
study states).

  
(a) Map of Ogun State (b) Map of Kwara State 

Figure 2. Maps of study states; (a) Ogun state and (b) Kwara state; Retrieved from Google Maps, 2018.

Following this, a three-stage stratified random sampling was employed to select the respondents.
First, four local government areas (LGAs) corresponding to Agricultural Development Zones (ADZs)
were randomly selected from each state. These LGAs are known for substantial cassava production,
processing, and marketing activities. In the second stage, enumeration areas were selected from each
LGA proportionate to the number of EA’s in each LGA. The last stage was a random selection of
cassava farmers from each enumeration area. Farmers were classified into four groups of sole producer
(SP); producer/processor (PP); producer/marketer (PM); and producer/processor/marketer (PPM).
As a result, the basis of analysis is the cassava farmer at different levels of value addition. Overall, a
sample of 500 farming households was interviewed, but 482 (96.4%) questionnaires were useful for the
analysis after data cleaning. The distribution of the respondents across the production systems were
192 (39.8%), 199 (41.29%), 42 (8.71%), and 49 (10.17%) for SP, PP, PM, and PPM respectively.

3.2. Description of Productivity Variables

We collected information using structured questionnaires on socioeconomic characteristics of the
farmers such as age, marital status, gender, household size, education, and type of productive activities.
Information on input and output outlay across the systems were also collected. In order to estimate the
productivity changes across the systems, the information on production was collected over a period of
three years (2015, 2016, and 2017). Thus, we have a retrospective panel production data, which proves
useful in the absence of resources to gather information over the three year period [26,27]. The use of
panel data, in this case, is important in order to capture the dynamics of productivity changes across
the farmer group, and hence generate more accurate inferences [28].

Since each productive system had different types of input and output requirements, it became
necessary to find a way to get a common value for the outputs in order to ensure accurate comparison
across the farming systems. We used the monetary values of the output realized from the productive
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activities of the cassava actors. This was important in order to bring the output to the same level.
The input outlay was also measured in monetary terms and discussed subsequently.

Labour cost was the cost incurred for hired labour across all the production system plus the
opportunity cost of unpaid family labour, valued as the cost of hired labour. Apart from the similar
labour characteristics for on-farm cassava production, additional labour costs are incurred for value
addition. The variable for seed was assumed to be the raw material for production across the systems.
It therefore include the price of stem cuttings for SP only, cassava tubers for the processing systems,
and marketable biomass (raw tubers or finished products) for those involved in marketing.

Value addition involved mainly processing; thus we included the variable ’power’, which includes
every kind of source of generation of power on the farmers’ resource base. Hence, we included the
cost of electricity, fuel for machines, and wood and other traditional fuels for processing. Marketing
functions also included the use of power, especially electricity and fuel for generating sets that would
power storage functions. A minimum estimate of household electricity consumption was used for
SP who were not involved in value addition. The fourth input used is transportation. We assumed
that transportation cuts across all systems. SP farmers incur costs for their productive activities (such
as transportation to and from farms). Also, the costs of transportation includes the costs incurred in
obtaining and delivering raw materials and finished good for the value addition groups.

3.3. Data Analysis

i. Total Factor Productivity (TFP) across Cassava Production Systems in Nigeria

The TFP index measures productivity by comparing the observed outputs in periods 1 and 2
with the maximum level of outputs that can be produced using the inputs x1 and x2 under a reference
technology. Specifically, the study made use of the Malmquist TFP index [29], which uses a radial
distance of the observed outputs and inputs in the three periods with respect to a reference technology
(the year 2015). The distance measure could either be input orientated or output orientated. Input
distance orientation seeks to minimize the quantity of inputs used to obtain the desired output, while
the output orientation seeks to maximize output levels given a vector of inputs. The results of the
input and output orientation are synonymous, however, this study made use of the input orientated
Malmquist TFP index.

Input Orientated Malmquist TFP Index

The input orientated index examines how levels of inputs, x1 and x2, that can be used to produce
the observed levels of outputs, y1 and y2, relative to the reference technology. Using 2015 as the
reference technology, the index for each of the other two years (2016 and 2017) with respect to the
reference year is given as:

m1
i (y1,x1,y2,x2) =

d1
i (y2,x2)

d1
i (y1,x1)

(7)

Assume that there is technical efficiency in both periods, i.e., d1
i (y1x1) = 1, then

m1
i (y1,x1,y2,x2) = d1

i (y2,x2) (8)

This can be similarly done if the reference technology is period 2. Therefore, the input orientated
Malmquist index is:

mi(y1,x1,y2,x2) = {m1
i (y1,x1,y2,x2)·m2

i (y1,x1,y2,x2)}0.5 (9)

The above is a measure of productivity growth when technical efficiency is assumed in the two
periods. However, if there is technical inefficiency, which is the most probable case, the observed
productivity change can be given as follows:
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mi(y1, x1,y2,x2) =
d2

i (y2,x2)

d1
i (y1,x1)

[
d1

i (y2,x2)

d2
i (y2,x2)

× d1
i (y1,x1)

d2
i (y1,x1)

]0.5

(10)

Equation (4) comprises two ratios: The ratio outside the bracket is the measure of Efficiency
change, while the ratio in the brackets is that of the technical change.

It is important to note that the Malmquist TFP index was composed of the following:

i. Input distance measure
ii. Constant returns to scale

Estimation of four productivity measures of technical change, price change, scale efficiency
change, and total factor productivity change.

Estimation of productivity can be done either by a parametric or non-parametric approach.
The parametric measure, which includes the Stochastic Frontier Analysis, involves fitting an
appropriate functional form for the estimation. However, the non-parametric estimation does not
require fitting a functional form. The most popular non-parametric measure is the Data Envelopment
Analysis (DEA) which was used in this study.

Data envelopment analysis (DEA) has been assessed as a tool for the determinants of efficiency
measures even with multi-outputs and multi-inputs scenarios. DEA is able to produce efficiency
measures for each observational unit. It is also able to provide measures of productivity changes
across time periods. The strengths of the non-parametric measure of DEA include the ability to
estimate models without having to specify a functional form, estimate models with insufficient
degrees of freedom, overcome extreme variability within the data, as well as determine productivity
estimates from purely quantity data. However, it is easily affected by outliers and there is no statistical
inference to be made to determine the significance of the results [30,31]. This study therefore used the
DEA-Malmquist productivity measure to assess the productivity of cassava production systems over
the 2015–2017 period in Nigeria. We estimated the DEA productivity measure for each production
system in order to explore system-specific measures. We also estimated the productivity for the
pooled data.

Since this study compared input and output outlays across different production systems,
the possibilities of obtaining zero values increases. The systems had differing physical input and
output outlay, which would have led to missing data when they were combined for the productivity
comparison. Upholding the assumption of positivity and non-zero input/output outlay [32,33] would
have meant a reduction in sample size if observations with zero values were deleted. The use of
appropriate data preparation and modification of the DEA model could, however, help solve this
problem. In order to successfully compare productivity across the systems, we followed the proposition
of [34] in preparing the data for the DEA analysis in ensuring measurable values across groups and
maintaining the positivity assumption. Therefore, the monetary values of all inputs and output outlay
in the production processes were used. Specifically, the assumption of positivity was upheld across all
the observations by using minimum transactional values which would have no effect on the overall
efficiency outlay.

We estimated the DEA productivity measure for each of the production system, as well as for the
pooled data. The DEA Malmquist measure gave the following estimates

(i) Efficiency change;
(ii) Technical change;
(iii) Pure technical efficiency change(corresponding to the VRS efficiency measure);
(iv) Scale efficiency change; and
(v) Total Factor productivity change.

The efficiency change being estimated is equivalent to the ratio of the Farell technical efficiency
in period 2 to the Farell technical efficiency in period 1 [35]. This efficiency change is based on the
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assumption of a Constant Returns to Scale (CRS) technology of production. The technical change is
the geometric mean of the shift in technology between two periods. A value greater than 1 implies a
technical progress from period 1 to 2. Pure technical efficiency change is measured from the variable
returns to scale technology. Scale efficiency change measures the change in productivity from a change
in the scale of production and their movement towards the technologically optimum scale between
two time periods. It is a measure of losses as a result of sub-optimal production size. A value greater
than 1 means that the farm is nearer the optimum scale of technology in the period under consideration
as opposed to the reference period.

ii. Estimating the Impact of Value Addition on Productivity of Cassava Households

Past studies that examined productivity differentials have estimated differences in productivity
by specifying production functions and comparing efficiency measures for each of the different choice
regimes [36]. However, households’ decision to participate in any extra investment such as value
addition is an endogenous one [37,38]. This is because the decision to participate in value addition
is necessarily voluntary, hence the decision to add value and the consequent level of productivity
may be affected by inherent factors such as skills, experience, and innovation, which may, therefore,
lead to the problem of selectivity bias. Therefore, if, for example, the cassava farmers have obtained
additional skills or invested in more capital to increase their production, then their productivity is
likely to increase whether or not they are involved in value addition. Hence, we cannot infer that
value addition alone has led to an increase in his productivity. One of the best ways to deal with
this problem is fitting a simultaneous equation model. Estimating a pooled econometric regression
of both decision regimes assumes that similar explanatory variables have the same impact on the
two groups, and the average effect of a value adding decision is for the whole sample [39]. This may,
however, not be feasible. Moreover, an Ordinary Least Square (OLS) estimation will give consistent
estimates only if the error terms are independent; if not, the estimates will be biased and it becomes
important to use models that deal with the endogeneity in the data [40]. This is the basis for the use of
an endogenous switching regression model. Endogenous switching regression models helps to model
the counterfactual impact of choice regimes when the issue of selectivity bias arises. This is especially
important with the non-random assignment of respondents in observational studies to the different
choice regimes [41].

In this study, we attempted to model the expected outcomes of value addition on the productivity
of cassava farmers in Nigeria. Productivity, as defined earlier, is the total revenue from the productive
activities (either value adding or non-value adding) within the cassava system. First, we determine the
two counterfactual regimes in our study as 0 for non-value adders and 1 for value adders. For simplicity,
we merge the farmers who add value at any capacity as ‘value adders’ and those who do not as
‘non-value adders’. For our sample, the non-value adders are the farmers in the sole producer (SP)
production system. They are assumed not to add value in terms of processing or marketing to their
cassava system. The value adders are those in the other three production systems (PP, PM, and PPM).
The model follows that of [42–45].

Let di denote the latent variable that determines the value adding decision of farmers, with 1 =
households in regime 1 (value adders) and 0 = households in regime 2 (non-value adders). We used
the following index function to describe di as:

d∗i = ωZi + μi; (11)

di = 1 i f d∗i > 0 (12)

di = 0 i f d∗i ≤ 0 (13)

The respondents have two possible outcomes dependent on the choice regime they belong, so that:

y1i = β1X1I + v1i i f di = 1 (14)
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y2i = β2iX2i + v2i i f di = 0 (15)

The yji are the outcome variables of the continuous equations; Zi, X1, and X2 are vectors of weakly
exogenous characteristics; β1, β2, and ω are vectors of parameters to be estimated. We also assume
that the three error terms are trivariate normal, with mean zero and a covariance matrix [39].⎡

⎢⎣ σ2
μ . .

σ21 σ2
1 .

σ31 . σ2
2

⎤
⎥⎦ (16)

where σμ is the variance of error in the selection equation; while σ2
1 and σ2

2 are variances of error in
the outcome (continuous) equation. Also, σ21 and σ31 are the covariances of μi and ν1i, and μi and ν2i,
respectively. The covariance between ν1i and ν1i is not defined since in the counterfactual, we cannot
observe both y1i and y2i at the same time.

The model above is an endogenous switching regression, in which the error term of the selection
equation is correlated with the error terms in the outcome equation. The model could be estimated
using a two-step approach or a maximum likelihood approach [42,44,46]. However, following [43],
the model can be efficiently estimated with a single step Full Information Maximum Likelihood (FIML)
estimation procedure. This study therefore used the user-written ‘movestay’ command on stata 14 to
estimate the FIML following studies of [37,44]. The FIML simultaneously estimates the selection and
outcome equation in one step, in order to yield consistent estimates of the standard errors. The FIML
model proposed by [43] and used for this study is presented as follows:

lnLi = ∑
i=1

{
Iiwi

[
ln(F(η1i) + ln

(
f (ν1i/σ1)

σ1

)
+ (1 − Ii)wi[ln(1 − F(η2i))+ ln( f (ν2i/σ2/σ2))]

]}
(17)

where ηji =
ωZI + ρjνji /σj√

1 − ρ2
j

, f or j = 1, 2 (18)

With rho(ρ) being the correlation coefficient between the two error terms; such that ρ1 =
σ2

21
σμσ1

and

ρ2 =
σ2

31
σμσ2

are the correlation coefficients between ν1 and μ, and ν2 and μ, respectively.
The signs and significance of rho (ρ) have economic interpretations. When rho is significant,

then there is evidence of endogenous switching which would then result in selection bias. Also, when
ρ1 and ρ2 have alternate signs, the decision for each regime is based on comparative advantage [45],
while it indicates hierarchical sorting if they have the same signs [37,38]. Once the parameters
have been estimated, both conditional and unconditional potential outcomes can be determined.
The Unconditional estimates are:

E(y1|xi) = X1iβ1i (19)

E(y0|xi) = X0i β0i (20)

Hence, the population Average treatment effect;

(ATE) = E(y1i − y0i|Xi) (21)

The conditional parameter estimates are:

i. Potential outcome of farmers who are value adders and self-select into value adder groups

E(y1i|xi, d = 1) = X1iβ1i + σ1ρ1 f (ωZi)/F(ωZi) (22)
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ii. Potential outcomes of non- value adders who self-self into non-value adder groups.

E(y2i|xi, d = 0) = X2iβ1 − σ2ρ2 f (ωZi)/(1 − F(ωZi)) (23)

iii. Potential outcomes of value adders if they were non-value adders

E(y1i|xi, d = 0) = X1iβ1 − σ1ρ1 f (ωZi)/(1 − F(ωZi)) (24)

Potential outcomes of non-value adders had they been value adders

E(y2i|xi, d = 1) = X2iβ1 + σ2ρ2 f (ωZi)/F(ωZi) (25)

The conditional outcomes are particularly important in this study. We are able to derive the
Average Treatment Effect on the Treated (ATT) which is the impact of value addition on the outcome
of value adders. The ATT is the difference in the potential outcome of value adders who self- select
into value adder groups and the outcome of value adders had they been non-value adders.

ATT = E(y1i − y2i |d = 1) = Xi(β1 − β2) +
(
σ1μ − σ2μ

)
ω1 (26)

A similar model, but not used in this study, is the ‘etregress’ function in Stata for the estimation of a
FIML of the Endogenous Switching Regression Model (ESRM). The ‘etgress’ models a linear regression
model for the outcome variable and then a constrained normal distribution function in order to correct
for the bias that arises from the deviation from the conditional independence assumption in the causal
effect estimation procedure [47].

4. Results and Discussion

4.1. Summary Characteristics of Farmers across Cassava Production Systems

In this section, we present the results of the socioeconomic and production characteristics across
the different production systems of cassava in the country. Table 1 shows that overall, there are more
males (73.39%) than females (26.61%) in the cassava system. However, while SP were mostly male
(91%), value addition systems (PP, PM, and PPM) had more female members among them. The overall
average age of owners of enterprise was 47 years, with the oldest (about 53 years) and the youngest
(about 46 years) in the PM and PP systems, respectively. Household size significantly differed across
the system; averaging 7 members; except for PM households with 10 members.

There was no significant difference across the systems in terms of years of education which
averaged 7 years. There were however significant differences in the number of years of experience
with a mean of 17 years across the farmers. Farmers in the SP system had the highest number of years
of experience at 21 years, while the PP farmers had the least at 17 years. This may be indicative of the
preponderance of younger generation farmers in value addition system.

Significant differences were seen with land area holding across the systems. The average land
area was 2.4 ha across the systems; however PM production system had significantly higher land area
(4.43 ha), and the PP system had the least (1.85 ha). There was a general low proportion of farmers
with agricultural training (24%), although up to 31% of owners in the PP systems received agricultural
training and not more than 12% of the PM received agricultural training. Access to credit was generally
low across the systems, however PPM system farmers had higher access to credit (about 40%) than
the other groups. Registration of agricultural enterprise was extremely low across the systems (1.7%),
however registration was highest (4.4%) among PPM farmers, while none of the PP farmers had
registered their enterprise.
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Furthermore, there was a low level of contact with extension agents (26.9%) across the production
systems. However, farmers who added values at any of the levels had higher contact with extension
agents, with about 37% of the PPM having extension contact. This may signify some form of
endogeneity with respect to revenue generation from the systems. Although there was no significant
difference in terms of membership of social group, only about 39% of the farmers had social group
characteristics. Social group characteristics was however highest among the PPM (55%) and lowest
among the SP (36%) farmers.

4.2. Summary Statistics of Costs and Returns across Cassava Production Systems in Nigeria

The summary of variables used to measure productivity is presented in Table 2. The pooled
summary showed an increase in output revenue among the cassava farmers. However, it was noted that
while labour costs reduced over the years, costs of other variable inputs (seed, power, and transport)
increased. The reduction in labour cost may be as a result of increasing use of improved technologies
of production across the systems. The increase in seed costs may be the result of increase production
expansion and/or utilization of cassava as a result of increased awareness of its usefulness. The increase
in power costs is not unconnected on the one hand to an increase in electricity tariffs and petroleum
products in the course of the three periods. Transportation costs generally increased in Nigeria when
prices of petrol rises; which has been the case in Nigeria in the past years since 2015.

The result in Table 2 also shows that the highest cost outlay came from the PM, followed by the
PPM production system. However, the PM also had the highest revenue outlay, also followed by
the PPM system. This shows the importance of access to market in agricultural systems. Access to
market ensures that the farmers get remunerative prices for their produce. Although value additions
in terms of transportation, storage, and communications may increase costs when compared to the
other systems, the revenue is also highly significant enough. This reinforces the claims that value
additions in terms of processing and marketing are important in raising the productivity of farming
systems [10,18]. These significant differences in output and costs outlay already shows that there are
differences in the production dynamics across the systems. This further forms an empirical basis for
examining productivity differentials across the systems.

4.3. Productivity Measures across Cassava Production Systems

The Malmquist total factor productivity measure was estimated from the linear programming
Data Envelopment Analysis, with the assumption of constant returns to scale and input orientation.
First, we present efficiency as a measure of the productivity of the cassava farmers. Then we present
the result of productivity changes across the systems for the periods under review.

The result of the mean technical efficiencies across the systems and for the pooled data is presented
in Table 3. The result presents the mean technical efficiencies for the three time periods (2015, 2016,
and 2017) for constant returns to scale and variable returns to scale. The results shows mean technical
efficiencies of 73.3%, 71.8%, and 71.6% for the period 2015, 2016, and 2017, respectively. This shows
that when compared to the reference group (a cassava farmer on the frontier), the sampled farmers
have a 27.7%, 28.1%, and 28.4% chance of being on the best option frontier, that is, of increasing their
output with the existing inputs for the respective years. The results also imply there was a decline in
efficiency from the reference period (2015) to the other periods (2016, 2017). This follows the general
decline in value added for agriculture in Nigeria which has had a growth rate of less than 1% over the
years, with cassava production significantly less than the estimated potential for the country [6].
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Table 3. Mean Technical Efficiencies across Cassava Production Systems in Nigeria.

Period/Technical
Efficiency

CRS VRS

SP PP PM PPM POOLED SP PP PM PPM POOLED

2015 0.836 0.825 0.770 0.894 0.732 0.865 0.881 0.840 0.937 0.806
2016 0.833 0.808 0.737 0.895 0.718 0.859 0.868 0.833 0.943 0.803
2017 0.839 0.812 0.761 0.911 0.716 0.881 0.874 0.842 0.948 0.796

Source: Computation from the DEA results output.

With respect to the different systems however, we see a decline in technical efficiency from
2015–2016 across the SP, PP, and PM systems. There was, however, an observed increase in mean
technical efficiency between 2016 and 2017. For the PPM system, however, we found a steady increase
in technical efficiency of 89.4%, 89.5%, and 91.1% for each of the three years respectively. This indicates
that increased value addition through processing and marketing has the tendency to increase revenue
and overall productivity of actors.

4.4. Productivity Growth across Cassava Production Systems

In addition to providing the technical efficiencies across the time periods, the Malmquist DEA also
gave measures of changes in some productivity indices across the systems over the years. The results
displayed in Table 4 gives the measures of technical change, scale efficiency change, perfect technical
change, and total factor productivity change. When observed across the four production systems,
we found that in 2016, only technical change increased across all the systems. This suggests that there
was an improvement in technology use between 2015 and 2016 within cassava production systems
in Nigeria. However, there was a general decline in scale efficiency across the system, implying that
there was little in terms of scaling up among the cassava farmers between 2015 and 2016. Perfect
technical efficiency measure using a Variable Returns to Scale (VRS) technology frontier improved only
with SP and PPM production systems, while efficiency change improved only with PPM. Total factor
productivity increased across all the systems, except for the PM system. The highest productivity
change was found in the PPM system.

Table 4. Productivity Growth across Cassava Production Systems in Nigeria.

System/Growth Indices
2016 2017

SP PP PM PPM Pooled SP PP PM PPM Pooled

Efficiency change 0.997 0.978 0.960 1.004 0.982 1.007 1.006 1.030 1.020 0.997
Technical change 1.005 1.027 1.037 1.019 1.020 0.978 0.974 0.950 0.933 0.980

Pure technical efficiency change 1.006 0.986 0.982 1.009 0.996 0.994 1.006 1.014 1.007 0.992
Scale efficiency change 0.991 0.992 0.977 0.995 0.986 1.013 1.000 1.016 1.013 1.005

Total factor productivity change 1.002 1.005 0.995 1.023 1.002 0.985 0.980 0.979 0.952 0.976

Source: Computed from DEA analysis of field survey data, 2018. Note; Year 2015 is the reference year.

In 2017, we observed an improvement in technical efficiency across the four systems, and the
extent of improvement was highest among the PPM system. Also, scale efficiency change was positive
for all production system and highest among the PPM. Perfect technical efficiency improved in all the
production systems except for the SP. Total factor productivity was however found to have declined
between 2015 and 2017. A plausible reason for this may be the decline in agricultural production
generally as a result of conflicts and other risks within these periods in Nigeria. Moreover, inflation
rose to an all-time high of 16% in 2017 as compared to the previous periods under study. This led to a
general increase in costs of production while reducing the purchasing power of consumers.

From the pooled results, we observed a positive growth in total factor productivity between 2015
and 2016. However, when compared to 2015, there was a decline in total factor productivity in 2017 by
0.024. There was, however, positive scale efficiency growth among all the farmers. All the components
of total factor productive also showed a decline. Therefore, we can assert that there is a decline in total
factor productivity in Nigeria within the cassava system.
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The above results show that there exist differences in productivity levels across the systems of
cassava production. However, no causal inference can yet be made with regards to the impact of value
addition within the systems. The differences shown also indicate evidence of selectivity bias in the
sample. Value addition and better productivity could be the result of some intrinsic characteristics of
the farmer that enhances the decision to invest in value added activities and get better returns than
their counterparts.

As a result of this, we resort to the use of an endogenous switching model to estimate causal effect
of value addition in the cassava system. This is expected to provide the exact extent of productivity
differential with value addition without bias.

4.5. Productivity Impact of Value Addition across Cassava Production Systems

The descriptive analysis and productivity measures have shown that there are differences in
productivity outcomes for the different systems (value addition/non-value addition) in the cassava
system. However, to estimate a proper impact of value addition on productivity, an impact assessment
needed to be carried out. As a result of assumed inherent endogeneity in the model, we used
the endogenous switching regression procedure of [42] to model the outcome of value addition in
cassava system on the output of cassava farmers in the study area. In the switching regression model,
the variables that are contained in the covariates Xi for the outcome variable may overlap with that
of the selection model, Zi. There must, however, be some variables that identify Zi separately from
Xi [42,45]. These variables are said to determine the outcome equation only through the selection
model [44]. The productivity equation is jointly estimated with the selection equation that determines
value addition among the farmers.

The result of the FIML estimates is given in Table 5. First, given the significant LR test shown
in the table, we are able to reject the null hypothesis of no correlation between the unobservables
that determine the treatment and the outcome. Hence, a justification for the use of an endogenous
switching regression model. Using an OLS regression to model the impact in this case would, therefore,
have given biased estimates, and thus the need for a switching regression. The coefficient of rho for
the two regimes have alternate and significant signs, implying that self-selection occurred in the value
addition decision for the farmers [43]. While it is positive and significant for farmers that are value
adders, it was negative and significant for the non-value adders. This suggests that the decision to add
value is based on comparative advantage. This is consistent with studies of [37,45], where comparative
advantage was found as the basis for adopting technology and nonfarm activities respectively.

The significance of the coefficient of rho for value adders imply that there may be unobservables
that tend to lead to higher productivity rather than just adding value to cassava. Furthermore,
the difference between ln sigma1 and ln sigma2 is positive suggesting that there is positive gain from
value addition among farmers in the cassava system.

In the second column, we have the estimates of the joint Probit model in the joint estimation.
The coefficient of gender of the farmer shows that the probability of value addition reduces for being
male. This may be indicative of the socio-cultural attachment of women to agricultural value addition
in general and within the cassava system in particular [48,49]. An increase in the land area available to
the farmer was found to increase value addition in cassava. Land area is most times proportional to
higher production in many rural systems, thus there is ample harvest that needs to be sold immediately
or processed. Value addition leads to an increase in life span (processing) and better sales (marketing
services) and thus may be a better option than waiting on farm-gate sales [50,51].
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Table 5. Full Information Maximum Likelihood (FIML) Estimates of Impact of Value Addition of
Productivity of Cassava Farmers.

Selection Model Productivity Equation

Value Adders/Non
Value Adders

Value Adders Non Value Adders

Constant 0.552 ***
(0.181)

5.322 ***
(0.137)

4.592 ***
(0.189)

Gender of farmer (base = female) −1.019 ***
(0.094)

0.347 ***
(0.076)

0.471 ***
(0.117)

Age of farmer 0.005
(0.003)

0.005
(0.003)

−0.008 ***
(0.003)

Land area 0.021 ***
(0.010)

−0.058 ***
(0.007)

−0.079 ***
(0.008)

Years of education −0.028 ***
(0.008)

0.000
(0.006)

0.008
(0.007)

Agricultural training 0.187 **
(0.094)

−0.197 ***
(0.074)

−0.007
(0.082)

Non-farm activities 0.075
(0.073)

0.032
(0.059)

−0.106 *
(0.063)

Access to extension 0.278 ***
(0.092)

0.142 **
(0.073)

−0.163 **
(0.078)

Years of experience −0.008 ***
(0.003)

−0.010 ***
(0.003)

0.004
(0.003)

Access to credit 0.014
(0.083)

−0.101
(0.064)

0.045
(0.071)

Membership of social group 0.098
(0.072)

0.248 ***
(0.058)

0.010
(0.063)

Marital status (base = single) 0.172 **
(0.082)

Registration status of enterprise
(base = no)

1.113 ***
(0.205)

Level of utilization (base = Low)

Medium 0.399 ***
(0.072)

Full 0.329 ***
(0.075)

Ln Sigma1 −0.168 ***
(0.042)

Ln Sigma2 −0.188 ***
(0.057)

Rho1 0.615 ***
(0.082)

Rho2 −0.895 ***
(0.034)

LR test of independence 24.99 ***

Note: Standard errors in parentheses; *, ** and *** are significance at 10%, 5% and 1% respectively.

Farmer’s level of education was found to reduce the probability of adding value within the
cassava system. This may be surprising in the light of empirical evidence on the importance of
education in adopting innovation. However, [52] showed that the impact of education on agriculture
may not be a direct effect on the farm family. In fact, he was able to show that with increased education
and more formal skills, individuals tend to explore work option in the non-farm sector. There is
alsoevidence of an inverse relationship between formal education and farmers’ adoption of innovative
processes [53]. The coefficient of agricultural training however showed that agricultural training
increased the probability of farmers being involved in value addition. Although the descriptive shows
that a smaller proportion of the farmers have agricultural training, we find that training is important
in changing production perspective of the agricultural households towards a better frontier than was
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previously operated on [54,55]. Access to agricultural extension was found to equally be significant
in increasing the likelihood of farmers to add value to their cassava products. Farmers that have
access to adequate extension services have been found to be exposed to innovation that changed their
perception and increased their knowledge in value addition [56,57].

Our results found that years of experience reduced the probability of adding value among the
cassava farmers. This may be connected with the fact that ideas and practices that have been set
in production practices over the years become harder to change with proficiency in the field and
especially as the farmer grows older. Also, value addition may be considered risky and labour
intensive, for which older and experienced farmers have been reported to shy away from such [58,59].
This, however, contrasts with the study of [60], where more experience farmers adopted improved
technology. Married farmers were also more likely to add value than single farmers in the sample.
This suggests the need for additional income for bigger household size for married individuals.

Registration status of farmers’ enterprise was positively linked to value addition. While
registration per se does not affect productivity, it affords the farmers access to certain market-based
innovation and interventions such as insurance, credit, and subsidies that would be given only to
farmers who can be tracked by their registration status [61], which could have been made possible
with proper registration, the impact of which may be lower productivity.

The higher the level of utilisation of cassava within a farmer’s cassava field also led to a higher
probability of adding value for income generation. For example, [62] showed the utilization pathway
for agricultural waste leads to increased value addition and reduction in environmental pollution.

The revenue/productivity equation is presented in the third column of Table 5. The estimates are
presented separately for the value adders and non-value adders. The results show that the estimated
log of output for value adders increased significantly for being a male farmer and with access to
extension for the value adding farmers. The estimates of the gender of the farmer is consistent with
agricultural productivity literature which shows that male-headed farming households had better
productivity than their female counterparts [63,64]. This finding is synonymous with several gender
related literature in productivity, where women’s lack of access to productive resources meant that they
had significantly lower productivities than men [65]. Access to extension was also found to improve
productivity of value adders in the study. This follows productivity literature where extension services
led to the dissemination of information that may be productivity-increasing for the farmers [66].

Larger land area was however found to have an inverse relationship with productivity, following
the literature on agricultural productivity. For example, [67,68] found an inverse relationship between
land size and productivity, which was posited as a result of diseconomies of scale for the smallholder
farmers. However, [69] found a positive relationship between farm size and productivity, most likely
the result of fertilizer use. Contrary to most literature, in [70,71] agricultural training was however
found to negatively impact on the productivity of value adders. This may be that additional agricultural
training leads to diminishing marginal returns on productivity since the farmers were already added
value Years of experience also led to a loss of productivity of the value adders. This is also consistent
with studies that show that older and more experience farmers are less able to exert energy and take
risky decisions, with negative consequences for their productivity [59]. This is, however, different from
the studies of [72], who found that years of experience improved human capital and led to increased
agricultural productivity in Senegal.

Our results also reveal that social capital is important in improving the productivity of the value
adders in the cassava system in Nigeria. This follows consistently with literature that examine the
effect of social capital on productivity and welfare. The importance of social capital in our case is
especially observed with the value adders. Hence, social capital while promoting group cohesion may
help to improve adoption of innovation [73], lower transactional costs and returns higher prices [74,75],
and serve as a risk management tool [76].

For the non-value adders, we found that older farmers had significantly lower productivity. Thus,
apart from gaining experience as the farmer gets older, age in itself leads to loss of vigor and reduction
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in managerial and labour capacity of the farmer. The coefficient of land area was also negative
and significant, supporting evidence of the inverse relationship between land area and agricultural
productivity. Female-headed households in the non-value addition groups also had significantly lower
productivity than their male counterparts. The coefficients of non-farm activities also showed an
inverse relationship to productivity for non-value adders. This is supported by [77], where non-farm
activities led to a loss of labour from smallholding farms and hence a reduction in productive capacity.

Moreover, the coefficient of access to extension was negative and significant in determining the
productivity of the farmers. In their study, [66] found that the impact of extension on productivity
came through farmers adopting the improved technology brought by extension. Hence, the negative
effect of extension on productivity of the non-value adders may be suggestive of the decision not to
add value in spite of possible contact with extension. However, as shown in the descriptive statistics,
inadequate access to extension services may also result in low access to production information and
hence low productivity [78].

4.6. Estimated Impact of Value Addition on Productivity of Cassava Farmers

We present the unconditional and conditional outcomes (Log of value of output/ha) of value
addition to the cassava farmers in this section. The results are presented in Table 6. The difference
between the unconditional outcomes for value adders and non-value adders gives the population
Average Treatment Effect (ATE). On the other hand, the differences in the conditional outcomes give
the Average Treatment Effect on a Treated (ATT) population within the study.

Table 6. Estimated Impacts of Value Addition on Productivity.

Mean t-Test

Unconditional

E(y1i|Xi) 5.048(0.010)
E(y0i|Xi) 4.395 (0.010)

ATE 0.653 (0.014) 46.92 ***

Conditional

E(y1i|d = 1) 5.392 (0.011)
E(y0i|d = 1) 5.128 (0.013)

ATT 0.263 (0.010) 14.91 ***

Note: Standard Errors in parentheses; *** is significance 1%.

The potential productivity measures for cassava farmers who are value adders and non-value
adders, given the covariates (Xi), are 5.048 and 4.395 respectively. Therefore, the ATE of value addition
in the cassava system in Nigeria is estimated at 0.653; that is, value addition within the cassava system
returns an extra productivity value of 0.653 (14.85% increase) to the farmers.

In order to determine the impact of value addition on the productivity of farmers who are already
value adders, the conditional outcome for the value adders (Ey1i/d = 1) was compared to what they
would have had if they were not value adders (Ey0i/d = 1). The difference in the outcomes is the gain
(or loss) for value addition. The mean log of productivity/ha for value adders is 5.392, while the
outcome if they were not value adders would be 5.128. The Average Treatment Effect on the treated
population of value adders (ATT) is, therefore, 0.263. This implies a positive gain of about 5% in
productivity for value addition. Hence, value addition within the cassava system has the ability to
enhance farmers revenue be increasing the sources and values of their production system. It is known
that value addition places a premium on agricultural products, thus the extra gain from the value
addition process increases overall productivity of the farmers.
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5. Conclusions and Policy Recommendations

Despite the knowledge that value addition and increased biomass utilization has been shown
to increase revenue base of farmers, there has been a dearth of information on the productivity
differences across production systems that define these value additions. Using farm-level data from
cassava farmers at different levels of value addition and cassava utilization, this study examined the
productivity differentials across four identified cassava production system. The study also estimated
the impact of value addition on farmers’ output while solving for potential selectivity bias. Estimates
of average differences in productivity and technical efficiency are not sufficient to account for the
impact of the decision to add value to cassava, since they do not effectively account for other farmer
characteristics that may come to play. We, therefore, modelled the impact as a selection process where
an expected increase in productivity drives farmers’ decision to add value, using an endogenous
switching regression model. The endogenous switching regression model was able to correct for
selection bias and model the impact of value addition on value adders and non-value adders in
the study.

The study found that mean technical efficiencies were below the frontier for all the systems.
This implies that cassava farmers still need to improve conversion of input to output more efficiently
in order to be on the best practice frontier. However, technical efficiency was highest for the PPM
system, which combined processing and marketing as value added activities in the cassava system.
Decomposing the productivity increases, we found that while technical change was the reason for
improved efficiency in 2016, scaling up was the factor that increased productivity in 2017. Therefore,
we conclude that value addition in cassava production systems lead to an increase in technology use at
the first and then to a scaling up effect in subsequent periods. These leads to an increase in productivity.

Estimating the effect of value addition on productivity with respect to aggregated value adding
farmers versus non-value adders using the ESRM returned significant positive gains for value addition.

Our results have policy implications with respect to the decision to add value and the level of
productivity of cassava farmers in Nigeria. The findings suggest that the decision to add value is
dependent on the extent to which farmers have access to innovation information through extension
and agricultural trainings. Hence, a renewed call for strengthening extension education and training
within the Nigerian farming systems. There is a particular need to provide an avenue for farmers and
research to exchange information and ideas through farmer field school, on-plot trainings, or relevant
information transfer using appropriate media.

Moreover, formal registration of farmers was found to be significant in the decision to add
value, hence the need to make the registration process of small and medium enterprises simple and
affordable. Smallholders are largely excluded from mergers and investment opportunities since their
registration status are unknown too investors. Therefore, making registration and the attendant
benefits available to the farmers will enable them gain opportunities to investment. Also, the need
to improve the capacity of social networks among the farmers is important. Our findings imply that
social networks can help improve productivity, probably through the pathways that enable value
addition. We recommend policy options that complement the efforts of these social networks, such as
group training and affordable credits.
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Abstract: The paradigm shift from value chains to value webs in the emerging bioeconomy has
necessitated a review on how agricultural systems transit to value web production systems. This study
examines how smallholders in the cassava system in Nigeria have been able to increase utilization
of biomass in their production systems. Using a sample of 541 households, the study employed
cluster analysis and ordered probit regression to examine the intensity of cassava utilization and
the determinants of the intensity of utilization. The study found that over 50% of the respondents
were classified as low-intensity utilization households, while ~13% were high-intensity utilization
households. Land, social capital, farming experience, and asset ownership increased the probability
of intensifying cassava utilization among smallholders. The study recommends strengthening assets
acquisition, improving land quality and encouraging social capital development among smallholders.

Keywords: biomass utilization; intensity; cassava smallholders; Nigeria

1. Introduction

The global quest for a sustainable bioeconomy has brought to the fore the importance of engaging
agricultural systems in the development of high value-added products in a sustainable way [1]. This has
evolved in the need to supply both food and nonfood products from agricultural biomass, while sustaining
the income and livelihood of agricultural actors and the economy as a whole [2]. The potential this has
for biomass-rich developing countries is enormous [3]. In this regards, consideration for the bioeconomy
is thus expected to form the core of processes in many biomass-rich economies around the world. To this
end, the move is geared towards a bioeconomy such that agricultural production is no longer solely for
food needs, but for many other nonfood (industrial, pharmaceutical, and energy) needs. Consequently,
there have been different initiatives (projects, programs, and conceptual designs) to develop technologies
and practices that ensure full utilization of agricultural biomass for food and nonfood uses. One example
of this is the adaptation of the value web concept as a business model for agricultural production systems
and using this concept in agriculture/biomass-based value webs [3–5].

These value webs can be viewed as the linkages between and among agricultural value chains,
increased utilization of biomass and/or cascading uses of resources within an agricultural system [4,5].
Value webs suggest higher levels of value addition starting from the smallholder farmer’s enclave.
It implies perceiving agriculture as a business with the different income generating options linked and
under the control of a single entity and basket of resources for efficiency [6]. Figure 1 is an illustration of

Sustainability 2019, 11, 2516; doi:10.3390/su11092516 www.mdpi.com/journal/sustainability339



Sustainability 2019, 11, 2516

cascading uses of cassava biomass utilization in the form of a value web production concept. Economies
that currently show a tendency towards agricultural value webs include the sugarcane industry in
Brazil, rice industries in China, and the oil palm waste industry in Ghana [7–9]. In these economies,
full utilization of agricultural biomass predominates such that waste is minimized and maximum
returns are derived from the agricultural biomass. For example, in Brazil sugarcane production is
geared towards the production of sugar and molasses; while the waste from the processing as well
as the farm waste during harvesting are channeled into the production of biogas [10]. This provides
opportunities for employment and income generation at different value chains within the sugarcane
system. On this premise, the present study thus explores how biomass-based value webs are developed
in the smallholder dominated cassava system in Nigeria.

Cassava is regarded as a food security crop in many developing countries, with a potential to
provide off-season calories even on low-nutrient soils [11]. The crop is native to tropical regions of
South America; but is now a staple crop in many African countries [12]. With the desire to sustainably
increase production to improve food security, while also providing nonfood products from cassava,
many countries have begun to explore innovative processes within their agricultural systems. Countries
like Ghana and Mozambique have developed innovative uses for industrial raw materials such as starch,
sweeteners, beer (Mozambique and Ghana), and, in recent times, industrial bioethanol from cassava [13].
It has been reported that cassava is used to make bioethanol on a small scale and is replacing paraffin in
cooking stoves in South Africa [14]. Breweries in Zambia and Mozambique currently use cassava chips at
commercial scale while there is growing interest by the brewing industry in Tanzania to use cassava flour.
The requirement of cassava within the emerging bioeconomy is premised on value-added production
and processing stages that generate more food and nonfood products within farming systems. This in
effect has led to higher levels of intensity in utilization of cassava with consequences for waste reduction,
diversity of product bases, and higher income for participating farmers and overall market-led production
systems. In Nigeria, cassava features prominently in the production of staple food for the teeming
population and Nigeria has been reported as the largest producer of cassava in the world followed by
Thailand and Indonesia [15]. Cassava makes up the bulk of dietary energy supply for many households
in developing countries [16]. Its versatility in the production of food and nonfood commodities has been
documented; from the production of staple foods such as fermented cassava flakes, to starch used for
domestic and industrial purposes [2,11]. However, its emergence as a producer of nonfood biomass and
industrial raw material is still limited in Nigeria. This is because cassava is seen by many smallholders as
a reserve crop and a crop for producing some of the most consumed staples across the countries [11,15].
With the increasing population and hence demand, cassava production in the country is not sufficient to
meet the food needs of its populace. This also stems from the fact that low technology adoption by the
cassava smallholders leads to low productivity. In addition, the low technology of processing has been
the bane of processing cassava into high valued industrial commodities [17,18].

The limitation in value addition in smallholder agriculture in Nigeria is a factor that has continually
reduced the potential of the agricultural system to be a major player in the global cassava bioeconomy.
The limitation is a result of many interwoven and sequential variables. Perhaps the main challenge
is lack of access to market by smallholder farmers in general and cassava farmers in particular [19].
This has also been attributed to a lack of standardization of products and, hence, low competitiveness
within the commodity market, which is also linked to inadequate infrastructure and technology.
This has resulted in the continued classification of the Nigerian smallholder as subsistence with low
production capacity and income. Hence, a cassava smallholder is mainly interested in selling his roots
as fast as possible, while processing just enough for the subsistence of the farm family.
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The Federal Government of Nigeria has made efforts to commercialize cassava as in the cases of
cocoa and maize [20]. One such initiative was the development of the Cassava Bread Development
Fund (CBDF) in 2008, which aimed to include 20% High Quality Cassava Flour (HQCF) in bread and
up to 40% HQCF in other confectionery products [21]. Following the CBDF were the Agricultural
Transformation Agenda (ATA) in 2011 and the present Agricultural Promotion Policy (APP) in 2015.
Despite some success stories with cassava commercialization in pockets of large-scale farms, there
is still a need to increase cassava utilization in view of its potential to develop the economy [22].
Since smallholders make up the majority of actors in the cassava value chain [23], there is a need
to engage them in renewed efforts to increase utilization of cassava within their farming systems.
We propose, in this study, that intensifying the utilization of cassava through improved production
and diversified processing is a major step in value web development among cassava smallholders.
On the basis of the above this study set out to establish evidence of value webs as a function of
intensity of utilization in the Nigerian cassava system. The objectives are to examine the extent to
which smallholders utilize cassava within their farming systems in Nigeria, classify the households
into groups based on intensity of cassava utilization, and identify the determinants of the extent of
cassava utilization among smallholders in Nigeria.

2. Materials and Methods

2.1. Study Area and Sampling

The study was carried out in three states representing the forest (Edo and Ogun states) and Guinea
savannah (Kwara State) ecological zones in Nigeria. The Federal Republic of Nigeria is on the southern
coast of West Africa, bordered by Cameroon to the East, Chad to the North East, Niger to the North,
Benin to the West, and the Atlantic Ocean to the South. The ecology of Nigeria varies from the tropical
rainforest in the south to the dry savanna in the North, with varying fauna and flora. The low lying
coastal regions are characterized by mangroves, while the fresh water regions produce the swamp
forest. Inland, the vegetation gives way to the tropical hardwood forest.

The rural population makes up over 50% of the Nigerian population [24]. In the rural areas,
farming is the predominant occupation, with smallholder farming dominating. Cassava is produced in
almost all states of the federation. In Northern Nigeria, cassava is produced mainly in the Guinea
savannah belt—Kogi, Kwara, Benue, Taraba, and Kaduna states—while all the states in the southern
Nigeria produce cassava at various capacities.

A multistage sampling procedure was used in collecting data for this study. In the first stage,
three states were purposively selected from the sampling frame of cassava producing states in Nigeria.
The second stage involves the random selection of two Agricultural Development Program (ADP) zones
from the sampling frame of ADP zones within each selected state. Each state is divided into ADP zones
and monitored by ADP officers. The third stage involves random selection of agricultural extension
blocks from the zones proportionate to the size of the ADP zones earlier selected. In the fourth stage,
cells were selected from each block proportionate to the size of the block. The selection of blocks and
cells proportionate to the size of the ADPs and blocks, respectively, was based on the formula

si =
yi∑

yi
Hi (1)

where si = sample size of reference state; yi = location population frame, and Hi = required total
sample size.

In the final stage, smallholder households were randomly selected from the cell classification of the
ADP. Structured questionnaires were administered to 600 smallholder cassava households; however,
541 responses were used for the analysis, while 59 responses were discarded due to inconsistencies
or incompleteness.
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2.2. Source and Type of Data

The main database for this study was from the household survey of cassava smallholders in the
study areas. Primary data were collected for this study from a cross-section of smallholder households,
since most crop farmers in Nigeria engage in mixed cropping. Determination of a cassava-based
household was based on the proportion of household income that accrues to the household from
cassava versus that from other crops. Data for the study was collected on household socioeconomic
and demographic characteristics as well as activities carried out within the cassava holdings of the
smallholder households.

2.3. Analytical Techniques

2.3.1. Intensity of Cassava Utilization among Smallholders—Cluster Analysis

A cluster analysis was used to segregate cassava smallholders into classes based on intensity
of cassava utilization. The variables used in the cluster analysis were responses of the smallholder
households to a list of items that correlate to utilization activities in the cassava value web system in Nigeria
(see Appendix A). The study used a hierarchical cluster model to group respondents based on the activities
selected so that respondents in each group were as close to each other in characterization as possible.
The use of Ward’s linkage method minimizes within group deviations among the respondents [25].
The Jaccard similarity measure was used because the responses to the factors used for the cluster analysis
were binary in nature. With this method, the smallholder households were classified into low-level,
middle-level, and high-level intensity.

2.3.2. Determinants of Intensity of Cassava Utilization—Ordered Probit Model

The ordered probit model was used to identify and compare the probabilities of smallholder
households being in any of the three-ordered groups of cassava utilization intensity. The justification for
using the ordered probit is that the intensity use of cassava is monotonically ordered [26,27], hence the
need to examine the factors that determine inclusion in ordered outcomes. Let the ordered utilization
intensity of cassava y and assume discrete values ranging from 0, . . . , j. The ordered probit model can be
determined from a latent variable, y*, subject to explanatory variables and specified as follows

y∗ = βix′i + εi (2)

y* is the unobserved discrete random variable with values ranging between 1 and 3, as shown by
the categories of intensity of cassava utilization. xi is the vector of independent variables including
socioeconomic and enterprise characteristics of the smallholder households, βi is the vector of
parameters of the regression to be estimated, and εi is the vector of error term, which is assumed to be
normally distributed and with positive probabilities.

Therefore, given the observed intensity of cassava utilization, the dependent variable takes on the
following values.

y =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1, i f 0 < y∗ ≤ μ1

2, i f μ1 < y∗ ≤ μ2

3, i f μ2 < y∗ ≤ μ3

(3)

where, 1, 2, and 3 represent low, middle, and high intensity cassava utilization groups, respectively.
The explanatory variables in the model are described as

• X1 = Age of household head
• X2 = Age squared
• X3 = Gender of household head (Male = 1; Female = 0)
• X4 = Proportion of land allocated to cassava
• X5 = Educational level of household head (Nonformal = 0; Formal = 1)
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• X6 = Household size
• X7 = Access to agricultural credit (Yes = 1; No = 0)
• X8 =Membership in social group (Yes = 1; No = 0)
• X9 = Asset
• X10 = Nonfarm activities (Yes = 1; No = 0)
• X11 = number of years of farming experience
• X12 = Access to improved cassava variety (Yes = 1; No = 0)

The ordered probit model was analyzed by a maximum likelihood method as follows

N∏
i=1

= F(Xiβ)
yi(1− F(x′iβ))

1−yi (4)

The log likelihood specification for this function is thus

ln L =
N∑

i=1

[
yi ln F(x′iβ) + (1− yi) ln(1− F(x′iβ))

]
(5)

Supplementary Analysis: Classification of Smallholder by Asset Ownership

The classification of farming households based on asset ownership was done through a Principal
Component Analysis (PCA). The equation is given as follows:

Cij =
∑ Fi

(
Xji −Xi

)

Si
(6)

where, Cij = asset index value for the jth household participating in the series of ‘í’ activities; Fi is the
weight of the ith variable from the PCA; Xji is the jth household value for the ith variable; Xi and Si
are the mean and standard deviations of the values of the ith variables.). The resulting indices were
thereafter used to categorise the cassava smallholders into ‘Quintile’ wealth categories as ‘Poorest,
Poor, Middle Class, Rich and Richest’.

3. Results and Discussion

This section presents results of the decision process of smallholders in utilizing cassava within the
farming household decision matrix. Specifically, it shows the grouping of the smallholders based on
their intensity of cassava utilization, a description of the smallholder households by their levels of
participation in the cassava value web, as well as the determinants of the levels of participation in the
cassava value web in the study area.

3.1. Classification of Smallholders Based on Intensity of Cassava Utilization

The result of the cluster analysis to classify the smallholders based on their intensity of cassava
utilization is presented in Figures 2 and 3 and Table 1. Figure 2 is the dendrogram derived from the
cluster analysis showing the classification of smallholder cassava-based households. The dendrogram
shows the three distinct clusters from the observational data of households. For the purpose of initial
explanation, the clusters are named A, B, and C. Cluster A is made up of 273 observations; cluster B,
195 observations; and cluster C, 73 observations.

The dendrogram does not however show which of the three clusters is higher up the hierarchy
than the other in terms of the cluster groupings [28]. Hence, we do not have a clear idea of the intensity
of cassava utilization among each group. The best way to make a meaningful inference from the
dendrogram is to profile the groups [29]. The profiling was done by comparing values of three variables
that correspond to a priori expectation of the desired groups (low, medium, and high intensity cassava
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utilization) across the three clusters. The results from these variables were used to score each cluster
and then determine which cluster belonged to each desired group.

In this study, the profiling variables used were the number of activities carried out within
the cassava system, resources (land) allocated to cassava and income from cassava-based activities.
The expectation is that increased utilization of cassava suggests a higher number of activities within
the cassava system. Also, increased utilization may imply more resources allocated to cassava within
the smallholder’s enterprise combination [30]. Finally, it is expected that, with increased cassava
utilization, there would be a more diversified livelihood portfolio and hence an increase in household
income [31]. The results of the profiling are shown in Table 1.

Figure 2. Dendrogram showing natural groupings of cassava-based smallholder households based on
intensity of cassava utilization. Source: Author’s computation using STATA statistical software.

The results presented in Table 1 show that cluster C had a rank of 1 with respect to number of
activities and income but scored 2 in terms of land allocated to cassava. Cluster B, on the other hand,
had a rank of 1 with respect to land allocated to cassava but a rank of 2 with respect to the other
variables. However, for all three indicators, cluster A had a consistently lower rank of 3, corresponding
to the lowest values for each of the indicators. We can therefore infer that by a priori expectations,
cluster A corresponds to the low intensity (LI), while clusters B and C are consistent with medium
intensity (MI) and high intensity (HI) cassava utilization groups, respectively. The distribution of the
smallholders based on intensity of cassava utilization is shown in Figure 3. The result revealed that
approximately half (50.46%) of the smallholders was LI, 36.04% was MI, and only 13.5% was HI cassava
utilization groups. The results corroborate the subsistence characteristic that has been associated with
the cassava industry in Nigeria [32]. This suggests that most of the policies and interventions towards
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commercialization of cassava as an earner of foreign revenue has not led to a significant change in the
production practices of the majority of smallholders. There may be a need to justify these interventions
by appraising their effects on the extent of value addition at smallholding levels.

Table 1. Distribution of selected variables for defining cluster groups.

Indicator Variables

Clusters

A (n = 273) B (n = 195) C (n = 73)

Value Rank Value Rank Value Rank

Number of activities 4.73
(3.07) 3 6.31

(3.66) 2 8.97
(1.85) 1

Proportion of Land
allocated to cassava

0.59
(0.18) 3 0.70

(0.18) 1 0.65
(0.11) 2

Income from cassava-based
activities (�)

57,364.42
(21,340.3) 3 62,021.8

(22,957.79) 2 69,368.97
(23,861.31) 1

Overall cluster rank 3 2 1

Note: standard deviations in parentheses; Source: Computation from Field Survey, 2015.

 

Figure 3. Percentage distribution of smallholders by intensity of cassava utilization.

3.2. Description of Farming Household Characteristics by Intensity of Cassava Biomass Utilization

The distribution of farming household socioeconomic and enterprise characteristics by their
intensity of cassava utilization is presented in Table 2. The summary statistics shows no statistical
difference in distribution of gender of household heads across the three groups, with overall male
dominance of ~70% of the sampled household heads. The average age of the respondents was also
not significantly different across the groups with mean age given as 51 years. Average household size
was approximately seven across the groups, with number of dependents and income earners being
four and three, respectively. A situation in which there were more dependents than income earners
suggests an economic burden on the household’s welfare [33]. Years of farming experience was on
average estimated at 23 years, with the least being 21.64 years from the LI group and the highest being
28.12 years from the HI groups. This shows that intensity of agricultural utilization thrives not just on
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cassava production or educational attainment, but on the different linkages within and outside the
cassava system that can be obtained from years of experience in a system [34]. The average income
from cassava-based activities (� 60,662.98) was significantly different across the three groups; with the
HI having the highest income of � 69,368.97, while the MI and LI had incomes of� 62,021.81 and �
57,364.42, respectively.

Educational attainment showed that most household heads had primary education (31.42%),
followed by secondary education (30.68%). However it is surprising that the proportion of household
heads with nonformal education was highest among the HI group (42.47%), while the highest
educational attainment for tertiary education was found among the MI group (11.79%). This implies
that higher formal education may not be a necessary condition for smallholder households’ decision to
increase investment in the cassava value web [35]; rather on-farm experience and training may be more
important [36]. Also, while there was a general affinity for social group membership, it was highest
among the HI group (93.15%); this supports studies where social capital is hypothesized to encourage
adoption of sustainable agricultural practices [37]. Access to credit was observed to be below average
in the pooled observation; however, up to 67% of the HI group had access to credit for their productive
activities, suggesting that access to credit encourages investment in utilizing capacity of cassava [38].

Classification of land area cultivated showed that there was a higher proportion of farming
households cultivating 1.5–3 ha (57.12%); while only 15.09% cultivated <0.5 ha. This suggests an
increase in land area cultivated to cassava, probably because of various governmental interventions
with regards to the agricultural sector in recent years [12,14]. However, land area allocated to cassava
was found to be up to 0.67 across the groups, with LI, MI, and HI allocated 0.60, 0.70, and 00.65,
respectively, of their total land area to cassava. This is indicative of the renewed interest of farming
households in the cassava industry and increased awareness of the potential for cassava to raise income
and livelihoods of farmers and the Nigerian economy at large.

We also found that access to improved cassava variety for planting and processing was above
average but increased with intensity of utilization of cassava. The results revealed that up to 77% of HI
cassava households planted improved cassava varieties and 69% processed cassava varieties. This is
significantly different from the LI group where ~80% planted and ~34% processed improved varieties
of cassava. Approximately 65% of MI groups planted and 55% processed improved varieties of cassava
in the study area. This may be suggestive of the fact that higher utilization of cassava involves some
form of value addition, which entails the use of good quality seed/raw materials for maximizing utility.

347



Sustainability 2019, 11, 2516

T
a

b
le

2
.

D
is

tr
ib

ut
io

n
of

ca
ss

av
a

fa
rm

in
g

ho
us

eh
ol

ds
by

in
te

ns
it

y
of

ca
ss

av
a

ut
ili

za
ti

on
.

V
a

ri
a

b
le

s
L

I
(n
=

2
7

3
)

M
I

(n
=

1
9

5
)

H
I

(n
=

7
3

)
T

o
ta

l
(n
=

5
4

1
)

D
iff

e
re

n
ce

T
e

st

S
e

x
o

f
h

o
u

se
h

o
ld

h
e

a
d

2.
31

M
al

e
(%

)
67

.4
0

73
.8

5
71

.2
3

70
.2

4
Fe

m
al

e
(%

)
32

.6
0

26
.1

5
28

.7
7

29
.7

6
A

ge
in

ye
ar

s
(a

ve
ra

ge
)

51
.2

5
(9

.7
4)

50
.3

2
(9

.1
9)

51
.8

5
(8

.9
7)

51
(9

.4
4)

1.
74

H
ou

se
ho

ld
si

ze
(a

ve
ra

ge
)

7.
03

(2
.7

3)
6.

51
(2

.5
4)

6.
84

(2
.0

0)
6.

82
(2

.5
8)

6.
14

**
In

co
m

e
fr

om
C

as
sa

va
(�

)
57

,3
64

.4
2

(2
1,

34
0.

3)
62

,0
21

.8
1

(2
2,

95
7.

79
)

69
,3

68
.9

7
(2

38
61

.3
1)

60
,6

62
.9

8
(2

2,
60

6.
88

)
14

.6
0

**
*

Ye
ar

s
of

fa
rm

in
g

ex
pe

ri
en

ce
(a

ve
ra

ge
)

21
.6

4
(1

1.
45

)
22

.8
4

(1
2.

09
)

28
.1

2
(1

2.
05

)
22

.9
4

(1
1.

93
)

17
.6

1
**

*
E

d
u

ca
ti

o
n

20
.3

8
**

*
N

on
fo

rm
al

ed
uc

at
io

n
(%

)
29

.6
7

21
.0

3
42

.4
7

28
.2

8
Pr

im
ar

y
ed

uc
at

io
n

(%
)

26
.7

4
37

.9
5

31
.5

1
31

.4
2

Se
co

nd
ar

y
ed

uc
at

io
n

(%
)

33
.7

0
29

.2
3

23
.2

9
30

.6
8

Te
rt

ia
ry

ed
uc

at
io

n
(%

)
9.

89
11

.7
9

2.
74

9.
61

M
em

be
rs

hi
p

in
so

ci
al

gr
ou

p
(%

)
75

.0
9

70
.7

7
93

.1
5

75
.9

7
14

.8
0

**
*

A
cc

es
s

to
C

re
di

t(
%

)
47

.6
2

41
.0

3
67

.1
2

47
.8

7
14

.5
1

**
*

L
a

n
d

a
re

a
cu

lt
iv

a
te

d

<
0.

5
ha

(%
)

15
.0

2
18

.9
7

10
.9

6
15

.9
0

5.
57

0.
5–

1.
5

ha
(%

)
29

.6
7

25
.1

3
21

.9
2

26
.9

9
1.

5–
3

ha
(%

)
55

.3
1

55
.9

0
67

.1
2

57
.1

2
Pr

op
or

ti
on

of
la

nd
al

lo
ca

te
d

to
ca

ss
av

a
ac

ti
vi

ti
es

0.
60

(0
.1

7)
0.

70
(0

.1
8)

0.
65

(0
.1

1)
0.

67
(0

.1
7)

10
.2

5
**

*

N
on

fa
rm

ac
ti

vi
ti

es
(%

)
47

.9
9

40
.5

1
31

.5
1

43
.0

7
7.

19
**

*
Pl

an
ti

m
pr

ov
ed

va
ri

et
y

(%
)

79
.8

5
64

.6
2

97
.2

6
76

.7
1

34
.7

3
**

*
Pr

oc
es

s
im

pr
ov

ed
va

ri
et

y
(%

)
72

.8
9

54
.8

7
94

.5
2

69
.3

2
42

.5
7

**
*

N
o

te
:

L
I,

M
I,

an
d

H
I

re
p

re
se

nt
lo

w
in

te
ns

it
y,

m
ed

iu
m

in
te

ns
it

y,
an

d
hi

gh
in

te
ns

it
y

ca
ss

av
a

u
ti

liz
at

io
n

gr
ou

p
s,

re
sp

ec
ti

ve
ly

.
St

an
d

ar
d

er
ro

rs
ar

e
in

p
ar

en
th

es
es

;*
*,

**
*:

re
p

re
se

nt
si

gn
ifi

ca
nc

e
at

5%
,a

nd
1%

,r
es

pe
ct

iv
el

y.

348



Sustainability 2019, 11, 2516

3.3. Determinants of Intensity of Cassava Utilization among Smallholders

This section presents the estimates of the ordered probit regression that sought to identify the
factors that determine intensity at which the smallholder households utilize cassava within their
farming systems. The result is presented in Table 3. The ordered probit regression is premised on
the parallel assumption [39]. Hence, we present a joint regression from the ordered probit model.
However, estimates of individual determinants of intensity of utilization are obtained by predicting
the marginal effect for each group.

The ordered probit model returned a likelihood ratio of −497.39, significant at 1%; implying
that the overall model fit. Eight of the variables significantly explained the intensity of utilization of
cassava by the smallholders. The coefficient of proportion of land allocated to cassava was positive
and significant, implying that the probability of being in the high intensity cassava utilization group
increased with proportion of land allocated to cassava. This is intuitively acceptable, since an expansion
of land area planted to cassava may indicate an increase in the productive capacity of the smallholder
and, hence, an expansion of the value adding opportunity for cassava. This is corroborated by the
study of [40], where a preponderance of former smallholders had become medium-scale farmers
through land expansion in Ghana and Zambia due to an increase in investment and biomass utilization.
However, the effect of land on biomass utilization may be more sustainable with land intensification
through investment in improved technologies of production and processing [41].

More experienced farmers were also more likely to increase utilization of cassava. The many
contacts made and practices they may have learnt over the years are likely to influence the probability
of taking up sustainable innovations [42]. Social capital was also found to significantly increase the
probability of utilizing cassava by the smallholders. The effect of social capital is usually evident in the
effect of group action in encouraging farmers to adopt sustainable practices and innovations such as
proposed in our study [43].

Table 3. Determinants of level of participation in the cassava value web.

Variables Coefficients Marginal Effects

LI MI HI

Age of household head −0.0733 (0.051) 0.029 (0.020) −0.015 (0.011) −0.014 (0.010)
Age squared 0.367 (0.315) −0.146 (0.126) 0.075 (0.065) 0.071 (0.061)
Sex of household head (Base = Female) 0.074 (0.122) −0.030 (0.049) 0.015 (0.025) 0.014 (0.024)
Proportion of Land allocated to cassava 0.721 ** (0.313) −0.288 ** (0.125) 0.148 ** (0.066) 0.140 ** (0.061)
Number of years of farming experience 0.024 (0.006) −0.009 *** (0.002) 0.005 *** (0.001) 0.005 *** (0.001)
Education (Base = Nonformal Education) −0.072 (0.122) 0.029 (0.048) −0.015 (0.025) −0.014 (0.024)
Household size −0.023 (0.023) 0.009 (0.009) −0.005 (0.005) −0.004 (0.004)
Access to credit (Base = No) 0.014 (0.115) −0.006 (0.046) 0.03 (0.024) 0.003 (0.022)
Membership of social group (Base = No) 0.227 * (0.133) −0.090 * (0.053) 0.047 * (0.028) 0.044 * (0.026)
Agroecological zone (Base = Forest) −0.466 (0.120) 0.186 *** (0.051) −0.096 *** (00.028) −0.090 *** (0.025)
Income from cassava based Activities 0.340 *** (0.120) −0.136 *** (0.048) 0.016 *** (0.007) 0.015 *** (0.007)
Asset index 0.077 ** (0.034) −0.031 ** (0.014) 0.016 ** (0.007) 0.015 ** (0.007)
Nonfarm employment −0.178 * (0.106) 0.071 * (0.042) −0.005 * (0.005) −0.004 * (0.004)
Use improved varieties −0.264 ** (0.123) 0.105 ** (0.049) −0.054 ** (0.026) −0.051 ** (0.024)

Cut 1 6.280 (2.566)
Cut 2 7.473 (2.570)
Number of Observations 541
Log Likelihood −497.387
LR chi2 69.06 ***
Pseudo R2 0.219

Source: Author’s computation from field survey, 2015; Legend: *, **, and ***: significance at 10%, 5%, and
1%, respectively.

Our results also showed that the probability of intensity of the utilization of cassava increases
with income from the smallholder’s present holding. This may be due in part to the theory of ‘homo
economy’, where farmers are assumed to be rational in decision making based on expected utility.
However, it has been shown that farmers are not always rational and sociodemographic factors
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determine most investment decisions in the farm family [44]. Asset ownership was found to increase
the probability of intensity of cassava utilization in the study area. Assets are wealth that can be
converted into capital outlay, as corroborated by literature showing that asset ownership increased
farmers’ investment decisions in expanding production processes [45]. Engaging in nonfarm activities
was, however, found to reduce the probability of utilizing cassava. This may be because nonfarm
activities move labor away from the farm, thereby reducing the capacity of the farm to add value and
utilize cassava. This resonates with the findings of studies where nonfarm income activities may also
reduce the capacity of the farm family in managing their whole farm holdings [46]. On the other hand,
income from nonfarm activities have been found to be a source of funding capital for future investment
in family farms’ productive activities [47].

Estimates of the marginal effects show the probability of being in any of the three cassava
utilization groups for a unit change in exogenous variables. The results reveal that a unit increase in
the land allocated to cassava significantly (5%) reduced the probability of households being in the
LI group by up to 29%. However, a unit increase in land area allotted to cassava significantly (5%)
increased the probability of participating in the MI and HI groups within the cassava biomass system
by 15% and 14%, respectively. Increasing land resource allocations to cassava may imply expansion of
the productive capacity of households’ holdings. Smallholders have been shown to have a smaller
cultivated land area than large holders; consequently, their productivities, in terms of economies of
scale, are reduced. Policies that make land easily accessible in rural areas and for longer periods
encourage higher investments agricultural activities. Also, this may translate to increased output,
for which the smallholders are consequently able to leverage on the different value addition options
inherent in the cassava industry and hence increase revenue from cassava biomass [48].

Furthermore, a unit increase in the number of years of farming experience of the household head
significantly (1%) reduced the probability of the household head being in the LI by 0.1%, while it
significantly increased the probability of being in the MI and HI groups by 0.5%, respectively. The more
experienced the entrepreneur, the more the household can leverage on established contacts, markets,
trade routes, and information to increase revenue from the cassava system level of participation within
the web. This follows the results of empirical studies which reveals that elderly farmers who intended
to continue faming had higher outputs than younger farmers [49]. This suggests the importance of
on-field training and lessons learnt in the course of the farmer’s years of experience coming in to play.

An increase in the asset index of households increased the probability of being in the HI group.
The results show that a unit increase in the asset index of smallholders significantly increased the probability
of being in the LI, MI, and HI groups by 18.6%, 9.6%, and 9.0%, respectively. Thus, asset ownership is
probably a prerequisite for increased leverage in investing in agricultural activities with prospects of higher
returns, especially with regards to accessing credit for expansion [50]. These assets are also important in
the day to day activities of the smallholders, which if absent may reduce productive capacities. A unit
increase in the income that accrues to the smallholders from their cassava-based activity also significantly
(5%) reduced the probability of being in the LI group by 10.5%. However it increases the probability
of being in MI by 1.6% and LI by 1.5%. This implies that present income may be an indicator of the
extent of future income and thus economically rational actors will increase their production levels with
the expectation of increased income [51].

The marginal effect for nonfarm activities revealed that employment in nonfarm activities increased
the probability of being in the LI group, while it reduced the probability of being in the MI and HI
groups. The implication of this is that nonfarm employment removes labor from the farm, thereby
reducing the capacity of farming households to increase productive activities within the cassava system.
However, low returns to agricultural activities is a factor that shifts labor away from agriculture,
thereby encouraging participation in nonfarm activities to the detriment of increased participation in the
agricultural system—which is evidence of structural change [52]. Social group membership was shown
to reduce the probability of being in the LI by 0.9% and increase the probability of being in the MI by 0.5%
and HI by 0.4%. This further shows the effect of social capital in increasing the probability of adopting
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best practices and innovation. This could be through availing credit facilities or supporting collective
farmer decisions to invest and intensify productive activities on their holdings [53]. The coefficient of
agroecological zone dummy (forest zone/Guinea savannah zone) showed that cassava smallholders in
the Guinea savannah zone were more likely to be in the LI group, while those in the forest zone were
more likely to be in the MI and HI groups. This may be because most processing activities in the cassava
value chain in Nigeria are concentrated in the southern, forest zones of the country [54].

4. Conclusions and Policy Implications

The study examined the extent and determinants of cassava utilization as a precursor to increased
value addition among smallholders in Nigeria. Findings revealed three distinct groups of cassava
smallholders on the basis of utilization of cassava in low-level (LI), medium-level (MI), and high-level
(HI) utilization groups. However, LI groups had the highest representation indicating a higher level
of subsistence and low utilization of cassava among the farming households sampled. Households
with higher levels of utilization (MI and HI) of cassava for food and nonfood products allocated more
resources to cassava and obtained higher income from the cassava sector.

Overall, social capital, income, assets, land area cultivated, and farming experience were found to
significantly determine the decision of the farming households for higher order cassava utilization.
The probability of smallholders being in the LI increased by low land area cultivated, low level of
asset ownership, nonmembership in social groups, and lack of access to improved cassava varieties
as well as nonfarm income employment. The findings also revealed that variables that determined
the probability of smallholders being in the MI and HI were similar in signs but different only in
magnitude. Hence, the likelihood of being in the MI and HI increased with land area cultivated,
farmer’s experience, asset ownership, and income and membership of social groups, while it reduced
with uptake of nonfarm employment.

Our findings placed asset ownership and land area cultivated as factors that positively influenced
the extent of utilization of cassava in value addition processes. This brings to the fore recommendations
for institutions and enabling environment that would stimulate access to productive and physical
assets needed by the farmers to be involved in value additions. Enabling land rights is also important
in farmers’ decision to commit resources to greater utilization of cassava. Moreover, farmers that
were members of social groups had a higher likelihood of higher utilization of cassava. We therefore
recommend that positive group actions be encouraged among smallholder farmers through facilitating
cooperatives, farmer associations, and providing interventions on a group basis, rather than creating
policies that engender competitions and rural divisions.
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Appendix A

Table A1. Activities used to define intensity of utilization of cassava in the Nigerian cassava system.

S/N ITEM

1 Produce cassava for home consumption alone
2 Produce cassava both for home consumption and sale of cassava roots to processors
3 Process my cassava roots both for home consumption and market sales
4 Process cassava into garri
5 Process cassava into fufu
6 Process cassava into lafun
7 Process cassava into garri and fufu (or a mix of other products)
8 Process cassava into starch
9 Process cassava into high quality cassava flour
10 Sell cassava roots alone
11 Sell cassava roots and process for home consumption and market
12 Use cassava leaves and residue as manure and mulch on my farm
13 Have access to ready market for my high-quality cassava products
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Abstract: The paper examined the willingness of smallholder cassava processors to pay for
value-added solid wastes management solutions in Nigeria. We employed a multistage sampling
procedure to obtain primary data from 403 cassava processors from the forest and Guinea savannah
zones of Nigeria. Contingent valuation and logistic regression were used to determine the willingness
of the processors to pay for improved waste management options and the factors influencing their
decision on the type of waste management system adopted and willingness to pay for a value-added
solid-waste management system option. Women constituted the largest population of smallholder
cassava processors, and the processors generated a lot of solid waste (605–878 kg/processor/season).
Waste was usually dumped (59.6%), given to others (58.1%), or sold in wet (27.8%) or dry (35.5%)
forms. The factors influencing the processors’ decision on the type of waste management system
to adopt included sex of processors, membership of an association, quantity of cassava processed
and ownership structure. Whereas the processors were willing to pay for new training on improved
waste management technologies, they were not willing to pay more than US$3. However, US$3 may
be paid for training in mushroom production. It is expected that public expenditure on training to
empower processors to use solid-waste conversion technologies for generating value-added products
will lead to such social benefits as lower exposure to environmental toxins from the air, rivers and
underground water, among others, and additional income for the smallholder processors. The output
of the study can serve as the basis for developing usable and affordable solid-waste management
systems for community cassava processing units in African countries involved in cassava production.

Keywords: cassava processors; smallholders; solid waste; pollution; value-added; willingness to pay

1. Introduction

Annual cassava production in Africa is about 84 million tonnes, of which Nigeria produces over
30 million tonnes, as the world’s largest cassava producer [1–3]. However, cassava processing is
considered to contribute significantly to environmental pollution globally by depleting water resource
quality through natural toxic cyanogen and the production of unpleasant odour [4]. Over 55.0% of the
waste produced from cassava processing is disposed of in dumping sites, creating both environmental
pollution and negative health impacts on the population in the neighbourhood of cassava processing
facilities [5].

In Nigeria, cassava is mostly produced and processed by small-scale farmers at the family or
village level [6]. Cassava farming provides livelihood opportunities for both men and women involved
in its production and consumption cycle. Both males and females make significant labour contributions
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to the cassava industry, with each sex specialising in different tasks. Women are, however, the backbone
of the agricultural sector, in that they account for 60% to 80% of farm labour [7].

Within the cassava industry, processing is a major contributor to environmental pollution [4].
This is so due to the massive waste generated during the processing stages. The available technology
of processing cassava roots primarily involves peeling, washing, grating, fermenting, dewatering,
frying, drying, and milling. Waste is often produced at each of these processing stages. The type and
composition of the waste depend on the processing method and type of technology used [8].

Solid waste is unwanted solid material generated from residential, industrial or commercial
activities in a given area [9]. It may be categorised according to its origin (domestic, industrial,
commercial, construction, or institutional), its content (organic or inorganic), or its hazard potential
(toxic, non-toxic, flammable, radioactive, infectious) [10]. Cassava waste is organic and exists in both
solid and liquid forms. Peel is the first type of solid waste generated by cassava root-processing
activities. Subsequently, when the peeled cassava roots are grated and dewatered, wastewater is
obtained. After dewatering, the resultant semi-solid mass is sieved, and the ungrated fibre (chaff) is
discarded as the final solid waste [11]. Cassava peel is the primary solid cassava waste that constitutes
20 to 25.0% of the weight of the roots [12,13]. The proportion of waste can be higher, especially during
hand peeling [14].

Disposal of waste products resulting from cassava processing is often inadequate. This led to
varying environmental and health hazards, causes a foul smell and an unattractive sight, and produces
widespread environmental pollution at cassava processing sites [15]. Cassava waste from processing
centres has contributed significantly to environmental contamination. About 75.0% of the cassava roots
harvested in Africa are fermented, causing the release of cyanogenic compounds and other pollutants
into farmlands, rivers, streams, and groundwater [16]. In Nigeria, cassava effluent is directed to
streams, resulting in a reduction in water quality and loss of aquatic life owing to its toxic nature [16],
while stagnant streams of effluent produce a strong offensive odour [17]. Dumpsites for solid waste
and liquid effluent also breed insects and other organisms that lead to disease outbreak [18].

More than 60.0% of the rural population in Nigeria is engaged in cassava-based cottage industries,
and millions of tonnes of cassava waste are produced [19]. Waste management has been a major
challenge to processors, as wastes need to be managed and, if possible, re-utilized without causing any
harm to the environment. Over 55.0% of the waste produced from cassava processing is dumped at
tips near the processing sites, becomes landfill, and/or is burnt, thereby, posing a serious threat to the
environment and constituting a health hazard to the processors [5]. Few cassava processors derive
any financial benefit from cassava waste [5], while most of them lack either awareness or expertise
regarding the conversion of waste to any form of useful resource. However, studies [13,20] have shown
that agricultural waste can be profitably utilized and recycled without attendant externalities.

Against this background, we conducted a study to examine the waste management approaches
used by smallholder cassava processors, their willingness to pay for value-added solid-waste
management solutions, and the factors that may influence their behaviour.

The next section gives details of the theoretical framework of willingness to pay, including
estimation methods. This is followed by a section on materials and methods, the study results and
discussion, and finally conclusion.

2. Theoretical Framework

An essential component of every business transaction is willingness-to-pay (WTP) computation,
in which buyers assess the maximum amount of financial resources they are willing to expend in
exchange for the item being sold [21]. Willingness to pay is the maximum amount of money that a
consumer would pay to enjoy an improvement in product quality [22]. Rodríguez et al. [23], defined it
as “the difference between consumers’ surplus before and after adding or improving a given product
attribute” in monetary terms. In WTP surveys, a respondent is asked a series of structured questions
that are designed to determine the maximum amount of money he or she is willing to pay for a product
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or service. Various tools are employed in measuring WTP. The three most common are the hedonic
pricing method, the contingent valuation method (CVM), and the travel cost method [24,25].

Notwithstanding the debate regarding its underlying economic theory, the contingent valuation
method (CVM) is considered superior and preferred to other methods because it deals with both
use and non-use values [26]. It is a simple, flexible and non-market valuation method popular for
cost-benefit analysis and environmental impact assessment [27,28]. The CVM involves asking sampled
respondents directly whether they would be willing to pay or accept compensation for the change
in preferences. The method has been adjudged to conform to the theoretical core of economics [28].
In general, we assume that person ‘i’ is willing to pay Y*i for training on improved cassava waste
management, and that this payment is related to a set of the person’s characteristics (Xi), so that:

Y∗i = Xiβ+ εi (1)

Although Y*i is unobserved, it is assumed to lie within the bound of such person’s willingness
to pay, which is (Yi1, Yi2). This interval is based on responses to a series of questions asked in the
contingent valuation interview [29]. The likelihood of the person paying is, therefore, stated as:

Pr(Yi1 ≤ Y∗i ≤ Yi2) (2)

This equation is the basis for the use of discrete choice models for estimating the contingency
valuation method.

3. Materials and Methods

3.1. Study Area and Sampling Procedure

This WTP study was carried out in three states (Edo, Kwara, and Ogun) within the humid forest
and savannah zones of Nigeria (see Figure 1). A multi-stage sampling technique was used to select
respondents for the research. The first stage was a purposive selection of the three states based on their
high level of cassava production and processing [30]. The second stage was a random selection of two
agricultural zones in each state. In the last stage, 75 respondents were randomly selected from each
agricultural zone. A total of 450 copies of a questionnaire were administered to obtain information on
demographic and socioeconomic characteristics of cassava processors, the quantity of waste produced,
the waste management methods used, and the willingness of the processors to adopt and pay for
financially-rewarding solid-waste management methods. Four hundred and three (403) copies of
the questionnaire were used in the final analysis, while 47 were discarded because they contained
incomplete information. Furthermore, three major technology research and extension institutions with
waste management research mandate within the survey zones (humid and savannah) were purposively
selected. Interviews were conducted with key informants in these institutions to identify the improved
waste management technologies developed and available in the zones and Nigeria.
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Figure 1. Map of Nigeria showing study areas.

3.2. Estimation Methods

The selected variables for this study comprised age, sex, marital status, education level, household
size, years of experience, source of credit, and scale of operation. A complete description of these
variables is presented in Table 1.

Table 1. Descriptive Statistics of the Respondents.

Characteristics Percentage Characteristics Percentage

Sex Level of education (years)

Female 68.7 ≤10 67.5
Male 31.3 11–20 32.5

Age (years) Type of education

<30 3.2 No formal education 16.6
31–45 40.2 Arabic education 3.7
46–65 53.6 Adult education 2.2
>66 13.0 Primary education 39.7

Marital status Secondary education 28.5
Single 3.0 Tertiary education 9.2

Married 90.6 Source of finance

Divorced 2.7 Commercial bank 1.6
Widowed 3.3 Cooperative society 21.8

Household size Money lender 7.9
1–5 36.7 Produce buyer 3.6
6–10 59.3 Friends/family 18.5
11–15 4.0 Self 57.0

Scale of operation

<1 tonne 18.6 Ownership structure

1–10 tonne 62.3 Sole 83.3
11–20 tonne 8.9 Partnership 8.7
>20 tonne 10.2 Cooperative 8.0

A logit model based on the cumulative probability function was adopted to determine the factors
that influence current solid-waste management systems as well as the mean willingness to pay for a
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value-added solid-waste management system and the factors influencing processors’ willingness to
pay. This was because the model could deal with a dichotomous dependent variable. The approach for
this model follows the one adopted by Yusuf et al. [31].

The logit model is specified as follows:

yi =
1

1 + e−(β0+β1Xi)
(3)

where yi represents the response of ith processor’s willingness to pay for a value-added solid-waste
management system, which is either 1 if yes or 0 if no.

For the model to estimate the factors influencing current use of solid-waste management system;
yi is the ‘yes or no’ response of the smallholder processor to each of the four systems (dumping, giving
out free, selling wet and selling dry). B0 is a constant; β1 is the coefficient of the independent variables;
while Xi is the price that the ith processor stated for a value-added solid-waste management system.

The mean willingness to pay of the smallholder cassava starch processors for improved solid-waste
management was calculated using the formula adopted by [32] and is given by:

Mean WTP =
1
β1

ln(1 + exp β0) (4)

To assess the factors influencing processors’ willingness to pay for an improved solid-waste
management system, the processor’s responses to the WTP question—1 if yes and 0 if no—were then
regressed against the socioeconomic characteristics of each processor. The regression logit model is
specified as:

Y =
1

1 + e−Zi
(5)

where Y represents the processor’s response to the WTP question, which is either 1 if yes or 0 if no; and
Zi is equal to β0 + β1Xi. Transformed into a linearized form, the model is expressed as:

Y = β0 + β1X1 + β2X2 + . . . + βnXn. (6)

where Y is willingness to pay for improved waste management training, X1 is sex (male = 0; female = 1),
X2 is household size (number), X3 is quantity of cassava processed (kg), X4 is processing experience in
years, X5 is years of education, X6 is member of association (yes = 1, no = 0), and X7 is awareness of
value-added solid-waste management systems (yes = 1, no = 0).

4. Results and Discussion

4.1. Summary of Description of Cassava Processors

Table 1 presents the descriptive statistics of the respondents. The table shows that the majority
(68.7%) of the interviewees were female. This result is similar to the results of [32,33], who revealed
that female processors are in the majority in global cassava processing. This suggests that female
processors would be predominant in the sector in the study areas. More than half of the processors fell
within the age range of 46 to 65 years. The mean age of the respondents in the study was 48 years,
which is similar to the mean age of cassava processors found by [34] in Ogun State. This shows that
the majority of the respondents were of an active working age and may appreciate the opportunity to
use value-added solid-waste management.

On average, the processors had received approximately 7 years of education. Education is
expected to increase awareness of the negative impact of solid waste on humans and the environment.
The mean household size of the respondents was about six persons. This is in line with the findings
of [34], where the average household size for a cassava farmer in Ogun State is seven. Most (83.3%)
of the respondents owned their processing centres and over half (57.0%) had used their own funds
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to establish their enterprises. In terms of the scale of operation, the study showed that 62.3% of the
respondents’ processed 1 to 10 tonnes of cassava roots monthly. In addition, liquid waste consisting
of suspensions of starch, solid materials, and cyanogenic cassava compounds was produced and
released into the surrounding channels, streams, and rivers, thereby, causing major environmental
pollution [35–37].

4.2. Summary of Solid Waste Produced by Cassava Processors

This section presents the summary of the two main solid wastes—peel and chaff—identified in
the study. The result presented in Table 2 revealed that an average of 737 ± 954 kg and 511 ± 561 kg of
peel was generated per processor during the high and low processing seasons, respectively; while
an average of 141 ± 131 kg and 94 ± 92 kg of chaff was produced per processor during the same
respective periods. About half (50.4%) of the processors generated up to 500 kg of cassava peel per
month during the peak season; while almost 45.0% of them produced 500 to 1500 kg per month during
this period. During the low season, nearly 64.0% produced up to 500 kg of cassava peel per month and
about 35.0% generated 500 to 1500 kg per month. Similarly, 84.0% and 69.8% of the cassava processors
produced up to 150 kg of cassava chaff per month during the high and low seasons, respectively. In
addition, 21.4% and 14.8% of the processors generated 300 kg and 151 kg of chaff during the high and
low processing seasons, respectively. The low processing season was from October to March, while the
high processing season was from April to September.

Table 2. Quantity of Solid Wastes Produced.

Quantity of Waste (kg/Processor/Month) High Season (%) Low Season (%)

Peel (n = 403)

<500 50.4 63.8
501–1000 30.8 30.9

1001–1500 14.6 4.1
>1500 4.2 1.1

Average waste in peels 737 ± 954 511 ± 561

Chaff (n = 192)

<150 69.8 84.0
151–300 21.4 14.8
>300 8.9 1.2

Average waste in chaff 141 ± 131 94 ± 92

4.3. Current Solid-Waste Management Systems Used by Cassava Processors

In this section, we present the summary of different cassava solid-waste management systems
currently in use by the cassava processors (Table 3). We also isolate the factors that determined the use
of each of the systems identified (Table 4).

4.3.1. Summary of Current Cassava Solid-Waste Management Systems Used

Waste management practices varied across the processing centres, and the processors utilised one
or more waste management practices. Four management practices were identified as commonly used
by the processors (see Table 3). These were dumping, gifting, selling wet waste, and selling dry waste.
The processors could adopt one or more of these options, but a greater percentage of them (59.6%)
dumped their waste or passed it on as a gift (58.1%).

In most community cassava-processing centres, cassava waste dumps are often a source of
environmental pollution and a danger to aquatic animals, plants, and humans. A study conducted
by Anikwe and Nwobodo [38] in southeastern Nigeria revealed that there were differences in soil
particle size distribution between municipal dump and non-dump sites used for urban agriculture.
Soil bulk density was lower, by 9 to 13.0%, while total porosity and hydraulic conductivity were higher,
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by 9 to 14.0% and 240 to 463.0%, respectively, at the dump sites compared with the non-dump sites.
Similarly, the study by Arimoro et al. [39] on the effect of cassava effluents on macroinvertebrates
downstream showed that cassava effluents caused a decrease in dissolved oxygen and pH and an
increase in biochemical demand (BOD) and nitrates from the samples taken from three stations along
the Orogodo River course (upstream of the cassava-impacted site, at the cassava-impacted site, and
downstream of the cassava-impacted site) in the Niger Delta. In addition, another study by Izugbara
and Umoh [40] on indigenous waste management practices in urban Nigeria, revealed careful waste
segregation and sorting, selective burning and burying, composting and conversion as some of the
common indigenous waste management practices used by the sampled respondents. In addition,
a small percentage of the respondents sold the solid waste in fresh (27.8%) or dry (35.5%) form.

Table 3. Solid-Waste Management Options Used.

Waste Management Practices (n = 403) Percentage of “Yes” Responses

Dumping 59.6
Giving out free 58.1

Selling wet waste 27.8
Selling dry waste 35.5

4.3.2. Estimates of the Determinants of Current Cassava Solid-Waste Management Systems

After identifying the current waste management systems in use by smallholder cassava processors,
the study examined the factors that determined the use of these systems. The results for each
management system in use by the cassava processors are presented in Table 4. The likelihood ratios
were significant at 1% across the four waste management systems in use. The result also indicated
that the likelihood of using dumping as a waste management system increased significantly with the
quantity of cassava processed (marginal scale) and the processors who produced fufu (27.8%) and
garri (36.7%). However, an increase in cooperative/partnership ownership structure rather than sole
ownership and being resident in Kwara State reduced the likelihood of dumping. This implies that
processors of a large quantity of cassava and those engaged in the production of fufu and garri may
have found the dumping system more useful than any other waste management system for getting rid
of their solid waste. However, this may not be true for processors residing in Kwara state who had a
lower preference for the use of dumping as indicated by the negative sign associated with Kwara state
location variable. The information obtained from the respondents in Kwara State [41] revealed that
over 54.0% of the processors dispose of solid waste through the three other forms of waste management
systems (giving out free, selling dry and selling wet) particular to those who rear animals, while
only 13.0% used the dumping waste management system. The processors in cooperative/partnership
ownership may also not have sole decision-making power in determining the use to which solid waste
is put in the processing concern. This finding is in contrast with Olukanni and Olatunji [13], that
found dumping as the most common waste management system used by over 90.0% of the cassava
processors in Ogun State, Nigeria.

The likelihood of giving solid waste out free increased significantly with being female (1.3%),
cooperative/partnership ownership structure rather than sole producer (1.1%), residency in Ogun
State (27.3%), production of garri (50.0%) and lafun (15.6%). Furthermore, the likelihood of selling
cassava solid waste in a wet form significantly increased with years of experience (0.6%), membership
of association (10.0%), cooperative/partnership ownership structure (32.7%) and residency in Kwara
State (13.8%). However, it reduced significantly for the processors resident in Ogun State (14.3%).
Similar results were obtained by Ekere et al. [42] who found that gender, peer influence, land size,
location of household and membership of environmental organisations explain household waste
utilisation and separation behaviour. In addition, a study conducted by Sackey and Bani [5] found that
three-quarters of the cassava processors in the selected districts of Ghana gave cassava peels out freely
to feed ruminants, while the rest one-quarter disposed of it by dumping in open areas.

361



Sustainability 2019, 11, 1759

T
a

b
le

4
.

Es
ti

m
at

es
of

D
et

er
m

in
an

ts
of

th
e

C
ur

re
nt

C
as

sa
va

So
lid

-W
as

te
M

an
ag

em
en

tS
ys

te
m

U
se

d
by

th
e

C
as

sa
va

Pr
oc

es
so

rs
.

D
u

m
p

in
g

G
iv

in
g

o
u

t
F

re
e

ly
S

e
ll

in
g

W
e

t
S

e
ll

in
g

D
ry

V
a

ri
a

b
le

s
C

o
e
ff

.
S

td
.

E
rr

.
M

a
rg

in
a

l
E
ff

e
ct

C
o

e
ff

.
S

td
.

E
rr

.
M

a
rg

in
a

l
E
ff

e
ct

C
o

e
ff

.
S

td
.

E
rr

.
M

a
rg

in
a

l
E
ff

e
ct

C
o

e
ff

.
S

td
.

E
rr

.
M

a
rg

in
a

l
E
ff

e
ct

Se
x

(fe
m

al
e
=

1)
0.

12
2

0.
32

9
0.

07
3

0.
53

0
**

0.
24

5
0.

13
3

−0
.1

12
0.

29
8

−0
.0

50
−0

.3
78

0.
25

9
−0

.1
03

H
ou

se
ho

ld
si

ze
0.

07
3

0.
68

3
−0

.0
07

−0
.0

53
0.

05
1

−0
.0

14
0.

03
8

0.
06

0
0.

00
2

−0
.0

09
0.

05
4

−0
.0

07
Q

ua
nt

ity
of

ca
ss

av
a

pr
oc

es
se

d
0.

40
×1

0−
4

**
0.

19
×1

0−
4

2.
26
×1

0−
6

−7
.0

6
×1

0−
6

0.
11
×1

0−
4

−1
.5

2
×1

0−
6
−1

.3
1
×1

0−
5

1.
26
×1

0−
5

−4
.7

8
×1

0−
6

3.
28
×1

0−
5

**
0.

14
×1

0−
5

4.
45
×1

0−
6

Ye
ar

of
ex

pe
ri

en
ce

−0
.0

12
0.

01
6

−0
.0

02
−0

.0
12

0.
01

3
−0

.0
03

0.
04

1
**

*
0.

01
5

0.
00

6
0.

00
6

0.
01

3
0.

00
1

M
em

be
r

of
as

so
ci

at
io

n
−0

.3
82

0.
31

1
−0

.1
10

−0
.0

91
0.

23
5

−0
.0

25
0.

56
0

**
0.

29
6

0.
10

0
0.

22
5

0.
25

5
0.

07
2

O
w

ne
rs

hi
p

st
ru

ct
ur

e
(c

oo
p/

pa
rt

ne
rs

hi
p
=

1)
−0

.6
88

*
0.

39
6

−0
.2

69
0.

53
3

*
0.

31
7

0.
11

3
1.

28
7

**
*

0.
34

2
0.

32
7

0.
32

4
0.

31
7

0.
15

6

St
at

e
of

lo
ca

tio
n

(K
w

ar
a
=

1)
−3

.9
10

**
*

0.
48

4
0.

07
7

0.
42

7
0.

32
8

0.
16

5
1.

56
7

0.
37

3
−0

.1
38

1.
51

2
**

*
0.

35
5

0.
11

4
St

at
e

of
lo

ca
tio

n
(O

gu
n
=

1)
0.

33
7

0.
46

8
0.

04
4

1.
34

0
**

*
0.

35
0

0.
27

3
−1

.3
05

0.
45

6
−0

.1
43

−0
.6

84
*

0.
38

8
−0

.1
10

Pr
od

uc
in

g
st

ar
ch

−0
.7

78
**

0.
31

2
−0

.0
22

0.
44

0
0.

28
2

0.
11

0
0.

00
7

0.
33

7
0.

05
0

−0
.4

76
0.

30
1

−0
.1

33
Pr

od
uc

in
g

fu
fu

0.
87

4
**

*
0.

38
7

0.
27

8
0.

31
3

0.
24

3
0.

08
8

−0
.2

45
0.

28
2

−0
.1

23
−0

.6
22

**
0.

25
3

−0
.2

08
Pr

od
uc

in
g

ga
ri

0.
97

7
*

0.
55

4
0.

36
7

2.
34

5
**

*
0.

46
7

0.
50

0
−0

.6
15

0.
46

5
0.

23
4

0.
30

8
0.

45
2

−0
.0

54
Pr

od
uc

in
g

la
fu

n
0.

17
0

0.
38

7
0.

20
0

0.
75

2
*

0.
30

5
0.

15
6

−0
.4

58
0.

35
0

0.
07

8
−0

.2
93

0.
30

8
0.

06
8

C
on

st
an

t
0.

94
8

0.
88

7
−2

.6
36

**
*

0.
69

5
−1

.4
03

*
0.

76
8

−0
.9

70
0.

76
3

N
um

be
r

of
ob

s.
=

40
3

N
um

be
r

of
ob

s.
=

40
3

N
um

be
r

of
ob

s.
=

40
3

N
um

be
r

of
ob

s.
=

40
3

Li
ke

lih
oo

d
=
−1

58
.0

4
lik

el
ih

oo
d=
−2

39
.2

6
Li

ke
lih

oo
d
=
−1

78
.3

1
Li

ke
lih

oo
d
=
−2

14
.4

3
Pr

ob
>

ch
i2
=

0.
00

00
Pr

ob
>

ch
i2
=

0.
00

00
Pr

ob
>

ch
i2
=

0.
00

00
Pr

ob
>

ch
i2
=

0.
00

00
Ps

eu
do

R
2
=

0.
41

8
Ps

eu
do

R
2
=

0.
12

7
Ps

eu
do

R
2
=

0.
25

1
Ps

eu
do

R
2
=

0.
18

2
LR

ch
i2

(1
2)
=

64
.3

3
LR

ch
i2

(1
2)
=

69
.1

4
LR

ch
i2

(1
2)
=

56
.5

2
LR

ch
i2

(1
1)
=

44
.6

6
M

ar
gi

na
le
ff

ec
tY
=

0.
60

77
M

ar
gi

na
le
ff

ec
tY
=

0.
59

11
M

ar
gi

na
le
ff

ec
tY
=

0.
24

85
M

ar
gi

na
le
ff

ec
tY
=

0.
33

74

**
*,

**
an

d
*

de
no

te
s

1%
,5

%
an

d
10

%
si

gn
ifi

ca
nc

e,
re

sp
ec

ti
ve

ly
(u

se
Pa

la
ti

no
Li

no
ty

pe
Fo

nt
of

10
or

11
).

362



Sustainability 2019, 11, 1759

The likelihood of selling of cassava solid waste in dry form increased with the quantity of cassava
produced, albeit on a very small scale (4.45× 10−6) and with residency in Kwara State (11.4%). However,
it reduced with being resident in Ogun State (11.0%) and producing fufu (20.8%).

4.4. Willingness to Pay for Improved Waste Management Systems

There are improved waste management systems that enable processors to make such value-added
products as mushrooms, feed, ethanol, biofuel, and organic manure from cassava waste. The products
generated from improved waste hold promise for environmental preservation and income generation
for the cassava processors. As captured in Table 5, 61.8% of the processors indicated a willingness to pay
for training in converting cassava waste into organic manure, while 56.3% indicated a willingness to
pay for training in mushroom production. Similar results were obtained by Odediran and Ojebiyi [32],
who found that most of the cassava processors at a technology demonstration in Ogun State were
willing to adopt the technology to produce mushrooms from cassava waste.

Table 5. Responses of the Cassava Processors on Willingness to Pay for Improved Waste
Management Systems.

Willingness to Pay (n = 403) Percentage of “Yes” Responses

Conversion of cassava waste to organic manure 61.8
Production of mushrooms from cassava waste 56.3

In addition, following [31], the coefficient of the price of processors willing to pay for value-added
solid-waste management (β1) was found to be positive for both types of training, thus, suggesting
that the processors were willing to pay (see Table 6). The estimated mean value of WTP was �504.63
($3.00) for training on production of mushrooms from cassava waste and �159.15 ($1.00) for training
on converting cassava waste into organic manure. Organic manure from cassava peel is not often
used by the farmers in the study areas. Thus, the processors are not motivated to invest in producing
manure since they believe the product will be difficult to sell. Furthermore, the use of cassava waste to
produce mushrooms has limitations in the study area because mushrooms are not a staple food in
Nigeria but more of a luxury food item [43].

Table 6. Mean Willingness to Pay for Training in Organic Manure and Mushroom Production from
Cassava Waste.

Organic Manure Production from Cassava Waste

Variable Coeff. Std. Err. Z-Stat. p-Value

Constant −1.7472 0.2330 −7.50 0.0000

Price (β1) 0.0011 0.0001 7.73 0.0000

Number of obs. = 403
LR chi2(1) = 211.87
Prob>chi2 = 0.0000
Pseudo R2 = 0.3952

Log likelihood = −162.10
Mean willingness to pay = 159.15

Mushroom Production from Cassava Waste

Variable Coeff. Std. Err. Z-Stat. p-Value

Constant −1.1631 0.1835 −6.34 0.0000

Price (β1) 0.0005 0.0001 7.48 0.0000

Number of obs. = 403
LR chi2(1) = 134.97
Prob >chi2 = 0.0000
Pseudo R2 = 0.244

Log likelihood = −208.62
Mean willingness to pay = 540.63
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Moreover, most of the processors interviewed believed that additional production activity around
cassava peel would be time-consuming and distract them from their main processing activities. In many
study areas, wild-mushroom hunting is common among women, youths, and children [44,45]. This
decreases the importance of mushroom production from cassava waste for the processors. Therefore,
it could be inferred that the considerable low WTP estimates for training on conversion of waste to
economic use via manure and mushroom production can be attributed to the lack of awareness of the
benefits of these two products within the study communities.

4.5. Determinants of Willingness to Pay for Improved Solid-Waste Management System

Table 7 presents the results of factors affecting WTP for the above-mentioned two types of training.
Concerning training on mushroom production, the results revealed that the model was significant at
1%, while the McFadden’s R squared (pseudo R2) equalled 18.8%. The model coefficients revealed
that processor’s sex had a positive and significant relationship on WTP for the training, suggesting
that the female gender increases the likelihood of WTP for the training by about 0.14. Similarly, the
significance of household size, large scale of operation and awareness of new management system at 5%
suggest that these variables are likely to increase the WTP for mushroom cultivation training by about
0.03, 0.15 and 0.32, respectively. The significance of the variable on awareness of new management
systems is contrary to the conclusion of Odediran and Ojebiyi [32], who reported that there was no
significant relationship between their respondents’ awareness of cassava waste utilisation technologies
and the WTP for them. The indication is that awareness of new management systems would likely
increase the WTP for mushroom production training by a probability of about 0.32. Conversely, the
quantity of cassava processed, though significant at 1%, had an opposing sign, thus, suggesting the
variable’s likelihood to decrease WTP by not too obvious a margin. However, the decrease in WTP
associated with the quantity of cassava produced may be restricted to small-scale cassava processors.
The positive significance of the variable on large-scale operation processor seems to suggest that this
group of processors will be more disposed to participating in mushroom training than their small-scale
operation counterparts.

Table 7. Factors Influencing the Willingness to Pay for Training in New Solid-Waste
Management Options.

Variable

Organic Manure Mushroom Production

Coeff. Std. Err.
Marginal

Effect
Coeff. Std. Err.

Marginal
Effect

Sex (female = 1) 0.604 ** 0.258 0.137 0.556 ** 0.246 0.136
Household size 0.143 *** 0.055 0.032 0.110 ** 0.052 0.027

Quantity of cassava processed −5.08 × 10−5 *** 1.15 × 10−5 −1.15 × 10−5 −7.83 × 10−5 *** 1.171 × 10−5 −1.92 × 10−5

Scale of operation (large scale = 1) 0.135 0.279 0.025 0.601 ** 0.267 0.148
Ownership structure (Coop/partnership = 1) −0.353 0.327 −0.081 −0.167 0.308 −0.041

Years of experience −0.002 0.013 −0.001 −0.001 0.013 −0.001
Year of education 0.049 ** 0.026 0.011 0.039 0.025 0.009

Member of association −0.354 0.247 −0.079 −0.148 0.234 −0.036
Awareness of new management system 2.112 *** 0.276 0.426 1.396 *** 0.240 0.324

Constant −1.379 0.557 −1.407 0.531

Number of obs. = 403 Number of obs. = 403
LR chi2(10) = 100.99
Prob >chi2 = 0.0000

LR chi2 (10) = 76.97
Prob >chi2 = 0.0000

Pseudo R2 = 0.188 Pseudo R2 = 0.1394
Log likelihood = −217.54 Log likelihood = −237.62

Marginal effect after logit Y = 0.6541 Marginal effect after logit Y = 0.5678

***, and ** denote 1%, and 5% significant levels, respectively.

The model on processors’ willingness to pay for training on organic manure was significant at 1%,
while the McFadden’s R squared (pseudo R2) equalled 13.9%. Concerning the individual variables,
the sex of processors had a positive relationship, with the WTP for organic manure training and was
highly significant. This suggests that female respondents were more likely to be willing to pay for
organic manure production training than their male counterparts. A unit increase in the household
size equally increased the probability of WTP for the training by 0.03.
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The significance of both awareness of new waste management systems and years of processors’
education seems to indicate their importance in increasing the likelihood of WTP for this training
by about 0.43 and 0.01, with the former likely to have more effect. Despite the marginal effect
associated with years of education, its relevance cannot be sidelined. This is because processors with
higher level/increased years of education are better exposed/accommodative to new technologies and,
hence, are more likely to better appreciate the benefits to be derived from the use of organic manure,
particularly on environmental and health grounds. This result is consistent with that of [45–47],
who found persons with a higher level of education more willing to pay for solid waste disposal
management services.

However, the relationship between the quantity of cassava processed and WTP for training in
organic manure production was found to be negatively significant and with lesser effect. This indicates
that any increase in the amount of cassava processed is likely to decrease the WTP for training in
organic manure production. This is contrary to expectation, given the fact that those with a larger
quantity of cassava to process should be the ones with more interest in finding alternative ways of
disposing of solid waste, particularly if such processes will bring additional income. The observed
result may arise if the processors do not find organic manure training an attractive/relevant measure
for addressing their large solid waste concern. Moreover, as earlier stated, most processors believed
that the additional production activities around cassava peel are time-consuming and would distract
them from their main processing activities.

5. Conclusions

The study examined the willingness to pay for value-added solid-waste management systems
among 403 cassava processors in the humid forest and Guinea savannah zones of Nigeria. The study
showed that the solid-waste management practices currently in use by the cassava processors are
dumping, gifting, and selling solid waste in wet and dry forms. The factors influencing the processor’s
decision on the type of waste management system were observed to include gender, membership of
association, quantity of cassava processed and ownership structure. Two value-added solid-waste
management options (organic manure and mushroom production) were introduced to the cassava
processors, and more than half of them were willing to pay for acquiring the knowledge to use them.
The factors positively influencing the WTP for expertise on conversion of solid waste to organic manure
were female gender, household size, years of education, and awareness of the new options, while a
possible increase in the quantity of cassava processed negatively influenced the WTP.

Similarly, while gender, household size and awareness of the new options positively influenced
the willingness to pay for training in mushroom production, a possible increase in the quantity of
cassava processed negatively influenced the WTP. While large quantities of waste are generated during
both the high and low processing seasons, which can create significant environmental and human
health hazards in the short run and in the long run, processors were willing to pay only a small amount
of money to learn new methods of profitably disposing of the waste. This finding could be due to
insufficient hygiene regulations and enforcement by the local authorities at cassava processing centres,
which means that the processors had never been made to pay for waste disposal. Such circumstances
decrease the processors’ willingness to pay adequate amounts for training in new waste conversion or
disposal methods.

Therefore, based on the findings of this study, it is recommended that sensitisation and subsidised
training of processors in the benefits of safe waste conversion and disposal and in various new options
for value-added management of solid waste should be intensified to encourage and enable cassava
processors to manage agro-based waste safely. The large amount of waste generated by each processor
shows the need for environmental hygiene protocols to be developed and enforced at community
cassava processing centres. At the same time, the market for value-added agro-based waste products
should be vigorously expanded.
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Abstract: An increasing number of countries develop bio-economy strategies to promote a stronger
reliance on the efficient use of renewable biological resources in order to meet multiple sustainability
challenges. At the global scale, however, bio-economies are diverse, with sectors such as agriculture,
forestry, energy, chemicals, pharmaceuticals, as well as science and education. In this study,
we developed a typology of bio-economies based on country-specific characteristics, and describe
five different bio-economy types with varying degrees of importance in the primary and the
high-tech sector. We also matched the bio-economy types against the foci of their bio-economy
strategies and evaluated their sustainability performance. Overall, high-tech bio-economies seem
to be more diversified in terms of their policy strategies while the policies of those relying on
the primary sector are focused on bioenergy and high-tech industries. In terms of sustainability
performance, indicators suggest that diversified high-tech economies have experienced a slight
sustainability improvement, especially in terms of resource consumption. Footprints remain, however,
at the highest levels compared to all other bio-economy types with large amounts of resources
and raw materials being imported from other countries. These results highlight the necessity of
developed high-tech bio-economies to further decrease their environmental footprint domestically
and internationally, and the importance of biotechnology innovation transfer after critical and
comprehensive sustainability assessments.

Keywords: bioeconomy; green economy; sustainable development; bioproductivity; high-tech
bioeconomy; knowledge-based bioeconomy; primary sector; typology; cluster analysis

1. Introduction

Despite the current drop in price, many fossil fuel resources are becoming increasingly scarce [1],
and their consumption is associated with climate change, and harmful effects on ecosystems and
human health. At the same time, population growth and corresponding pressures on natural resources
have risen beyond safe ecological limits [2]. In response to these societal challenges, countries have
adopted ambitious global goals such as the 2 ◦C limit to global warming, the Aichi Biodiversity Targets,
and the Sustainable Development Goals (SDGs). However, the unprecedented global awareness of
sustainability issues has yet to be matched with appropriate action towards achieving tangible goals
and targets.

An increasing number of countries look to the bio-economy as a strategy to (a) reduce reliance
on fossil fuels and (b) enable sustainable development through a “biologization” of the regular
economy [3–5]. As a consequence, the conceptual development of the bio-economy has been driven
by the fossil fuel substitution perspective, as well as the biotechnology innovations perspective,
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leading to multiple definitions for the bio-economy (see [6,7]). While early publications adopted
sector specific definitions or focused purely on biotechnology [8,9], the bio-economy is increasingly
being understood to include all kinds of economic activity that rely on biological processes, products,
and principles [10]. In this study we adopt a broad definition that includes traditionally bio-based
sectors such as agriculture and forestry, but also bio-based pharmaceutics, waste treatment, energy,
bio-plastics, and chemicals.

Bugge et al. [11] identified three different visions of bio-economy that have developed
simultaneously: (1) the bio-technology vision focusing on research, application, and commercialization
of bio-technology innovations, (2) the bio-resource vision with an emphasis on the efficient and
upgraded use of raw materials, and (3) the bio-ecology vision centered around the concept of
sustainability and ecosystem conservation through increased efficiency. Similarly, Hausknost et al. [12]
categorized four different visions of a bio-economy along the dichotomies of sufficiency versus
capitalist growth and agro-ecology versus industrial (bio-)technology. These “ideal types”, however,
correspond to political visions of the bio-economy and do not necessarily reflect real world
conditions [13]. Behind such visions are fundamentally different views and expectations about
the costs and benefits of a bio-based transformation of the economy. Proponents expect economic
growth, employment opportunities, and environmental benefits [14–16], whereas critics fear the
uncontrolled spread of risk technologies, unequal benefit sharing outcomes, and environmental
damage [17]. A balanced view requires a better understanding and predictive tools to assess the
complex cause-effect relationships involved in international trade and innovation/knowledge systems,
which act as key mediators in a global bio-based transformation. Therefore, in order to strengthen
social acceptance of bio-economy policies, a better understanding of sustainability implications and a
consideration of this knowledge when designing bio-economy policies is necessary to avoid negative
impacts from policy measures [18].

This paper aims at improving our understanding of the determinants and sustainability
implications of the supply and demand of bio-based products, and our knowledge about the global
bio-economy by answering the following research questions: (1) How do countries differ in terms
of their bio-economy and comparative advantages? (2) Can these differences be explained by the
adoption of different national policies? And (3) what are the sustainability implications of these
different bio-economy pathways? First, we characterize bio-economy types based on a set of indicators
that we expect to be associated with countries’ strategic decisions to embark on a particular bio-based
development pathway. We then show that these bio-economy types have in fact adopted considerably
distinct national bio-economy strategies. However, we also find that the current and anticipated
bio-economy developments bear both opportunities and risks in multiple SDG dimensions.

National bio-economies, as well as frameworks to assess their implementation, often focus
on economic benefits but often ignore other aspects of sustainability such as resource and waste
management along the whole value chain, and competition between biomass needs [19,20]. As in
our study, a cluster approach was also applied by Philippidis et al. [21] to characterize different
bio-economies of the European Union (EU) based on sector-specific backward and forward-linkages,
as well as employment multipliers. Ronzon et al. [22] characterized and grouped all countries of
the EU based on the productivity, turnover, and job generation of different bio-economy sectors.
However, while they focused on the implications of growth in different bio-economy sectors for
employment opportunities and wealth generation, we assess the sustainability of the different sectors,
including an ecological dimension and link the typology to existing bio-economy policy strategies
within each respective country. The enormous diversity of country contexts and bio-economy
development potential around the world is likely to be reflected in the strategies adopted by
governments to promote bio-based growth [3,23]. The national bio-economy policy strategy of Nigeria,
for example, focuses on bioenergy, whereas India pursues high-tech, research, and innovation issues.
Denmark´s strategy broadly advocates for a green economy (a sustainable economy), and Portugal
concentrates on the blue economy (fisheries and other marine and coastal economic sectors, see [3]).
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We expect countries’ bio-economy strategies to reflect key contextual determinants, such as: (1) global
comparative advantages in specific bio-economy sectors (e.g., agriculture, forestry, biotechnology, etc.),
(2) current or anticipated sustainability threats, and (3) consumer, i.e., voter, preferences. Given the
complexities of the cause-effect relationships involved in bringing about sustainable development,
we also expect the current global mix of national contextual conditions to result in a portfolio of
bio-economy strategies that requires an appropriate governance regime to minimize negative social and
environmental externalities and maximize opportunities for sustainable development. Our subsequent
analysis includes social development indicators, but focuses on current performance and performance
trends in key environmental outcome dimensions, such as CO2 emissions, biodiversity, and related
footprint indicators.

2. Materials and Methods

We identified a set of globally available indicators supported by targeted literature e.g., [19,22,24]
and data review that reflect the three key contextual dimensions introduced in the previous section
(Table 1). The selection of specific indicators was mainly driven by the availability of comprehensive
and up-to-date datasets, which were available in open access databases (e.g., of the Food and
Agriculture Organisation, International Labour Organisation, and the World Bank). This included the
overall importance of different bio-economy sectors, i.e., the primary and the high-tech sector, as well
as the overall comparative advantages for these sectors, such as the availability of bioproductive land
and skilled labor.

Table 1. Set of indices and indicators used for the cluster analysis to identify bio-economy types.

Indices and Indicators Unit Years Source

1. Economic importance of the primary sector

Agriculture, value added, includes agricultural as well as forest products % of Gross domestic product (GDP) 2010 to 2016 [25]
Employment in agriculture male % of male population 2010 to 2016 [26]

Employment in agriculture female % of female population 2010 to 2016 [27]
Agricultural land % of land area 2010 to 2015 [28]

Forest area % of land area 2010 to 2015 [29]

2. Economic importance of the high-tech sector

High-technology exports % of manufactured exports 2010 to 2016 [30]
Patent applications, residents Per million people 2010 to 2015 [31]

Patent applications, nonresidents Per million people 2010 to 2015 [32]

3. Availability of bioproductive land

Bioproductive area/Biocapacity % of total area 2013
(2017 Edition) [33]

Bioproductive area/Biocapacity
(per capita) ha per capita 2013

(2017 Edition) [33]

4. Availability of skilled labor

Gross enrolment ratio, tertiary, both sexes % of population 2010 to 2016 [34]
Employees with an advanced education % of population 2009 to 2016 [35]
Scientific and technical journal articles per million people 2010 to 2013 [36]

We measured the importance of the primary and the high-tech bio-economy sectors, which was
likely to reflect comparative advantages, and to some degree, social choice and voter preferences.
Additionally, specific bio-economy sectors are likely to be the result of certain sustainability threats
but may have their own sustainability implications that need to be considered. While we tried to
capture the economic importance of the primary sector based on indicators reflecting the economic
significance, employment opportunity and overall land occupied, we employed indicators reflecting
economic importance in terms of international trade and patent applications for the high-tech sector.
We assumed a stronger concentration of high-tech innovations in knowledge-, investment- and
research-intensive sectors such as pharmacy, biotechnology, biochemical, and bioplastics. A vibrant,
innovative, and economically viable bio-economy is likely to be reflected in the number of patent
applications by residents, as well as non-residents and exports of high-tech products.

371



Sustainability 2018, 10, 2705

Comparative advantages are also reflected by the availability of resources, such as the availability
of bioproductive land, which we used interchangeably with biocapacity, as well as the availability of
skilled labor. According to the definition of the Global Footprint Network [37] biocapacity refers to
“the capacity of a particular surface to renew what people demand. In the National Footprint Accounts,
the biocapacity of an area is calculated by multiplying the actual physical area by the yield factor
and the appropriate equivalence factor”. Yield and equivalence factors are conversion factors used
to translate hectares into global hectares. While the availability of bioproductive land is more or less
determined by bioclimatic factors, the availability of skilled labor usually depends strongly on specific
policies as well as on investments in education, and therefore is controlled, at least in democratic
countries, by the consumer and voters’ choice. Both the availability of bioproductive land and of
skilled labor have certain sustainability implications in terms of land use intensification, decent work,
and education.

For the availability of skilled labor, we selected indicators reflecting the share of the population
enrolled in the tertiary sector, as well as employees with an advanced education, to account for
immigration and emigration of trained staff; to reflect the actual output of the scientific community
we applied the number of scientific publications per million people. The availability of skilled labor
reflected a comparative advantage, which is likely to play an important role for the knowledge
intensive high-tech sector.

Mean values were calculated, for those data with multiple years. Some indicators, which were
not yet standardized by area or population size, were calculated accordingly. All values xi,j were
normalized by calculating the z-scores zi,j for each country i and each indicator j (Equation (1)).

zi,j =
xi,j − min

(
xj
)

max
(
xj
)− min

(
xj
) (1)

The normalized indicator values zi,j were combined in multivariate indices zi calculated as mean
values for each country i over all normalized indicators j (Equation (2)).

zi =
1
N

N

∑
j=1

zi,j (2)

This approach was chosen to sufficiently reflect and summarize different aspects related
to the importance of different bio-economy sectors, the availability of resources including
bioproductive land and skills, as well as the international role of trade in a comprehensive way.
Furthermore, the combination of indicators in multivariate indices calculated as mean values across all
indicators allowed us to also include indicators with incomplete datasets. In these cases, only values
for available indicators were used. Countries with missing index values were excluded from the cluster
analysis. All indices were combined in a new dataset and used for cluster analysis.

Initially, various clustering algorithms were applied to the dataset leading to the result-based
selection of a Gaussian finite mixture model-based clustering. Different parameterized Gaussian
mixture models were fitted through an Expectation-Maximization-Algorithm, setting the volume,
shape, and orientation of the covariance to be either equal or variable [38]. The optimal model
according to the highest BIC value (Bayesian information criterion) was selected for clustering and
further analysis. The cluster-based typology was evaluated and interpreted by the calculation of the
F-Statistic and t-value of the different types. The F-value indicates whether an indicator significantly
contributes to the clustering of a type, by comparing the variance of the cluster to the variance of the
whole dataset (the smaller the F-value, the more homogenous the cluster). The t-value indicates how a
cluster is characterized by each indicator comparing the means (a positive value indicates a higher
mean and a negative value a lower mean for the cluster). Additionally, boxplots as well as pairwise
Wilcoxon Rank Sum Tests with Bonferroni correction were calculated and interpreted.
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The clustering results were evaluated against the number and foci of existing bio-economy
strategies of the different countries according to data from the German Bio-economy Council [3].
The selection of the documents by the German Bio-economy council was based on an Internet-based
desk study using publicly available government documents published between 2005 and 2015. In the
absence of dedicated bio-economy strategies, policy documents linking to bio-economy such as
biotechnology, bioenergy, or biobased-economy/industry were included. Other papers, such as
agricultural, forestry, or marine strategies were only included if they had a strong focus on bio-economy
or innovative bio-based approaches.

Furthermore, sustainability performance was assessed using a selection of the SDG indicators
database, as well as indicators for footprints associated with international trade (Table 2). We focused
on indicators for SDGs that are frequently mentioned to be considerably affected by growth in
bio-economy sectors, especially SDG 2 (no hunger), SDG 7 (affordable and clean energy), and SDG 12
(responsible consumption and production). These are among the SDGs most commonly referred to in
literature [39,40] and mentioned by experts, as part of an online survey, with respect to the potential
benefits from the bio-economy (e.g., increasing agricultural production, emission reduction from
renewable energy production, effective waste treatment), as well as its risks, such as the competition
between food and energy and biodiversity loss. However, this does not imply that there are no
potential impacts on the other SDGs. Other indicators were also evaluated, but due to inconclusive or
insignificant results, they were not included in this publication.

We complemented this dataset with additional data on the ecological footprint, and the ecological
deficit or reserve, as well as the foreign and domestic biomass footprint that could be attributed to
the consumption of food as well as non-food products. The biomass footprint for food as well as
non-food purposes was calculated using the Leontief inverses [41] for the years 2000 and 2013 from
the multi-region input-output (MRIO) database Eora in the harmonized 26-sector classification [42],
together with the UN Environmental Program material extraction data set [43]. We classified the
sectors into food and non-food categories, assuming that upstream biomass inputs of mining, non-food
manufacturing as well as transport sectors are used for non-food purposes. Final products from
agriculture, fishing, and food processing sectors, as well as biomass uses in the service sectors
(mainly restaurants and public services) are attributed to food uses.

Sustainability performance was assessed for the current status, calculated as average values
between 2010 and 2015, and for the change in performance, calculated as the change between the
current status and the average values for the years 2000 to 2005. Since not all indicators were available
for each year, missing years were ignored for the mean calculation.

Boxplots and pairwise Wilcoxon Rank Sum Tests with Bonferroni correction were used to compare
the clusters for the different sustainability indicators. The statistical computing environment R was
used for all analyses and figure preparations. The packages used were mclust 5.3 [38] for clustering,
ggplot2 [44], factoextra [45], rworldmap [46], gridExtra [47], and cowPlot [48] for visualization,
and Hmisc [49], matrixStats [50], and multcompView [51] for statistical evaluation.
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3. Results

3.1. Bio-Economy Classification

Statistical evaluations of different Gaussian models indicated that the VVI model (diagonal
distribution, varying volume and shape) with four components (clusters) received the highest BIC value
and was therefore selected for further analyses. Based on the selected indicators and clustering algorithm
countries were grouped into four different clusters, the Diversified Bio-economies (Diverse), the Advanced
Primary Sector Bio-economies (AdvancedPrim), the High-Tech Bio-economies (HighTech), and the Basic
Primary Sector Bio-economies (BasicPrim) (Figure 1). The different bio-economy clusters were considerably
different from each other according to F and t-values (Table 3), and showed significant characteristics
(Figure 2).

Figure 1. Map of a global bio-economy typology with countries belonging to the same cluster being
displayed in the same color. Clusters: Diversified Bio-economies (Diverse), Advanced Primary Sector
Bio-economies (AdvancedPrim), High-Tech Bio-economies (HighTech), and Basic Primary Sector
Bio-economies (BasicPrim).

Table 3. t-values to be used for the interpretation of the clusters; cells in brackets have F-values higher
than 1.2 (F-values higher than 1 indicate that the variance of a cluster is bigger than the variance of the
whole dataset).

Index Diverse AdvancedPrim HighTech BasicPrim

Economic importance of the primary sector −0.480 −0.092 −0.487 1.182
Economic importance of the high-tech sector −0.137 −0.566 (1.513) −0.434

Availability of bioproductive land 0.290 −0.548 (0.924) −0.524
Availability of skilled labor 0.426 −0.246 (0.816) −0.983
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Figure 2. Boxplots comparing clustering variables for different bio-economy types (a–d).
Letters indicate significant differences according to a pairwise Wilcox rank sum test with a significance
level of 0.05. Clusters with the same letter are not significantly different.

The Diverse cluster, which included 50 countries, was mainly comprised of different countries in
South and Central America (Antigua and Barbuda, Argentina, Aruba, The Bahamas, Barbados, Bolivia,
Brazil, Chile, Colombia, Panama, Paraguay, St. Lucia, St. Vincent and the Grenadines, Trinidad and
Tobago, Uruguay), countries in Southeast and Central Asia (Brunei Darussalam, Lebanon, Mongolia,
Qatar, Samoa, Thailand, Tonga, Vietnam), eastern and southern Europe (Austria, Belarus, Belgium,
Bulgaria, Croatia, Cyprus, Czech Republic, Estonia, Finland, Greece, Hungary, Italy, Latvia, Lithuania,
Luxembourg, Poland, Portugal, Romania, the Russian Federation, Slovak Republic, Slovenia, Spain,
Sweden, Ukraine), plus a few others (Congo, Mauritius, Mexico). Poland was identified as the most
representative country of the Diverse cluster, characterized by a middling importance of both the
high-tech and the primary sectors. This was matched by a mediocre availability of bioproductive land
and skilled labor (the latter one not being significantly lower than the HighTech cluster).

The 45 countries belonging to the AdvancedPrim cluster were mainly found in Africa (Algeria, Sudan,
Botswana, Cabo Verde, Ethiopia, Morocco, Namibia, South Africa, Tunisia, Egypt), Asia (North Korea, India,
Indonesia, Iran, Iraq, Jordan, Kuwait, Kyrgyz Republic, Nepal, Oman, Saudi Arabia, Sri Lanka, Syrian
Arab Republic, Tajikistan, Yemen), Central and South America (Cuba, Dominican Republic, Ecuador, El
Salvador, Guatemala, Honduras, Jamaica, Peru, St. Kitts and Nevis, Venezuela) and eastern Europe
(Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Georgia, Moldova, Macedonia, Turkey,
Serbia). For AdvancedPrim countries, which were best represented by Botswana, the primary sector
was more important for the economy than the high-tech sector, despite a relatively low availability of
bioproductive land. However, the primary sector was not as important as for the BasicPrim cluster.
Skill availability was at a mediocre level, which was significantly lower than for the Diverse and
HighTech clusters. Corresponding to this limited availability of skilled labor, we found a rather low
importance of the high-tech sector.

In the HighTech cluster, 32 countries from North America (Canada and the United States), parts
of central and northern Europe (Denmark, France, Germany, Ireland, Malta, the Netherlands, Norway,
Switzerland, UK), some parts of Asia (Bahrain, Bangladesh, Kazakhstan, Malaysia, Israel, Japan,
Philippines, South Korea, Singapore, Timor-Leste, Vanuatu and China), South and Central America
(Bermuda, Costa Rica, Grenada, Guyana, Suriname) as well as Australia, Mozambique, New Zealand,
and Niger were summarized.
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The high-tech sector played a very important role for the economies belonging to this cluster,
best represented by countries such as Japan, South Korea, and Singapore, while the primary sector
was of very little importance. This was matched by a significantly higher availability of skilled labor
compared to all other clusters except the diversified cluster. The importance of the primary sector was
very variable within this cluster and correspondingly, we found a high variation for the availability of
bioproductive land.

Countries from Africa (Benin, Burkina Faso, Burundi, Cameroon, Central African Republic,
Comoros, Côte d’Ivoire, Djibouti, the Gambia, Ghana, Guinea, Kenya, Lesotho, Madagascar, Malawi,
Mali, Nigeria, Rwanda, Sao Tome and Principe, Senegal, Sierra Leone, Swaziland, Togo, Uganda,
Tanzania, Zambia, and Zimbabwe), Southeast and Central Asia (Bhutan, Cambodia, Fiji, Pakistan,
Papua New Guinea, Solomon Islands, Uzbekistan) and some South and Central American countries
(Dominica, Haiti, Nicaragua) were included in the BasicPrim cluster (37 countries). These countries,
best represented by the case of Tanzania, were characterized by a very high importance of the primary
sector (significantly higher than for all other types) and a very low importance of the high-tech sector.
The availability of skilled labor and bioproductive land were extremely poor (skill availability being
significantly lower than for all other types). Compared to the AdvancedPrim, BasicPrim countries
show a significantly higher importance of the primary sector coupled with a significantly lower
skill availability.

Overall, statistical evaluation of the clusters showed that the BasicPrim cluster had the most
important primary sector, followed by the AdvancedPrim cluster. This was, however, not dependent
on the availability of bioproductive land, which was significantly higher for type HighTech and Diverse
countries. The overall correlation between biomass availability and the importance of the primary
sector was even slightly negative (Table 4, r = −0.289, p < 0.001). The absence of high-level skills seemed
to be a much better predictor of the importance of the primary sector (r = 0.574, p < 0.001) than the
availability of biomass. In contrast, the importance of the high-tech sector was clearly reflected by the
availability of skilled labor (r = 0.401, p < 0.001) highest for type HighTech, followed by type Diverse.

Table 4. Spearman correlation coefficients between the different indices, ** p < 0.001, * p > 0.005.

Primary Sector High-Tech Productive Land Availability

Primary Sector
High-Tech −0.254 *

Productive Land Availability −0.289 ** 0.233 *
Skill Availability −0.574 ** 0.401 ** 0.294 **

3.2. Bio-Economy Strategies across Clusters

As expected, we found that existing national bio-economy strategies can be plausibly mapped
to our typology of bio-economies, although we also found some apparent contradictions (Figure 3).
Countries with strong high-tech sectors (type HighTech) are also the countries with the highest number
of bio-economy strategies. 50% of the countries of this type had at least one political strategy that
could be considered as a bio-economy strategy, and 31% had even more than one strategy. For type
HighTech countries, bio-economy strategies were not only the most abundant, but also the most
diversified with all types of strategies being represented, but most within the field “Bio-economy
Research & Innovation” (seven countries) and “High-Tech” (seven countries). Countries that relied
the most on the primary sector (especially type BasicPrim and type AdvancedPrim) showed a much
lower abundance of countries with at least one bio-economy strategy (12.5% and 19%). But while for
BasicPrim these strategies mainly focused on “High-Tech” (three countries, despite the low importance
of the high-tech sector) and “Bioenergy” (four countries), they did not have such a specific emphasis
for the AdvancedPrim countries. The focus of BasicPrim countries on “High-Tech” exemplifies how
political strategies do not necessarily reflect current conditions but may rather emphasize desirable
development pathways, whereas a strong focus of the same type on “Bioenergy” might be the result

377



Sustainability 2018, 10, 2705

of an increasing or anticipated competition for land between food and energy sectors. With 30%
of countries from the cluster Diverse having at least one bio-economy strategy, they were not as
abundant as for type HighTech, but still more frequent than for the BasicPrim and AdvancedPrim types.
Strategies of this cluster focused mainly on “High-Tech” (seven countries), which indicates the desire
of these countries to perpetuate the shift from a primary sector based economy to a high-tech economy.

Figure 3. Matching of the bio-economy typology against (a) the number of different bio-economy
strategies per country and (b) the different foci of bio-economy strategies.

3.3. Sustainability Performance of Bio-Economy Types

Results of sustainability evaluation showed partially significant differences between bio-economy
types. However, all results should be interpreted with caution, as only part of the sustainability
performance can be attributed to the bio-economy developments. This is not a cross-sectional
study and therefore informational value about cause-effect relationships is only limited. In terms
of prevalence of undernourishment, HighTech and Diverse countries had the lowest recorded
rates of undernourishment (Figure 4a). BasicPrim countries showed the highest prevalence of
undernourishment. For all bio-economy types, we found that undernourishment has been decreasing,
indicating that hunger has been reduced globally, independently of the type of bio-economy in place
(Figure 4b). However, the reduction was significantly larger in BasicPrim countries.

In terms of the renewable energy share, we found that countries of BasicPrim had the highest
shares of renewable energy, significantly higher than all other types (Figure 4c). While for
AdvancedPrim, and BasicPrim countries, where the share of renewable energy was decreasing,
a substantial increase was found for most Diverse and HighTech countries (Figure 4d). This indicates
countries especially in the global South that rely heavily on wood as an energy source are shifting
away from renewable energy sources, while countries that currently rely mainly on nuclear and fossil
energy sources are increasingly using renewables. Energy intensity was highest for countries of type
BasicPrim (Figure 4e), and has been decreasing for all bio-economy types without any significant
differences between them (Figure 4f).
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Figure 4. Comparison of the status (a,c,e) and trend (b,d,f) of different sustainability indicators related
to nutrition availability and energy input for the five bio-economy types. The status was calculated as
average values between 2010 and 2015 and the trend was calculated as the change between the current
status and the average values for the years 2000 to 2005 as far as available. Letters indicate significant
differences between types according to a pairwise Wilcoxon rank sum test (p < 0.05).

The material footprints were highest for countries of type HighTech and Diverse, and lowest for
type BasicPrim countries (Figure 5a). Although all bio-economy types increased their material footprint
(especially types Diverse and AdvancedPrim), some countries of type HighTech showed decreasing
trends, which were however, not significantly different from the other types (Figure 5b). A similar
pattern was found when evaluating the current domestic material consumption and the ecological
footprint (Figure 5c,e). For domestic consumption, we found that besides HighTech countries, a number
of countries from type Diverse also showed decreasing trends (Figure 5d,f). Overall, the analysis
revealed that those countries with the highest national footprints (type HighTech and Diverse) were
also the only ones showing some reductions of their footprint. Although all other bio-economy types
increased their footprint, countries of type BasicPrim only increased their footprints a little during the
last several years. This indicates that the overall global footprint increase did not benefit the poorest
countries, but especially benefitted transitioning countries.
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Figure 5. Comparison of the status (a,c,e) and trend (b,d,f) of different sustainability indicators related
to material and ecological footprints for five bio-economy types. The status was calculated as average
values between 2010 and 2015, and the trend was calculated as the change between the current status
and the average values for the years 2000 to 2005 as far as available. Letters indicate significant
differences according to a pairwise Wilcoxon rank sum test (p < 0.05).

The domestic biomass footprint for food purposes was highest for HighTech and Diverse countries,
but showed no significant differences for all types (Figure 6a). However, for HighTech and Diverse
types, it increased significantly more than for the other types (Figure 6b). Imported food biomass
was significantly higher for HighTech and Diverse countries, and significantly lower for BasicPrim
countries than for all other bio-economy types (Figure 6c). While some Diverse countries managed to
decrease their domestic biomass footprints, all other types, especially BasicPrim countries, increased
it (Figure 6d). The domestic biomass footprints for non-food purposes was also similar for all types
(Figure 6e), and all types also decreased their footprint within a similar range (Figure 6f). The footprint
due to imported biomass for non-food purposes was significantly higher for HighTech and Diverse
countries than for all other types (Figure 6g), which also showed the highest increase (Figure 6h).
Countries of type BasicPrim had the significantly lowest imported biomass footprint for non-food
purposes (Figure 6g) with hardly any increasing trend (Figure 6h).
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Figure 6. Comparison of the status (a,c,e) and trend (b,d,f) of different sustainability indicators related
to the production and trade of biomass for the five bio-economy types. The status was calculated as
average values between 2010 and 2015 and the trend was calculated as the change between the current
status and the average values for the years 2000 to 2005 as far as available. Letters indicate significant
differences according to the pairwise Wilcoxon rank sum test (p < 0.05).

Overall we found type HighTech and Diverse having similar domestic biomass footprints as all
other types (Figure 6a,e, food and non-food) with increasing trends for food (Figure 6b), while domestic
biomass extraction for non-food purposes remained more or less stable (Figure 6f). Imported biomass
footprints were highest for HighTech and Diverse countries for food as well as non-food purposes
(Figure 6c,g), but while their imported biomass footprint for food remained more or less the same
(Figure 6d), they increased it for non-food purposes (Figure 6h). Countries more reliant on the primary
sector (AdvancedPrim and BasicPrim) showed a very moderate or no change in their domestic as well
as imported biomass footprints for non-food purposes. BasicPrim countries showed an increasing
trend for imported food biomass only for food purposes. However, while their current domestic
biomass footprints are on a similar level as for the other types (Figure 6a,e), their imported biomass
footprints remain significantly smaller than for all other types (Figure 6c,g).

4. Discussion

In this study, we developed a global typology of bio-economies and tested if and how the
resulting clusters differed from each other. We evaluated how these bio-economy types correspond
to the foci of different bio-economy policy strategies and evaluated their sustainability performance
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using different sustainability indicators. Our results revealed four different bio-economy types which
we named according to their characteristics, Diversified bio-economies (Diverse), Advanced primary
sector bio-economies (AdvancedPrim), High-tech bio-economies (HighTech), and Basic primary sector
bio-economies (BasicPrim).

Overall, the relative economic importance of the high-tech sector seems to be associated with the
availability of skilled labor while the relative importance of the primary sector is not determined by
the availability of bioproductive land. In fact, we tended to find high primary sector importance to be
associated with a low availability of skilled workers. This indicates that for important high-tech
bio-economies, the availability of skilled labor is a constraining factor, while the availability of
bioproductive land is not of importance for a primary sector-based economy.

However, the economic importance of a sector for one country does not imply that the sector itself
generates sufficient revenues or employment and education opportunities for the local population.
The results simply suggest that agriculture plays an important economic role in most developing and
many transitioning countries regardless of biomass availability, while the high-tech sector does not.
However, based on these results it is not possible to compare the productivity or profitability of the
agricultural sector between countries, nor is it possible to make any assumption about the ability of
the sector to generate economic growth, or whether it can provide sufficient income or decent work to
marginalized communities.

In the following, we outline potential implications of our results and discuss them in the context
of other studies. Cereal production worldwide has doubled between 1960 and 2000, mainly fueled by
innovations and larger inputs of water, pesticides and fertilizer [57]. But while food production in Asia
and South America tripled (from one to three tons per ha) in a span of 40 years, the production across
Africa remained almost constant at 1 ton per ha [58]. However, the majority of countries with the most
important agricultural sector (type BasicPrim) are located in Africa, especially sub-Saharan Africa
(SSA). Although these countries have managed to decrease their overall level of undernourishment
during the past 17 years, they remain the countries with the highest levels of undernourishment.

Diverse countries, which are mainly located in South-America, Western Europe and South-East Asia,
coincide with those countries having gone through a process of enormous agricultural intensification.
In these regions, we find higher skill availability and better socio-political conditions than in type
AdvancedPrim and BasicPrim countries. Substantial increases in food production, however, also had
negative consequences for many countries, including land degradation, deforestation, and unsecure land
use rights of local societies [57]. Based on these findings, we would argue that agricultural productivity
needs to be increased and that bio-economic innovations might have the potential to do so. But at the same
time, long-term sustainable bio-economic growth requires a formalized and intensive evaluation of the
benefits and risks of any bio-economic innovation and policy implementation.

Increasing yields and scarcity of fossil fuels, combined with a rising awareness of the potential
hazards from nuclear energy, have also resulted in the policy-supported growing use of renewable
energy, especially bioenergy, in Diverse and HighTech countries. Due to the limited availability
of bioproductive land, this policy had serious leakage effects all over the world, adding to the
so-called food-energy-environment trilemma [59,60]. Accordingly, we found the highest and increasing
imported biomass footprints for non-food purposes for these types. At the same time, we recorded an
increasing trend of imported food biomass especially for countries of type BasicPrim. This trade-off
and increasing pressure on food resources and the environment is also reflected by the distribution of
bioenergy relevant policies, which can especially be found in countries with an important primary
sector of type BasicPrim. Although these countries may not represent important global players
for biofuels trade, the importance of the primary sector combined with biomass scarcity and food
insecurity constitute a situation where the competition between food and energy for land becomes
more pronounced than in other countries.

Increased competition between food, energy, and the environment can push innovations for
more efficient use of land, biomass and other resources [61,62] but it can also increase imports of
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biomass, especially primary raw materials with the associated externalization effects of environmental
costs [63]. This scenario is likely to take place in the more developed countries of type HighTech
and Diverse, which tend to have better socio-economic conditions and higher skill availability to
support these pathways. In less developed countries, especially those of type BasicPrim, increased
competition is more likely to threaten food safety and natural ecosystems due to the lack of efficient
policy instruments, the unequal distribution of resources including land, and the redistribution of
land-use rights as a consequence of land-grabbing [61,64].

Economic sectors focusing on high-tech and high-value products are usually more
knowledge-intensive but less resource-intensive, and require trained and specialized personnel.
This phenomenon, is also true for the bio-economy high-tech sectors including biotechnology,
biopharmaceuticals and others. It has often been argued that bio-economy offers the possibility of
sustainable economic growth, especially for developing countries [14–16] and accordingly, as our results
show, many countries including those of type BasicPrim, Diverse, and HighTech have issued high-tech
bio-economy strategies. At the moment, however, important high-tech sectors can mainly be found in
countries of type HighTech and Diverse, but not in those of type BasicPrim. Although it is not possible
for us to draw conclusions about causal relationships, as this is a cross-sectoral study, in contrast to the
primary sector, specific conditions seem to facilitate the growth of the high-tech sector, particularly a
high availability of skilled labor. This emphasizes the need for investments in education and research
to overcome the barriers for knowledge-based bio-economy growth in poorer parts of the world [65].

However, despite recent trends to improve sustainability performance in terms of domestic
material consumption, the ecological footprint and the import of biomass for food purposes, countries
of type HighTech and Diverse remain to have the largest footprints per capita. Reductions in
material and energy consumption in developing and even in transitioning countries are very unlikely
simply because resource consumption is still on a much lower level than for the more developed
countries. We do not deny that some technological innovations have led to increased resource efficiency,
and would argue that at least some share of the recent sustainability gain of HighTech and Diverse
countries can be attributed to the development and application of high-tech and knowledge-intensive
innovations. This, however, puts the countries of type HighTech in a position of high responsibility for
the transfer and distribution of these innovations and new governance and regulation mechanisms
might be necessary to support and facilitate this [66]. Furthermore, we highlight the parallel leakage
effects that we recorded, in terms of increased biomass imports for nonfood purposes by HighTech
and Diverse countries, accompanied by increased food imports by other types, especially BasicPrim.

The typology as well as the evaluation of the types’ sustainability can only serve as an indication
of certain sustainability trends. The limited availability and accessibility of national economic, social,
and environmental data, many of which did not specifically measure particular aspects of bio-economy,
resulted in a relatively rough classification of all countries of the world. Of course, not all countries
within one type are equal, and values for many of the considered variables may vary considerably
within types. This is also reflected by the varying degree of uncertainty when countries were assigned
to one specific type (supporting Figure S1 and Table S1). We do, however, argue that the types represent
crude categories of bio-economy pathways and that these types are therefore helpful to identify major
trends and tendencies of bio-economy development, and to assess interdependencies while taking
contextual factors into account. In terms of the sustainability evaluation, we also acknowledge the
limitation that only part of the sustainability performance can be attributed to the development of the
bio-economy. In some countries, where the bio-economy does not play a major role, this influence
might approach even zero. However, for countries with very pronounced bio-economy sectors,
we would argue that at least part of the sustainability performance is entangled with the bio-economy
pathway. Sustainability evaluation approaches, particularly those focused on national policies, suffer
from high uncertainties due to complex socio-ecological and socio-economic system interactions.
Assessment methods for the sustainability of policies include for example the use of indicators and
composite indices [67] as well as more integrated system assessments such as multi-criteria analysis,
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risk and vulnerability analysis or cost benefit analyses [68] with varying characteristics in terms
of integration of system complexities (natural, social and economic system), temporal dimensions
(ex-post vs. ex-ante) as well as spatial coverage (national vs. global) (compare with [68]). We chose
a selection of indicators from different sources, including the SDG database [69] as well as different
footprint indicators [33]. An exclusive focus on sustainability indicators from the SDG database
would have been insufficient to account for planetary boundaries [2], while overemphasizing gains
in resource efficiency instead of total consumption [69]. Interestingly, bio-economy policy strategies
do not completely mirror the importance of the different sectors. While strategies of countries of
type HighTech (with a high importance of the high-tech sector and high skill availability) showed
the highest degree of diversification, countries of type BasicPrim (high importance of primary sector,
low skill and biomass availability) show mostly a combination of strategies centering on either
bioenergy or high-tech. While the focus on bionenergy is likely to be linked to actually increasing
bioenergy production and growing competition for biomass between food and land, high-tech
strategies might reflect preferences and strategic considerations for a transformation towards a new
diversified bio-economy, but do not necessarily reflect current conditions on the ground.

The abundance of bio-economy high-tech strategies also in countries of type Diverse and
the results of this studies show the importance of the availability of skilled labor to develop a
knowledge-based bio-economy. This indicates, on the one hand, the need for investments for research
and development, and on the other hand, supports the claim by Bauer et al. [70] that strategies on how
to facilitate the engagement of small and medium-sized enterprises are currently lacking. According to
the authors, recent bio-economy developments have been promoted by legislations and regulations
focusing on bioenergy and biofuels, while incentives for commercial investments in non-energy
biorefineries would be necessary to establish markets of these products. Furthermore, efforts in science,
society, and policy to develop successful innovations and evaluate their sustainability should include
distribution and transfer mechanisms to enable also poor countries to benefit from them and embark
on a path of sustainability [6]. More developed countries have to acknowledge that despite their
efforts to reduce the negative impacts of their economies and high consumption levels mainly through
technological fixes, they continue to have the highest per-capita footprints. This level of material
consumption secured by imports of agricultural, forestry, and mining commodities is leading to
the externalization of environmental costs to the producing or sourcing countries [71]. An unlikely
shift of developing countries away from export-oriented agricultural and forestry production and
towards knowledge-intensive high-tech industries might compromise the sustainability performance
of more developed countries and confront the Western Hemisphere with an increased demand on
domestically available resources. Suggested sustainability indicators in the context of the SDGs are
currently not sufficient to reflect the complex picture, including externalization of environmental costs
and spill-over effects from national policies, and associated resource consumption trends (compare
with [69]). Sustainability evaluations have to consider global environmental costs and complex
interactions between bio-economy development paths, as well as international and trade dependencies.

5. Concluding Remarks

Our results highlight the potential as well as the challenges of new biotechnological developments
and innovations, which are likely to trigger new material flows and processing technologies.
However, a simple shift from fossil resources to renewable material and energy resources will not
improve sustainability, and will increase pressures on ecosystems. New innovations from high-tech
bio-economies have increased their resource efficiency, but overall, these countries continue to have
the highest levels of resource consumption. The development of innovations puts them in a position of
high responsibility for knowledge transfer and sustainability evaluation. True sustainable development
requires a critical assessment of the risks of these innovations and developments, as well as innovation
transfer and public investments, especially in developing countries.
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Abstract: The Sustainable Development Goals (SDGs), adopted by all UN Member States in 2015,
guide societies to achieve a better and more sustainable future. Depleting fossil fuels and climate
change will strongly increase the demand for biomass, as governments shift towards bioeconomies.
Though research has estimated future biomass availability for bioenergetic uses, the implications
for sustainable development have hardly been discussed; e.g., how far the estimates account for
food security, sustainability and the satisfaction of basic human needs, and what this implies for
intragenerational equity. This research addresses the gap through a systematic literature review and
our own modeling. It shows that the biomass models insufficiently account for food security; e.g., by
modeling future food consumption below current levels. The available biomass, if fairly distributed,
can globally replace fossil fuels required for future material needs but hardly any additional energy
needs. To satisfy basic human needs, the material use of biomass should, therefore, be prioritized over
bioenergy. The different possibilities for biomass allocation and distribution need to be analyzed for
their potential negative implications, especially for the poorer regions of the world. Research, society,
business and politicians have to address those to ensure the ’leave no one behind´ commitment of
the SDGs.

Keywords: biomass scenarios; global biomass; bioenergy; sustainability; food security; basic needs;
intragenerational justice; equity; fairness; development

1. Introduction

Bioeconomies focus on the production and utilization of biological resources to generate bio-based
products, including bioenergy [1]. There is a global trend to substitute biomass for fossil fuels for
material or chemical use and energy, which is in part due to climate change, but is mainly driven by
depleting fossil fuel stocks. Estimates for fossil fuel peaks and depletion vary [2,3], but researchers have
increasingly pointed out that by 2050, hardly any oil will be available and coal reserves will be the main
remaining fossil fuel [3,4]. Therefore, high-value bio-based products are receiving increasing attention,
especially in the industrialized countries, and bioenergy is perceived as crucial, given its potential to
combat climate change [5]. Today, almost 50 countries are pursuing bioeconomy development in their
policy strategies, 15 of which have developed dedicated bioeconomy policy strategies [1]. The emerging
bioeconomies are expected to lead to a strong increase in biomass demand in the next decades.

At the same time, the concept of sustainability has become very important for societal development,
as recently reflected by the universal adoption of the Sustainable Development Goals (SDGs) [6].
The SDGs guide societies in their attempt to adjust their economies towards ecological and social
objectives with the overall aim to “leave no one behind” [7,8]. The notions of sustainability or
sustainable development comprise a societal vision of how to act within social and natural systems
over the long term [9]. Many concepts and definitions of sustainability exist [6,7,10–12]. According
to Baumgärtner and Quaas [10,11] (page 2057), “Sustainability aims at justice in the domain of
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human–nature relationships and in view of the long-term and inherently uncertain future, including
(i) justice between humans of different generations (“intergenerational” justice), (ii) justice between
different humans of the same generation, in particular the present generation (“intragenerational”
justice), and (iii) justice between humans and nature.” Both justice and equity relate to a fair balance
of mutual claims and obligations within a local or global community [9]. The World Commission on
Environment and Development has defined sustainable development in its report “Our Common
Future,” also known as the Brundtland Report, as “development that meets the needs of the present
without compromising the ability of future generations to meet their own needs” [12] (page 54). From
this report, Holden et al. [6] derive four sustainability dimensions: (i) The need for long-term ecological
sustainability, (ii) the satisfaction of human needs, (iii) intragenerational equity; i.e., equity between
humans within a country and between countries of the same generation, and (iv) intergenerational
equity, which means that future generations must also be able to meet their needs.

The growing biomass demand poses new challenges to the sustainability of biomass production,
the efficient use of biomass and the economies of scale in biomass mobilization [13]. Large amounts of
biomass will be necessary to replace fossil fuels and to meet the future increase of food demand [13]
However, the global biomass supply is limited despite biomass being renewable [14,15]. Competition
exists between the alternative uses of biomass; i.e., between food, feed, fiber, bio-based materials
and energy uses [16], while most planetary boundaries relevant for biomass production have already
been exceeded [17]. To cover the increasing food and feed demands of a growing population in 2050,
agricultural production has to increase significantly. Today, one out of nine people (820 million people)
are hungry, which means they do not consume the adequate amount of dietary energy [18]. More than
two billion people suffer from hidden hunger; i.e., they lack key vitamins and other micronutrients, such
as iodine, iron and zinc [19]. This affects the health and well-being of the people and, as a consequence,
national socioeconomic development [20]. An increasing demand for non-food biomass may impact
food security with respect not only to the availability but also to the diversity, stability and access
to food. This may lead to an increase in hunger given the disproportionately large energy markets
compared to food markets, and the stronger economic position of those demanding more energy
versus those being food-insecure [21]. Those potential effects are highly relevant for the compliance
with the SDG-2, which aims to eliminate hunger by 2030. The use of biomass poses ecological, social,
economic and ethical challenges regarding production, allocation and distribution.

For planning and investment purposes, as well as for governmental policies, it is important to
understand how much biomass can be used by humans without putting the ecosystem at risk. In a next
step, it has to be determined for what the available biomass should be used (e.g., for food, feed, fiber,
materials, energy) and by whom. Several initiatives and projects estimated future biomass availability
for bioenergy and came to very diverging results; i.e., they assumed that in 2050 biomass availability
could range from 36 to 1458 EJ/a (Exajoule per year) [15,16,22–33]. This large variation has been
explained by researchers as being due to differences in the assumptions within the applied models; e.g.,
regarding land area and use, cropping intensity, yield improvements or population growth [16,22,34].
Though the studies claim that their results consider the future demand for food, it is doubtful how well
food and nutrition concepts were integrated in the models. Several authors have critically assessed
the studies on biomass availability for bioenergy [16,22,34,35]. However, their emphasis was not on
sustainable development from a socioeconomic or a holistic food security perspective.

The four dimensions of sustainable development following Holden et al. [6] can be used as an
analytical perspective for examining the biomass estimates and models. The first dimension, i.e., the
need for long-term ecological sustainability, is partly addressed in the models or discussed in reviews
to a greater or lesser extent [16,34] The second dimension, i.e., the satisfaction of human needs, which
includes food security as a human right, has not been explicitly addressed by the research on biomass
potentials or the respective reviews. The fulfillment of basic non-food human needs involves housing,
energy, water supply, sanitation and health care—all of which directly or indirectly depend on fossil
fuels or biomass. An analysis is missing on whether the future non-food biomass supply will be able
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to cater for all human needs (e.g., materials, chemicals, fiber and energy), or whether certain uses will
have to be prioritized. To date, research has concentrated on bioenergy and biomass availability and
not on bio-based chemicals or materials [22]. However, the latter might, in future, add significantly to
the biomass demand [13,22,36] and should be discussed together with the biomass potentials [13].

The question about who is to use the available biomass and for which purposes has not been part
of the discussions on the biomass estimates. This intragenerational equity perspective, reflecting the
third sustainability dimension, is also relevant for the SDG 10, regarding the reduction in global and
national inequalities of resource use and welfare. Fair distribution and use of resources have been
discussed by ethics and philosophy, but these discussions have not been linked to biomass availability.
Answers to the above-mentioned knowledge gaps are urgently needed so that governments and other
actors can make adequate choices about the kind of society in which we want to live and about the kind
of world we want to leave to posterity [7]. Therefore, this research analyses and discusses biomass
availability estimates from the perspective of the satisfaction of human needs, especially food security,
and intragenerational equity. This research aims:

(i) To understand how food security is reflected in the estimates of biomass potentials;
(ii) To identify to what extent the energetic and material use of fossil fuels can be replaced by biomass,

and what this means for resource allocation, distribution and intragenerational equity.

The next section briefly describes the method, definitions and concepts used. The result section
shows how far food security aspects are addressed by the estimates of biomass potentials. It identifies
to what extent the energetic and material uses of fossil fuels can be covered by biomass, and what
this means for the satisfaction of non-food human needs and intragenerational equity. This is
followed by a discussion also presenting recommendations for future research, and conclusions with
policy implications.

2. Method and Concepts

2.1. The Procedure of the Systematic Literature Review

We conducted a systematic literature review following Jesson et al. [37]. We used the PRISMA
guidelines (see http://prisma-statement.org/) but adjusted them slightly for our type of review. For a
flow diagram with details of the systematic review procedure see Appendix A. The data search was
based on the Thomson Reuters’ Web of Science (ISI Web of Knowledge) database. The Web of Science’s
default settings were used; i.e., time span all years (1945–2018), all indices, all languages and all
document types (see Appendix A). The search terms biomass potential(s), potential(s) of biomass, and
bioenergy potential(s) returned 745 findings. All titles and abstracts were screened, and the following
parameters were used to exclude studies from the further review process: (i) Regionally restricted
studies (ii) publications addressing only single energy plants or single biomass sources (e.g., only
residues and waste), and (iii) literature focusing merely on chemical processing or economic valorization
of biomass. For the remaining 35 articles, a full text analysis was done. Two further exclusion criteria
were established: (iv) articles based on reviews and not on own models and estimations, and (v) all
publications that did not use 2050 as a reference year for the global biomass potentials. We decided to
use the year 2050 as this is when oil resources will be almost depleted and alternative uses will have
to be available. Many researchers have also chosen this time frame for their models, and only few
studies look at 2030 or 2100. Finally, 14 studies remained for the systematic analysis. Two studies
calculated the geographical biomass potential [31,32], one study the sustainable potential [38], and the
remaining eleven studies the technical potential [15,22,27,29,30,33,39–43] (see Appendix B for definition
of biomass potential types). The (environmentally) sustainable potential includes more assumptions
for ecological boundaries, environmental protection and long-term availability of resources.
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Data Sources, Scenarios, and Models of the Studies Used in The Review

The primary data source for all reviewed studies is the database of the Food and Agriculture
Organization of the United Nations (FAO): FAOSTAT. This database integrates agricultural production
and land-use data (including forestry) compiled from single country surveys, satellite imaging
data, projections and estimates into one global dataset. Though the quality of the dataset has been
contested [44,45], it remains the only comprehensive and standardized global dataset available.

The biomass scenarios and their underlying models provide alternative narratives for how key
drivers, e.g., global population, dietary changes (affecting food and feed demand), climate, economic
development, crop yield improvements, and available land area, might evolve in the future, and
how this might impact other dependent parameters [13]. The most prominent scenarios used in the
assessments are those from the Intergovernmental Panel on Climate Change (IPCC) Special Report
on Emission Scenarios. The applied modeling approach is usually based on integrating models that
combine resource and demand data into a unified modeling approach (such as the Integrated Model to
Assess the Global Environment (IMAGE) [31,42,46], Global Land Use and Energy Model (GLUE) [47],
IIASA’s Basic-Linked System model (BLS) [39]), and ‘stand-alone’ productivity and crop yield models,
like the Lund–Potsdam–Jena model with Managed Land model (LPJmL) [30,48].

To estimate the global biomass potentials, the reviewed studies usually look, roughly summarizing,
at available (agricultural) land where biomass can be produced, estimate the food requirements of the
population in 2050 and the required amount of land needed for food production, and then estimate how
much biomass can be produced on the remaining land. Table A2 provides an overview of the estimated
biomass potentials, the type of potential and the biomass sources used in the studies. The studies have
different assumptions about the availability of biomass sources; e.g., from agriculture, forestry, waste
and about future land-use change. Further differences can be explained by the modeling procedure and
the assumptions regarding, for example, diets, population growth and yield increases. For example,
population growth projections mainly follow the ‘UN medium population forecast’ of 9.2 billion in
2050, but values vary from 8.7 to 11.3 billion. Cropland expansion is projected to range between 0.1
and 0.45 Gha, with the majority of the studies providing values in the lower range. Projections of
global yield increases can range up to 360% [33]. Assumptions regarding cropping intensification and
irrigation are hardly described in the studies but are usually included. Not all studies published details
about their assumptions (including nutritional requirements) or their modeling procedure, which may
skew this assessment.

2.2. Definition of Terms and Concepts Used in This Study

2.2.1. The Concept of Food Security

Being aware that the thinking and consequently definitions around food security have changed
over time [49,50], this research uses the international food security definition agreed upon by all states
at the World Food Summit in 1996 and again emphasized in subsequent summits and high-level UN
meetings: “Food security exists when all people, at all times, have physical and economic access to
sufficient safe and nutritious food that meets their dietary needs and food preferences for an active
and healthy life” [51]. This definition of food security has been state-of-the-art since the turn of the
millennium, and is based on four pillars; i.e., availability of food, access to food, utilization of food
and stability [52,53]. The pillar of “food availability” refers to the availability of sufficient quantities
of food of appropriate quality at national but also at household level. The pillar of “food access”
refers to the physical and economic access of individuals to adequate resources to acquire appropriate
foods for a nutritious diet. Physical and economic food access is mainly determined by the income or
resource endowment of the population/household, transport and market infrastructure. The pillar of
“food utilization” refers to a diet adequate in quantity, quality and diversity, fulfilling all nutritional
requirements. Along with food safety, clean water, sanitation and health care, it is imperative to
reach a state of nutritional well-being where all physiological needs are met. The term “nutritional
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requirements” refer to the amount of protein, energy, carbohydrates, fats and lipids, vitamins, minerals
and trace elements (such as calcium, iron, zinc, selenium, magnesium and iodine) needed by a human
being to sustain a healthy life. The pillar “food stability” refers to the access of a population, household
or individual to adequate food at all times, independent of shocks or cyclical events, such as seasonal
availability [52,53]. Meeting the nutritional requirements of a human being is only one aspect of food
security. Many more conditions need to be met so that a person being described as ‘food secure’ is in
line with the international food security concept which is widely used by the FAO, the UN and many
civil society organizations.

2.2.2. The Concept of Allocation, Distribution and Intragenerational Equity

The term “allocation” in this paper refers to how resources (in this case biomass) are divided
among different products and product uses; e.g., how much biomass is used for bioenergy or for
material use, such as for construction, chemicals, plastics or fibers. This is relevant with respect to
the satisfaction of human needs; i.e., one of the four sustainability dimensions [6]. The satisfaction of
needs requires that no one suffers from absolute deprivation anymore; i.e., that all basic human needs
are met [54]; this is also part of the SDGs. The term “distribution” refers to how goods and services are
divided among people of current and future generations [55]. This is relevant for intragenerational
equity, another sustainability dimension, which goes beyond the basic needs concept by targeting
the relative shares of resource use and deprivation within a generation. To address intragenerational
equity regarding biomass use, this research uses an egalitarian approach which entails equal resource
use for each person in any society across the world independent of the natural resource base of a
country; i.e., everyone gets the same share of biomass allocated for a specific use.

2.3. Estimating Biomass Availability and Uses

The data sources for the calculation of biomass availability and uses are derived from the
World Energy Council [56] (see Appendix E, Table A3). The report presents two energy scenarios
for 2050 with varying assumptions regarding population growth, income growth, governance and
consumption behavior. The Jazz scenario is more consumer oriented and aims to achieve better energy
access and affordability through economic growth. The Symphony scenario has a stronger focus on
achieving environmental sustainability through coordinated policies and practices by governments. It
is important to point out that neither scenario assumes that every person has access to electricity by
2050. The share of households without electricity remains high in Africa and south and central Asia,
being higher in the Symphony scenario than in the Jazz scenario.

The following formulas were used to estimate how much of the energy and material requirements
in 2050 could be covered by biomass.

The average minimum or maximum biomass potential BP across all studies is determined with

BPmin/max =
1
n

n∑
i=1

xi (1)

where xi is the biomass potential of the respective study and i is the reviewed study (i=1, . . . , 14). The
minimum, respectively the maximum, value for the biomass availability potential of each study was
used. If the study mentioned only one value for biomass availability, this value was used for both the
minimum and maximum value.

The average biomass potential per capita BPpc is determined by

BPpc =
BP
WP

(2)

where WP is the global population in 2050 as estimated by the World Energy Council [56].
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For the following estimations, only those studies that were published in 2010 or beyond were
used, as we assume that models improve over time with increasing experience and scientific review
(e.g., [34]). The more recent studies only estimate the technical or sustainable potential, which is also
more relevant for decision-makers.

The per capita energy demand covered by the biomass potentials EDpc is determined by

EDpc =
BPpc ×WP

WE
(3)

where WE is the world energy needs in 2050 as estimated by the World Energy Council [56]. This value
includes energy conversion losses, etc., and is therefore higher than the value for actual “final energy
consumption.” Since conversion losses need to be covered also by energy supplies, for us this is the
key value to use in the calculations. For the regional estimates, WE represents the respective regional
energy demand in 2050, and WP the respective regional population.

The global per capita material demand covered by the biomass potentials MDpc is determined by

MDpc =
BPpc

RMpc
(4)

where RMpc is the regional material use of final energy consumption per capita (GJ/y). Since the
World Energy Council [56] does not provide estimates for regional material needs, RMpc is estimated
as follows

RMpc =
FE
WP
× WMpc ×WP

FE
(5)

where WMpc is the per capita world material need in 2050. WMpc is calculated by dividing the “final
energy consumption” FE with the world population WP and then substracting the “final energy
consumption per capita, excluding non-energy use.” WMpc is 7.6 GJ/y in the Jazz scenario and 6.1
GJ/y in the Symphony scenario, which corresponds to a global share of material uses in final energy
consumption of 11% and 12%, respectively.

The estimation of RMpc accounts for the different purchasing power in each region, and hence
embraces more inequity in material resource use in 2050; i.e., Africa will be using much less energy
for material uses than Europe. Alternatively, one could use WMpc based on the normative aspect
to account for the satisfaction of the basic material needs of every person across the world in the
same quantity. Given the lack of better data, WMpc is assumed to be a good proxy of what could be
desirable as material use of energy. The motivation for this assumption stems from the second and third
dimension of sustainable development; i.e., the satisfaction of basic human needs and intragenerational
justice. From an intragenerational justice perspective, it is adequate to assume that per capita material
demand across all regions should be the same. Despite that, the World Energy Council data estimates
already embrace lower per capita energy uses in Africa and Asia than in the rest of the world, and it is
not clear whether these assumed levels of energy use for Africa are actually sufficient to meet the basic
needs of the whole population or not. The per capita total energy demand covered by the biomass
potential after satisfying material needs based on an equal material resource distribution (EDMDpc) is
determined by

EDMDpc =
BPpc −WMpc
WE
WP −WMpc

(6)

Taking regional differences and hence inequity in resource use into account, the per capita total
energy demand covered by the biomass potential after accounting for regional difference in satisfying
material needs

(
REDMDpc

)
is determined by

REDMDpc =
BPpc −RMpc
WE
WP −RMpc

(7)
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3. Results

3.1. How Is Food Security Accounted for in the Estimates of Future Biomass Availability?

All reviewed studies follow a kind of “food-first” approach, which means that in their scenarios,
no land needed for food production is allocated to bioenergy production. Most studies estimate
the amount of agricultural land needed for food production in 2050 by assuming either different
“expansion-scenarios” or “non-expansion-scenarios;” i.e., increase or no increase in agriculture land
compared to the current situation. These scenarios are mostly based on predictions by the FAO [57].
Some scenarios assume a cropland expansion of 9% and 19% [29,30]. Other scenarios estimate cropland
expansion in hectares. Low values range between 0 and 0.1 Gha [33], medium values from 0.2 to
0.5 Gha [43], while high values are more than 0.5 Gha [40]. The projected cropland expansions are then
combined in models with other parameters, such as population growth projections, yield projections,
and dietary assumptions, to model the need for agricultural land for food production in 2050.

For their biomass availability models, the reviewed studies do not use the encompassing,
internationally accepted concept of food security (see Section 2.2.1). However, the studies include
some elements from the four pillars of food security (for a general overview, see Table A1).

3.1.1. Food Utilization: Inclusion of Nutritional Requirements in Biomass Models

Only seven out of the fourteen reviewed studies have explicitly presented their assumptions
regarding food diets in 2050, and of these seven studies, four provide dietary scenarios. The main
distinguishing factors in those scenarios are the total amount of kcal per capita and day and the
assumed share of animal protein.

The total caloric intake per capita and day (kcal/cap/d) used as a basis by the first group of studies
ranges from 2800–3170 kcal/cap/d [28–30] (Table 1). The second group uses a considerably lower
range from 2410 kcal/cap/d in the vegetarian diet scenario up to 2750 kcal/cap/d in the affluent diet
scenario [27,32]. The share of proteins from animal products varies considerably between the different
scenario groups.

Most of the assumptions about caloric food consumption are around or below the average global
food consumption levels at the turn of the millennium, when over 10% of the global population suffered
from hunger [58]. The FAO [57] estimated a worldwide per capita food consumption of 2803 kcal/cap/d
from 1997–1999, with an average in developing countries of 2681 kcal/cap/d and 3380 kcal/cap/d in
industrialized countries. For 2050, the FAO estimates a demand for at least 3070 kcal/cap/d, with
consumption of around 3000 kcal/cap/d in developing countries and 3500 kcal/cap/d in industrialized
countries [21]. These estimates do not account for the amount of food needed for a food-secure global
population but are just scenarios based on what people may be able to afford [21]. Most biomass
scenarios include even lower levels of global food consumption than the demand prognosticated by
the FAO. For industrialized countries, the models comprise consumption levels 10–30% lower than the
demand expected by 2050.

Regarding the nutritional requirements, the necessary protein and energy (calories) are at least
addressed by some studies (Table 1). The other nutritional requirements, such as the vitamins and
minerals needed for a healthy life are not specifically included; for example, through incorporating
horticultural production in the land estimates. The other relevant factors for food utilization, such as
the availability of clean water, food safety or health issues, are not discussed or included in the models.
All these elements, however, may be linked and negatively affected by agricultural intensification,
which is typically one of the biomass model assumptions.
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3.1.2. The Inclusion of Food Availability, Food Access and Food Stability in the Biomass Models

Food availability is addressed in the models through setting aside a specific area of land for
food production on a global level. National and local food availability through international trade
and food imports to food-deficit countries are considered by many but not by all studies. Six out of
fourteen studies include an ‘international food trade balance’ in their estimations, which means that
the gap between regional production and demand for meat and cropland products is balanced by
trade; i.e., regions where the demand for primary products like cereals exceeds the regional supply are
net importing regions, while regions where the biomass supply is larger than the regional demand are
net exporters.

The pillar of food access is hardly addressed by the biomass models. Only two studies include
estimates of the development of international food prices. These are relevant for the economic access
to food by households. Other elements such as inequality, poverty, land distribution, and the transport
and market infrastructure necessary for buying and trading food, are not taken into account.

The pillar of food stability is also only weakly addressed. Stable ecosystems are needed for
sustained and continuous food and biomass production and to limit price fluctuations. Climate change
is counteracting food security and food stability [59] but is not addressed by most studies. Only two
studies use models that consider explicitly climate change and climate-change-induced yield change
predictions, while three studies use IPCC scenarios to integrate climate change projections.

3.2. Biomass Availability, Allocation and Distribution

3.2.1. Global and Regional Non-Food Biomass Availability

The estimates for non-food biomass availability in 2050 range widely from 33–1548 EJ/a (Figure 1).
The earlier studies tend to show higher estimates than the later studies. Most of the studies come to
the conclusion that the future potential for energy from biomass is higher than the current level of
around 50 EJ/a. Four studies, however, also estimate that the minimum biomass availability may be
below the current usage level of biomass energy.

 

0
200
400
600
800

1000
1200
1400
1600

EJ/a

Figure 1. Range of biomass potentials (in EJ/a) and potential type (tech=technological, sust= sustainable,
geogr=geographical potential) in the reviewed studies.
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The estimates above 1000 EJ/a have to be viewed very critically, as other studies that addressed
the planet’s maximum capability to produce new biomass concluded that biomass availability cannot
be sustained for human use over time. The maximum range for the global energy extraction from
biomass is estimated to be between 1080 EJ/a and 1368 EJ/a [14–17]. This is based on the net primary
production; i.e., the maximum available biomass for human use, which would include the use of all
resources, such as forests, savannah regions and protected areas.

The average minimum availability of biomass across all reviewed studies is 151 EJ/a; highest
availability is estimated to be 500 EJ/a. In studies published before 2010, this value is 18% to 35%
higher, respectively, and in studies published after 2010, between 23% and 50% lower (Table 2). The
assumptions with respect to the minimum and maximum potentials usually vary, regarding, for
example, diets, yield improvements, and land and forestry use. The technical or sustainable potentials
reveal consistently lower average non-food biomass availability than when the geographic potentials
are included.

Table 2. Minimum, maximum and per capita availability of non-food biomass in 2050.

Biomass Potentials
Mean Value (Published

Before 2010)
Mean Value (Only Tech

or Sust Potential) 1
Mean Value (Published

2010 or Later)

Minimum biomass potential (EJ/a) 178 148 116
Maximum biomass potential (EJ/a) 674 434 268

Per capita minimum biomass potential
(GJ/cap/a)—Jazz scenario 20.4 17.0 13.3

Per capita maximum biomass potential
(GJ/cap/a)—Jazz scenario 77.4 49.9 30.8

Per capita minimum biomass potential
(GJ/cap/a)—Symphony scenario 19.0 15.8 12.4

Per capita maximum biomass potential
(GJ/cap/a)—Symphony scenario 71.9 46.3 28.6

1 Tech = technical potential, sust = sustainable potential.

Given the estimated global energy needs in 2050 of 879 EJ/a (Jazz scenario) and 696 EJ/a (Symphony
scenario), the projected biomass availability shows that energy needs can be covered by anything
between 13% and 97% depending on the assumptions about developments in society, agriculture and
ecological sustainability and the year of publication (Table 3). The studies published after 2010 show a
much lower share, between 13% and 39%, which is more likely to be a realistic one. The range is still
considerably large and requires a more in-depth look at the assumptions, as implications for future
food security and agricultural systems, as well as impacts on the environment and the society, can be
very great.

Table 3. Share of global energy demand which can be covered by biomass in 2050 grouped according
to publication year or estimated potential.

Published Before 2010 Only Tech or Sust Potential 1 Published 2010 or Later

Jazz Symphony Jazz Symphony Jazz Symphony

Global energy demand covered
by the min. biomass (%) 20.2 25.5 16.8 21.2 13.2 16.7

Global energy demand covered
by the max. biomass (%) 76.7 96.8 49.4 62.4 30.5 38.5

1 Tech = technical potential, sust = sustainable potential.

The projected regional distribution of future biomass availability also shows a wide range of
values (Table 4), though most studies do not present regional estimates. Poor data availability at the
regional level may also limit the reliability of the data. As an example, the estimated non-food biomass
potential for Africa ranges from 25–369 EJ/a, while other studies reveal even lower values, such as
2.5–9 EJ/a [24,60].
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Table 4. Overview of regional biomass availability for 2050 (EJ/a).

Source Min/Max 1 Africa Europe
Eastern

Eur./CIS 2 Asia
Oceania/
Pacific

North
Amer.

Latin
Amer.

Sum All
Regions

Fischer &
Schrattenholzer 2001

min 100 22 31 58 20 40 83 354
max 124 27 38 77 26 50 103 445

Haberl et al. 2011 n.a. 24.6 3.59 14.25 20.9 1.89 15.55 23.99 105

Smeets et al. 2007
min 44 15 50 46 42 34 59 290
max 369 64 205 193 109 193 235 1368

Mean value min 56.2 13.5 31.8 41.6 21.3 29.9 55.3 249.7
Mean value max 172.5 31.5 85.8 97.0 45.6 86.2 120.7 639.3

1 Min = lowest estimate, max = highest estimate. 2 CIS = Commonwealth of Independent States.

3.2.2. Allocating and Distributing Non-Food Biomass to Cover Energetic and Material Demands

Regarding the biomass availability per capita, there is some variation depending on the future
societal and energy scenarios (Jazz or Symphony scenarios, see Section 2 for details), but the more
recent studies indicate much lower biomass availability for energy and material purposes, ranging
from 12–29 GJ/cap/a compared to 17–57 GJ/cap/a using all studies (Table 2). Average global per capita
energy needs in 2050 are estimated to be between 74 GJ/a (Symphony Scenario) and 101 GJ/a (Jazz
Scenario). The lower estimates for biomass availability would then cover around 13–17% of the global
per capita energy demand, and the higher estimates would cover 31–39% (Table 4).

However, the satisfaction of material needs is considered as a top priority of other energy uses,
as it is currently hardly possible to replace fossil fuels for material use without using biomass, while
technologies to replace fossil fuel energy for industry, electricity or heating with solar, wind or water
power are very much advanced. Based on data by the World Energy Council, the global material use
of final energy consumption is estimated to be 7.8 GJ/cap/a or 11% in the Jazz scenario for 2050, and
6.1 GJ/cap/a or 12% in the Symphony scenario. The final energy consumption does not take conversion
and other losses into account, which amount to 30%. Therefore, a much higher supply of energy in the
first place is needed and the presented estimates show the upper bound.

This material demand can be easily covered at the global level by the estimated biomass availability,
as there is a surplus of biomass in both the Jazz and the Symphony scenario (Table 5). At the regional
level, most regions have no difficulty in fulfilling their material energy requirements if a globally equal
biomass distribution exists. An exception is North America, which would not be able to meet all
regional material energy needs through biomass, should only the minimum biomass availability be
feasible. Europe would just be able to manage in the Jazz scenario, but this would basically leave no
leverage for any other biomass use.

The question is now, how much biomass will be available for non-material energy needs when
all human material needs are accounted for in the same way; i.e., the amount of material energy
distributed to each human being is the same and the unequal regional material consumption levels are
not taken into account. At the global level, this is 6–9% for the minimum estimates and 23–30% for the
maximum estimates. At the regional level, Sub-Saharan Africa shows the highest values, ranging from
19% to 96%, and North America with the lowest values from 3% to 13% at best, followed closely by
Europe (Table 5).

399



Sustainability 2019, 11, 5078

T
a

b
le

5
.

Sh
ar

e
of

En
er

ge
ti

c
an

d
M

at
er

ia
lD

em
an

d
fo

r
Fo

ss
il

Fu
el

s
w

hi
ch

ca
n

be
R

ep
la

ce
d

w
it

h
Bi

om
as

s
1 .

G
lo

b
a
l

S
u

b
-S

a
h

a
ra

n
A

fr
ic

a
M

id
d

le
E

a
st

&
N

o
rt

h
A

fr
ic

a
L

a
ti

n
A

m
e
ri

ca
&

C
a
ri

b
b

e
a
n

N
o

rt
h

A
m

e
ri

ca
E

u
ro

p
e

A
si

a
(I

n
cl

.
P

a
ci

fi
c)

Ja
z
z

S
y

m
Ja

z
z

S
y

m
Ja

z
z

S
y

m
Ja

z
z

S
y

m
Ja

z
z

S
y

m
Ja

z
z

S
y

m
Ja

z
z

S
y

m

Pe
r

ca
pi

ta
en

er
gy

de
m

an
d

co
ve

re
d

by
th

e
m

in
.b

io
m

as
s

po
te

nt
ia

li
n

20
50

(%
)a

13
.2

16
.7

43
.9

52
.8

9.
3

11
.1

11
.5

14
.6

6.
1

7.
3

8.
1

9.
3

14
.4

18
.7

Pe
r

ca
pi

ta
en

er
gy

de
m

an
d

co
ve

re
d

by
th

e
m

ax
.b

io
m

as
s

po
te

nt
ia

li
n

20
50

(%
)a

30
.5

38
.5

10
2

12
2

21
.5

25
.6

26
.5

33
.8

14
.1

16
.9

18
.7

21
.4

33
.2

43
.1

Pe
r

ca
pi

ta
en

er
gy

de
m

an
d

fo
r

m
at

er
ia

lu
se

s
co

ve
re

d
by

th
e

m
in

im
um

bi
om

as
s

po
te

nt
ia

l(
%

)b
17

0
20

4
54

8
63

5
11

9
13

1
15

8
17

9
81

.2
90

.7
10

7
12

2
18

2
22

6

Pe
r

ca
pi

ta
en

er
gy

de
m

an
d

fo
r

m
at

er
ia

lu
se

s
co

ve
re

d
by

th
e

m
ax

im
um

bi
om

as
s

po
te

nt
ia

l(
%

)b
39

3
47

2
12

67
14

68
27

5
30

3
36

5
41

4
18

8
21

0
24

8
28

1
41

9
52

2

Pe
r

ca
pi

ta
to

ta
le

ne
rg

y
de

m
an

d
co

ve
re

d
by

th
e

m
in

.b
io

m
as

s
po

te
nt

ia
lw

it
h

eq
ua

ls
at

is
fa

ct
io

n
of

m
at

er
ia

ln
ee

ds
(%

)c
5.

4
8.

5
18

.1
26

.9
3.

8
5.

7
4.

7
7.

5
2.

5
3.

7
3.

3
4.

7
5.

9
9.

5

Pe
r

ca
pi

ta
to

ta
le

ne
rg

y
de

m
an

d
co

ve
re

d
by

th
e

m
ax

.b
io

m
as

s
po

te
nt

ia
lw

it
h

eq
ua

ls
at

is
fa

ct
io

n
of

m
at

er
ia

ln
ee

ds
(%

)c
22

.7
30

.3
75

.7
96

.1
16

.0
20

.2
19

.8
26

.6
10

.5
13

.3
13

.9
16

.9
24

.8
34

.0

Pe
r

ca
pi

ta
to

ta
le

ne
rg

y
de

m
an

d
co

ve
re

d
by

th
e

m
in

.b
io

m
as

s
po

te
nt

ia
lw

it
h

un
eq

ua
ls

at
is

fa
ct

io
n

of
m

at
er

ia
ln

ee
ds

2
(%

)d
n.

a.
n.

a.
35

.9
44

.5
1.

5
2.

6
4.

2
6.

5
−1

.4
−0

.7
0.

5
1.

6
6.

5
10

.4

Pe
r

ca
pi

ta
to

ta
le

ne
rg

y
de

m
an

d
co

ve
re

d
by

th
e

m
ax

.b
io

m
as

s
po

te
nt

ia
lw

it
h

un
eq

ua
ls

at
is

fa
ct

io
n

of
m

at
er

ia
ln

ee
ds

2
(%

)d
n.

a.
n.

a.
93

.5
11

3.
6

13
.7

17
.2

19
.2

25
.6

6.
6

8.
8

11
.1

13
.8

25
.3

34
.9

1
u

si
ng

on
ly

st
u

d
ie

s
p

u
bl

is
he

d
in

20
10

or
la

te
r.

2
U

si
ng

es
ti

m
at

ed
re

gi
on

al
m

at
er

ia
ln

ee
d

s,
w

hi
ch

ar
e

ba
se

d
on

p
ov

er
ty

an
d

in
co

m
e

d
ev

el
op

m
en

ts
,p

op
u

la
ti

on
gr

ow
th

,e
tc

.,
in

20
50

.
a

co
rr

es
po

nd
s

to
ED

pc
,b

co
rr

es
po

nd
s

to
M

D
pc

,c
co

rr
es

po
nd

s
to

ED
M

D
pc

,d
co

rr
es

po
nd

s
to

R
ED

M
D

pc
(s

ee
Se

ct
io

n
2.

3)
.

400



Sustainability 2019, 11, 5078

This picture would look even worse if one were to ask how much of the globally available biomass
per person would be available at the regional level for non-material energy uses once all regional
material demands predicted in 2050 have been fulfilled. The rich regions would then continue to
consume per capita much more than other regions; e.g., North America would consume 6.7 times more
material energy than Sub-Saharan Africa, and Europe 5.1 times more. This is especially critical, as
it is very likely that poverty and inadequate fulfillment of material needs in Africa and other poor
regions would persist given their low income-levels. Based on a projected unequal material resource
consumption, Sub-Saharan Africa would be able to cover 36–45% of its non-material energy needs
with the minimum biomass share available. North America would not be able to cover any of its
non-material energy needs at all, and Europe only around 1–2%. Using the estimates for the maximum
biomass availability, Sub-Saharan Africa would be able to fully cover its energetic needs, while North
America and Europe could cover around 10% with biomass, and would need other energy sources for
the remaining 90% energy requirements.

4. Discussion

The emerging bioeconomies in Europe, North America and elsewhere will require large amounts
of biomass in the future. Key questions are, therefore, how much biomass will be available in future
for food and non-food uses? For what shall the non-food biomass be used? According to whose
needs or national or regional consumption levels? There is increasing research available to answer
the first question about availability, but the question of future food security has not been sufficiently
addressed in the models of future non-food biomass availability. There is much less research even, on
the other questions.

4.1. Limitations Regarding Food Requirements and Food Utilization in the Biomass Scenarios

In the reviewed biomass potential estimates, food security is reduced to mainly the production of
calories and proteins through future yield and land-use assumptions. This approach resembles the
food security concept used in the 1970s; e.g., by the World Food Conference in 1974, which is now
outdated [61]. Given the importance of global food security especially highlighted in the SDGs, and
the clear prioritization of food security when moving towards bioeconomies, the limited consideration
of the current internationally accepted and standardized food security concept, such as that adopted
by the World Food Summit in 1996, is surprising. Even other studies hardly discuss the concept of food
security in relation to biomass availability and use; an exception is the report of the German Advisory
Council on Global Change (WGBU) with the input study by Faaij [24,46].

The dietary and land-use scenarios used in the biomass models have to be reconsidered with
respect to desirability and feasibility from a food security perspective. These studies use diets of
2450–3150 kcal/capita/d, a quantity which is lower than the current food consumption levels in
industrialized countries. Therefore, industrialized countries have to reconsider the data they rely on
for their bioeconomy strategies when aiming to maintain current food consumption levels. A change
in food habits in the OECD countries, as implicit of basically all biomass potentials, is unlikely to
materialize. The scenario of a global vegetarian diet is of course creating higher values for non-food
biomass availability, but is definitely not an option for policy makers and neither globally nor nationally
implementable until 2050. The suggestion of a weekly “meat free day” by the Green Party led to a
public outcry in Germany, and significantly decreased the popularity of the party at that time. So
how realistic is the implementation of a dietary shift with reducing food calories by 10% to 30% as
proposed by the researchers? Which governmental party will explain to its voters that they have to eat
less meat to be able to continue their material consumption and drive their cars as they are used to?
Biomass availability scenarios should be built on implementable assumptions. It is not at all likely
that the above scenario can ever be implemented or is desirable in a society. In a democracy, the state
cannot prescribe what and how much to eat, and if food consumption has to be reduced for producing
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bioenergy or bioplastic, this becomes highly questionable from a moral and equity perspective, as this
will be at the expense of the poor.

From the perspective of low-income countries, the question emerges whether the lower range
of calories, e.g., 2450 kcal/capita/d, is sufficient, as most employment opportunities involve hard
physical labor, especially in the agricultural sector, which is one of the mainstays for most economies.
Strauss [62] points out the correlation between caloric input and labor productivity in agriculture,
and shows that in developing countries a caloric consumption of over 4500 kcal/capita/d still leads
to an increase in labor productivity. A sugar cane harvester in Latin America needs around 3900
kcal/capita/d of food (personal communication, sugar cane plantation manager, 2018). It is very likely
that a vegetarian or low meat diet in low-income countries will lead to nutritional deficiencies, as
the choice of food is limited there [63] and alternative protein and iron sources are hardly available,
extremely costly, often not of good quality, and not a typical part of a diet. For example, around
one billion people are anaemic due to iron deficiency; in some countries in Africa over 60% of the
population is [64]. The diversity of food sources is also important for a balanced nutrition, so adequate
and diverse horticultural production should be integrated in the models to fulfil the requirements for
vitamins, minerals and micronutrients.

While some biomass availability scenarios assume the same food consumption level for each
individual globally (e.g., some scenarios with less meat, the fair and frugal scenario), other models
assume that existing inequalities in consumption will remain in 2050 (e.g., business as usual scenarios),
while others do not specify their assumptions (e.g., those that only set a certain amount of land
aside for food production). It is likely that the latter are built on maintaining an unequal global food
consumption (including undernourishment and malnourishment), as the FAO projections typically
estimate future demand for food and not the amount needed to adequately satisfy all food needs of
the global population [21]. As the FAO [57] highlights, the higher the inequality in food consumption
is in a country, the more calories per person need to be incorporated in future demand estimations
if the objective is to reduce or eliminate undernourishment. In other words, for a country with high
inequality, even an average per capita caloric consumption of 3100 kcal can still mean that 5% of the
population are undernourished.

These estimates of future non-food biomass availability thus imply that in wealthier regions
people eat much more than they may need, while in other regions food calories can be below the
physical needs of the population. This is a realistic assumption but implies severe conflicts in the future
about non-food biomass and global food security. This will be counteracting the efforts to eradicate
hunger as globally agreed upon in the SDGs, and is inacceptable from an intragenerational equity
perspective. Relying on these studies for future global non-food biomass availability means accepting
undernourishment, while at the same time, biomass is used in the rich countries for bioenergy or other
uses. If the objective is to achieve global food security before any other biomass use, food caloric
availability needs to be much higher than the modeled values, and the FAO data cannot be used, as it
assumes that by 2050 poverty and inequality will continue to exist [21].

4.2. Limitations Regarding Food Access, Availability and Stability in the Biomass Scenarios

The pillar of food access would need to better addressed in future models. The development of
international food prices has been neglected. Food and biomass prices will be influenced in 2050 by
changes in the oil and fossil fuel prices, and there are studies that already claim this relation [65,66].
The latter prices are likely to increase significantly as resources deplete further and alternative energy
sources are not developed fast enough to fill the gap [2]. Increasing crop prices are predicted through an
expansion of biofuel production along with a net decrease in availability and access to food, especially
in Africa [67]. The price developments and effects need to be included in future scenarios, along with
poverty levels and inequality in income, land tenure and other resources that affect the physical and
economic access to food.
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Regarding food availability, the question of international trade of food and non-food biomass
and its effects on national availability should be considered in future scenarios. Modeling the future
development of the global food and biomass trade is uncertain, as the global agricultural market is
influenced not only by subventions and trade barriers [25] but also by the purchasing power of nations.
Adding scenarios that depict different market developments and account for purchasing power is
needed to better understand the effects of future biomass use on food security by a nation or whole
region, especially on low-income, in-food-deficit countries.

The stability of food supplies is at risk due to climate change, environmental degradation, and
disease or pest outbreaks [68]. Climate change entails risks and uncertainties for future food security
in all its dimensions, as agriculture is sensitive to climate variability and change. Especially in some
regions, climate change may slow down the progress towards food security [59]. Therefore, biomass
availability models need to integrate climate change effects.

There are also doubts about the effects of agricultural intensification as part of most models.
Agricultural intensification is one of the key drivers of biodiversity loss on an unprecedented scale,
due to habitat loss and pollution caused by synthetic pesticides and fertilizers, which may also
affect ecosystem services, such as food production [69,70]. Whether the agricultural intensification
assumptions with their potential effects would be within the planetary boundaries is not certain, but it is
rather unlikely, since phosphorus and nitrogen, the key fertilizer elements in agriculture, are far beyond
the safe operating space [71]. By definition, the technical potential estimated in nearly all studies does
not entail an environmentally sustainable perspective. It is the decision of each researcher how far
environmental aspects are considered. It is somewhat surprising that even the more recent research
concentrates on the technical and not on the sustainable potential, since ecological sustainability and the
need to maintain ecosystem services, especially of rainforests, have already been discussed for decades at
the national and international level. Topics also discussed include problems associated with agriculture
on peatlands or in biodiversity hotspots, planetary boundaries, land degradation or environmental
problems associated with agricultural intensification. Those studies that included an ecologically
sustainable potential came to much lower biomass availability levels [24,38]. Ecological sustainability
is important not only for food stability but also for the sustainability objective of intergenerational
equity to ensure that future generations also have continued and stable access to biomass to fulfill
their food and non-food needs. Therefore, the inclusion of ecological sustainable biomass scenarios in
addition to technically possible scenarios should become the standard in future studies.

4.3. Large Range of Biomass Availability Estimates

As also indicated by other recent studies, the maximal possible non-food biomass availability
will be somewhere around 250–270 EJ/a in 2050 due to biospheric constraints [15,16,35,72]. Searle and
Malins [34] derived 60–120 EJ/a as the limit to long-term biomass availability, which is in line with
the minimum values of biomass availability of the more recent studies. The range for the technical
potential is still large, and implications for future food security, agricultural systems, environment
and society can vary greatly. In addition, the reviewed studies insufficiently addressed nutritional
requirements and food security, so future available biomass will be lower than the currently technical
non-food biomass estimates.

The very high sensitivity of the results with respect to assumptions and modeling techniques
implies uncertainties. The assumptions on yields, land use or rehabilitation of degraded land indicate
different opinions about what is technically possible, practically feasible or ecologically desirable. They
therefore relate to a very different normative perspective of the world; i.e., from a more technologically-
and economically-oriented perspective to a more ecological perspective. Any biomass use beyond
this range would either mean an expansion of biomass use at the cost of food security, or the
conversion of precious, conservation-worthy landscapes like rainforests; or a significant increase
in production through irrigation and agricultural intensification far beyond what is estimated to
be sustainable, ecologically recommended and practically feasible [24]. The practical feasibility of
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significant agricultural intensification in low- and lower-middle income countries in the next thirty
years needs to be questioned, as these regions lack the necessary socio-economic pre-conditions, such
as functional institutions, available infrastructure and financing. They have been affected for decades
by problems, such as lack of knowledge among farmers, a dysfunctional extension system, volatile
markets, and a lack of roads, marketing infrastructure, and of access to inputs, credits and insurance.
Ongoing land degradation [73] and climate change leading to further decreasing yields [56,57] are two
additional factors which require a cautious, if not critical look at the estimates of the future potential
biomass availability.

4.4. Biomass Availability Is Insufficient to Cover Energy Needs after Satisfying Material Needs

Switching to a (global) bioeconomy “will entail high demand for biomass not only for bioenergy,
but also for bio-materials such as plastics that are presently derived from fossil sources” [13].

With a projected depletion of oil stocks by 2050, it is surprising that little attention is paid to the
question of where biomass shall come from to substitute fossil fuels. Most research looks at a specific
sector, e.g., bioenergy, and every sector claims that there is enough biomass available while ignoring
other sectors’ needs. For that reason, we think that material/chemical uses of biomass have to be
prioritized over energetic uses for electricity or fuel. Our calculations are rough and simplistic but add
a new perspective given the strong focus on bioenergy. The data used and the assumptions, especially
those using the Jazz and Symphony scenario, will need refining in future research and when better
data on material, chemical and other biomass uses is available. While Dornburg et al. [22] suggest that
in future, biomass may meet up to 30% of the projected global energy demand, our findings also show
that this only may occur if the maximum biomass estimates are used. It could be only 13% based on
the minimum values, which is to be expected. This share would be even lower if food security were to
be adequately taken into account. There is probably enough non-food biomass available at the global
level to fulfill the material energy needs. This is good news, since for material uses, fossil fuels can still
hardly be substituted without the use of biomass.

4.5. Intragenerational Equity and Biomass Availability

The industrialized countries will have roughly enough biomass for the predicted material use in
2050 and, depending on the data, equity assumptions and scenarios used, some biomass will remain for
additional bioenergy. If resource consumption in Europe and North America continues at the current
high levels, basically all available biomass in the future will be needed to fulfill material demands, at
least in a world where intragenerational equity is the norm. Hence, any bioenergy consumption higher
than the values presented in Table 5 will either require a reduction in consumption levels in North
America or Europe, or inevitably lead to an unfair global resource consumption at the cost of biomass
availability for poorer nations, and possibly affect global food security via rising prices.

A significant reduction in material consumption in industrialized countries until 2050 is unlikely,
since the political agenda is still based on a growth paradigm. Therefore, when prioritizing the
fulfillment of material energy needs, there is likely to be no, or only a very small amount of biomass
available to fulfill non-material energy needs. Future investments in the bioenergy sector should be
kept at a minimum, and the focus for decision-makers, politicians and investors alike would need to
be on material uses of biomass.

There is also the threat that biomass use will be increasingly less fair; i.e., that rich countries will
consume biomass at the cost of food security or basic material uses of poor countries, when a significant
reduction in resource consumption is not taking place at the same time. It is questionable whether
market prices will transmit the necessary signals of resource stock depletion in time, as external costs
are commonly excluded. Politics needs to address ways to reduce energy usage, be it in production,
distribution or consumption [2].
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The presented estimations assume either a globally equal share of the material energy needed or a
regionally different share with poorer countries consuming less. Both assumptions may be flawed,
as in many poorer countries, basic human needs and rights such as adequate housing, food, health,
schooling, etc., have not yet been fully addressed. Higher material consumption levels than a globally
equal share might be needed to develop a poor region like Sub-Saharan Africa to an acceptable state.
Unfortunately, there is no data on how much energy for materials, industry, etc., would be needed to
reach an acceptable state.

Several authors conclude that the rise in the use of biomass (biofuels) requires international
cooperation, regulations, certification mechanisms and sustainability criteria regarding the use
of land, sustainable production and the mitigation of environmental impacts caused by biomass
production [16,22,34]. There is a need to go beyond this. Not only does food security need to be
ensured in all agricultural production areas and along international value chains, the question about
biomass allocation and distribution also needs to be internationally agreed upon.

4.6. Future Research Recommendations

To address food security in biomass availability estimates, future models should integrate several
aspects. First, there is the need to include a “zero hunger” target as stated by the SDGs. Second,
the advice of global nutrition experts on balanced diets should be integrated taking into account the
needs of the population in developing countries that include physically hard-working people, diseases,
and health and sanitation problems which may inhibit nutritional uptake. Future research should
address the question of how much food will be needed in 2050 if all people are to have stable access
to sufficient, nutritious and safe food. The assumption of unequal food consumption levels should
always be accompanied by a scenario that assumes a sufficient intake of food. Third, the question of
purchasing power, price developments and international trade of food and non-food biomass; and
the effects on a global scale, but ideally also at regional and national levels, should be included in
future scenarios, especially depicting the effects on low-income, food-deficient countries. To address
food stability, climate change effects should always be considered, and more research on the ecological
sustainable biomass potential is urgently needed. The key question is really that if all this is considered,
how much biomass will be available if food security is appropriately accounted for?

The research presented here could be further strengthened, as it is built on available data and
scenarios by the World Energy Council, which constructed plausible future energy scenarios but did
not estimate energy scenarios that contain intragenerational equity or the satisfaction of basic human
needs. It also may have missed some model assumptions, as not all were explicitly mentioned in the
reviewed studies, especially regarding the estimated food requirements, which would have required
contacting all authors individually. Also, no solutions to the identified bottlenecks of the models
could be offered, as this would have gone beyond the objective of this research. The purpose of the
research was to assess the biomass potentials with respect to their inclusion of food security, to show
key tendencies and to derive options for future biomass allocation and distribution based on available
data, especially from a sustainability perspective. The results are considered to be ‘food for thought’
about the fair and best uses of biomass for researchers, civil society and among decision-makers.

More research is needed to identify the necessary material energy requirements to satisfy all basic
human needs at the global level, and which material energy requirements are required for acceptable
outcomes based on human rights. This would involve estimates about global energy needs if all people
were to have, for example, access to electricity, water and health services or appropriate housing. These
estimates would then be a social boundary that defines the thresholds below which human well-being
is endangered. Future research needs hence to identify how much biomass will be available for extra
uses (such as bioenergy) if at least all global basic human needs are covered, and global poverty and
hunger have been eradicated.
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5. Conclusions

A conversion of the current fossil fuel-based economies into bio-based economies is constrained
by the overall limited availability of biomass. This systematic review adds a sustainable development
perspective on the estimates and models of future biomass availability. The focus is on the satisfaction
of human needs through biomass, especially of food security and intragenerational equity, which
includes options regarding the allocation and distribution of biomass. Though food security is key
for most bioeconomy strategies and international agreements, an internationally accepted concept of
food security based on the pillars’ availability, access, utilization and stability was not included in the
models for estimating non-food biomass potentials. Dietary assumptions were partly based on food
consumption levels below the current food consumption in the OECD countries, and partly included
globally unequal consumption levels. This has various implications. If the OECD countries were
to adjust their economies based on the assumption of high biomass availability, they would have to
reduce food consumption—or people in other countries would have to. The dietary assumptions imply
that physically hard-working people in low-income countries would not receive sufficient calories
for their activities. Unequal food consumption assumptions are very likely to entail the continued
persistence of undernourishment until 2050, while biomass is used for material or energetic uses. This
is neither acceptable from a sustainable development and intragenerational justice perspective, nor
does it meet the SDG targets. It is not certain whether the technical potential can be materialized
within the planetary boundaries. Estimates for an ecological sustainable biomass potential are rare and
indicate a very low availability of biomass. However, they would be a guiding value to ensure food
stability, and thereafter the availability of sufficient, safe and nutritious food over time. In conclusion,
if biomass availability estimates had accounted for food security in its four dimensions, the availability
of biomass for any use would be even lower than the range 116–268EJ/a of the more recently published
biomass potentials.

Material uses of fossil fuel can be replaced by biomass but so far not by other renewable energy
sources. Though there is research in this direction, e.g., solar biofuels derived by synthetic biological
processes, it is unlikely that energy-efficient technologies that, for example, convert CO2 from the air
into plastic, are ready for the market by 2050. Given the relatively high energy demand for material
uses compared to the limited availability of non-food biomass, it does make sense to prioritize the
material uses of biomass over bioenergy to fuel cars or generate electricity. However, if this takes place,
not much biomass will be left for bioenergy. With increasing development in low- and low-middle
income countries, it is likely that material consumption will increase even more than is assumed here.
First- or second-generation biofuels may be still an option for land-abundant, fertile countries, but are
also questionable from a global distributional perspective. Cascading uses of biomass, and especially
the use of waste, for energy generation is much more appropriate. These should be the key element of
any bioenergy strategy, and the target for industrial and financial investments.

Increasing energy efficiency is another important element, but despite many calls in the past,
progress has been limited. Here, governments need to provide incentives for industry and prevent
undesirable behavior; e.g., though taxation. Moreover, new concepts to reduce the total consumption
of energy and materials in industrialized countries need to become part of the agenda of politicians,
businesses, and civil society, but also of researchers. Policies need to provide many more guiding
frameworks for the economic system, including the bioeconomy more than is currently the case, so
that economies develop in a sustainable direction agreed upon in the SDGs. If a fairer distribution of
biomass use were to become a global norm, the bioeconomy, energy, and economic, climatic and social
policies of the OECD countries would need to change significantly to account for at least a limited
biomass availability. This implies reconsidering an economic system which, so far, is built on growth,
unlimited global availability of inputs, and excludes external costs.
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Since the Brundtland report in the late 1980s, it has been reiterated that economy, ecology and
society need to be considered and addressed together. Adding a sustainable development perspective
to future biomass availability enriches the discussion about what is technically feasible with what may
be socially needed. Further research needs to determine how much biomass for bioenergy would
really be left if food security and a decent minimum standard of global human well-being were to
be incorporated in the estimates. Furthermore, how much biomass would be available if we were to
additionally incorporate a stronger environmental sustainability perspective, as envisioned by the
SDGs. Other questions are more practically oriented: Which policies and changes are needed at
national and multilateral levels to ensure global food security before any other biomass use, given the
tremendous income, power, and hence, energetic use differences between nations? Which economic
policies and state regulations at the global and national level are needed to ensure the satisfaction
of material needs of all humans while powerful economic sectors favor bioenergy? This entails that
distribution questions, especially regarding resource use, are raised to the multilateral level and receive
more global attention to build a peaceful, sustainable and equitable world.
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Appendix A. Flow Diagram, Search Parameters and Details of the Systematic Literature Search

Search parameters:

- Searched in all databases being part of the Web Of Science database.
- Search terms: TOPIC = (biomass potential), OR TOPIC = (biomass potentials) OR TOPIC =

(potential of biomass), OR TOPIC = (potentials of biomass) OR TOPIC = (bioenergy potentials),
OR TOPIC = (bioenergy potential).

- Time span: All years (1945–2018).
- Search language = Auto.
- Date last searched: 5 September 2018.
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Figure A1. Flow Diagram of the Systematic Literature Search Procedure.

Appendix B. Definitions of Biomass Potential Types

Types of biomass potentials are generally discussed in terms of a hierarchical sequence of the upper
limits of energy availability; i.e., theoretical, geographical, technical, economic, implementation/realistic
and sustainable potentials. It is to be noted that these terms may be interpreted in different ways
by different studies, and this definitional fuzziness hampers transferability and increases the risk of
misunderstanding. The most basic potential type is the “theoretical potential”. It is limited only by the
fundamental physical and biological barriers of the net primary productivity of biomass produced
on the Earth’s total surface by the process of photosynthesis [24,31,33].The “geographical potential”
is the fraction of the theoretical potential limited to the energy stored in terrestrial biomass (i.e.,
excluding oceans, rivers, etc.) [24,33]. Most studies, but not all, also include ‘availability,’ ‘accessibility’
and/or ‘suitability’ for bioenergy production of terrestrial biomass products as a limiting factor in
their definitions. The “technical potential” describes the fraction of the geographical potential that
is left after losses from the conversion of the primary energy to secondary energy sources have
been subtracted [24,33]. While the terms theoretical and geographical potential are used relatively
consistently, the term “technical potential” lacks a universally used definition. In a broad understanding,
the “technical potential is the geographical potential reduced by the losses of the conversion of the
primary energy to secondary energy sources” [31], which means it is only reduced by conversion
efficiency as a result of the level of advancement of agricultural and industrial-energy technology. Other
authors include a range of further limiting factors, such as the demand for land for food production,
housing and infrastructure, and the conservation of forests (e.g., [33]) The “sustainable potential” is
the fraction of the technical potential that remains after considering ecological limitations [24].
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Appendix E

Table A3. Data sources for our own estimations. As described in Section 2.3, the data is derived from
the World Energy Council [58] based on its two different scenarios for the world in 2050; i.e., the
Jazz and the Symphony scenarios (details are in the report). The data here stems from the “Regional
Summary” (page 249) and the table “The world in 2050” (page 252).

Scenario

Jazz Symphony

World population in 2050 (million)

Global 8703 9374

Sub-Saharan Africa 1648 1961

Middle East & North Africa 551 601

Latin America & Caribbean 577 603

North America 594 619

Europe 819 853

Asia (incl. Pacific) 4513 4738

World energy needs (EJ)

Global 879 696

Sub-Saharan Africa 50 46

Middle East & North Africa 79 67

Latin America & Caribbean 67 51

North America 130 105

Europe 135 114

Asia (incl. Pacific) 418 314

Final energy consumption (EJ/a)

Global 629 491

Sub-Saharan Africa 37 33

Middle East & North Africa 57 49

Latin America & Caribbean 45 36

North America 90 73

Europe 94 75

Asia (incl. Pacific) 306 224

Final energy consumption per capita (GJ/a) excluding non-energy uses

Global 64.5 46.3
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Abstract: More than forty states worldwide currently pursue explicit political strategies to expand
and promote their bioeconomies. This paper assesses these strategies in the context of the global
Sustainable Development Goals (SDGs). Our theoretical framework differentiates between four
pathways of bioeconomic developments. The extent to which bioeconomic developments along these
pathways lead to increased sustainability depends on the creation of effective governance mechanisms.
We distinguish between enabling governance and constraining governance as the two fundamental
political challenges in setting up an effective governance framework for a sustainable bioeconomy.
Further, we lay out a taxonomy of political support measures (enabling governance) and regulatory
tools (constraining governance) that states can use to confront these two political challenges.
Guided by this theoretical framework, we conduct a qualitative content analysis of 41 national
bioeconomy strategies to provide systematic answers to the question of how well designed the
individual national bioeconomy strategies are to ensure the rise of a sustainable bioeconomy.

Keywords: bioeconomy; governance; development policy; innovation; technology; bio-based

1. Introduction

The bioeconomy is based on the idea of applying biological principles and processes in all
sectors of the economy and to increasingly replace fossil-based raw materials in the economy with
bio-based resources and principles. An innovative and sustainable use of bio-based resources in
different sectors of the economy (i.e., a bio-based transformation) provides opportunities for achieving
a number of different Sustainable Development Goals (SDGs), which have been designed to improve
social, economic, and ecological living conditions. Particularly, this applies to sustainable solutions to
current climate change risks [1]. However, recent studies emphasize the dependence of a sustainable
bioeconomy on technical, economic, and social prerequisites that the bioeconomy itself cannot
create [2]. Experts, therefore, increasingly demand the development of a comprehensive governance
framework for the bioeconomy to ensure the emergence of sustainable bio-based transformations [3,4].

Previous research on this topic is mostly organized around case studies, which focus on the
governance of selected segments of the bioeconomy in individual countries or in small samples of
countries [5,6]. The detailed contribution by Pannicke et al. [7] on the governance of the German wood
industry may serve as an example. However, a broader perspective that provides a comparative global
overview about national bioeconomy politics is still missing.
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Overall, we found 41 states worldwide that currently pursue explicit political strategies to expand
and promote their bioeconomies. In this paper, we provide a systematic overview of 41 of these
national bioeconomy strategies in existence at the time of this research. What types of bioeconomies are
individual states striving for? Why does the development of a sustainable bioeconomy require
an effective governance framework? Which political means are available to states to promote
transformations towards sustainable bioeconomies, and how do individual states design their national
bioeconomy strategies in order to meet this demand for a sustainable governance framework?
In the following sections, we will address these research questions. In doing so, we aim to not only
develop an overview of national bioeconomy policies, but also to develop an information tool that
enables national and international policy makers to learn from other countries’ bioeconomic strategies.

Our considerations rest on a comprehensive understanding of the bioeconomy. We distinguish
between four bio-based transformation paths: (1) substitution of fossil fuels with bio-based raw
materials; (2) productivity increase in bio-based primary sectors; (3) increasing efficiency in biomass
utilization; and (4) value creation and addition through the application of biological principles and
processes separate from large-scale biomass production.

Whether or not the bioeconomic development along these four pathways will have a positive
impact on the achievement of SDGs is uncertain. One key challenge is that bio-based transformations
may involve high conversion costs [8]. Path dependencies and economic incentive systems that stem
from the fossil fuel era and pre-biotechnological production processes might hamper investments
in a progressive bioeconomy. The question of how politics can support the rise of the bioeconomy
through appropriate political means (enabling governance), therefore, presents the first key challenge
for the development of a sustainable bioeconomy. In principle, states have a wide range of different
mechanisms at their disposal to promote their bioeconomies. These mechanisms may include a
bio-based research and development strategy, enhancing the competitiveness of bio-based products
through subsidies, or implementing awareness-raising campaigns to increase societal participation in
bio-based transformation including more responsible and sustainable consumption.

However, technical progress rarely offers only positive opportunities, but usually also leads to new
risks. This is also the case for the bioeconomy. Scholars interested in studying the bioeconomy point to
goal conflicts between SDGs that can result from bio-based transformations. Today, the discussion
about conflicting goals goes far beyond the original “food versus fuel” debate in the field of bioenergy
development and includes issues such as global equity concerns, water scarcity, land degradation and
land use change. The identification and effective political management of conflicting goals, therefore,
represents the second major challenge for the development of a sustainable governance framework
for the bioeconomy. To address this, a number of different public and private governance tools exist
that states can use to minimize tradeoffs and promote synergies in bio-based transformation processes
(constraining governance).

However, how do individual states really react to these two fundamental governance challenges,
and which means do they concretely employ to make their bioeconomies sustainable? Our results
suggest the following: today a great number of states have set the goal of developing and expanding
their bioeconomies. Further, states are willing to provide comprehensive political support to their
bioeconomies to achieve this goal. Currently, states are highly active in addressing the first
abovementioned governance challenge (enabling governance). On the other hand, our results
show that the political management of conflicting goals has not yet reached the same level of
attention. Only a minority of national bioeconomy strategies even mention the potentially negative
consequences of bio-based transformations for sustainable development, and those states that are
pursuing a more sustainable strategy mostly opt for soft political approaches to manage these
conflicts. Overall, states address the second fundamental challenge of developing a sustainable
bioeconomy (constraining governance) to a considerably lesser degree than the first challenge
(enabling governance).
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The paper consists of two sections: the first section lays out the conceptual foundations for our
empirical study. We begin with a brief note on the concept of governance. Subsequently, we characterize
the four different transformation paths along which bio-based transformations are likely to proceed.
We then discuss the two key governance challenges for a sustainable bio-based transformation and
present a set of key governance mechanisms that governments can use to support the development of
a sustainable bioeconomy. Based on this theoretical framework, the second section presents our
empirical analysis of a total of 41 national bioeconomy strategies. Here, we show which bio-based
transformation path (or which combination of transformation paths) the states follow strategically,
which of the governance mechanisms specified in the first section the states apply to promote their
bioeconomies, which goal conflicts they identify, and how they attempt to regulate them. Finally,
we summarize the results of the study and present perspectives for further research.

2. Concepts

2.1. A Short Note on the Concept of Governance

Governance can be understood as the process by which societies adapt their rules to new
challenges [9]. Governance has a substantial dimension (what are the rules?), a procedural dimension
(how are the rules developed?) and, finally, a structural dimension (the procedural rules and
institutions that determine rule-making, how the rules are implemented and enforced, and how
conflicts over rules are resolved). Societal adaption of rules to new challenges can be spontaneous and
informal at the level of social relationships and networks. However, modern societies also delegate
governance functions to specialized institutions, which set and enforce the rules in formally organized
procedures. Such institutions first and foremost include the state at local, regional, and national
level, but may also include inter- and supranational organizations, as well as private standard
setters, which together build an interacting and overlapping governance system of plural authorities.
In this sense, the UN Commission has defined the term governance as “[ . . . ] the sum of the many
ways individuals and institutions, public and private, manage their common affairs. It is a continuing
process through which conflicting or diverse interests may be accommodated and cooperative action
may be taken. It includes formal institutions and regimes empowered to enforce compliance, as well as
informal arrangements that people and institutions either have agreed to or perceive to be in their
interest...” (p. 1) [10].

2.2. The Concept of Four Bio-Based Transformation Paths

The course and effects of bioeconomic transformation processes depend, among other aspects,
on the development level, resources and political system of a given state (see Figure 1).

Figure 1. Conceptual diagram of transformative pathways in the bioeconomy (developed by
the authors).
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Transformation processes can be triggered by the interaction of driving forces, such as population
growth and technological innovation, or by political or social action. Depending on the country context
and its interaction with other economies, for example in the form of trade and knowledge transfer,
bioeconomic transformation can proceed along one or more of the four paths depicted in Figure 1 with
different possible effects.

Transformation Path 1 (TP1): In the past, this rather intensely researched TP has often been
triggered by temporarily increased oil prices, subsidies, and environmental policies. For example,
biofuel policies in the EU and US have led to increased demand for bioenergy, with direct and indirect
effects on land use worldwide depending on land availability and the effectiveness of environmental
and economic governance systems [11–13].
Transformation Path 2 (TP2): If technological innovation increases productivity in agriculture, forestry,
or even fishing, it can release transformative forces that open up new production methods or locations.
In the past, and globally, according to the so-called Borlaug hypothesis, this has repeatedly led to
an easing in food markets despite increasing population growth [14]. However, regional and local
boosts in agricultural productivity have also been shown to increase demand for land in ecological
sensitive biomes, leading to losses in globally valued ecosystem services [11,15].
Transformation Path 3 (TP3): Innovation in downstream sectors often aims to increase the efficiency of
biomass use and waste stream recycling. Such innovation can be associated with “rebound effects”,
i.e., increased demand due to improved provision. In the long term, however, the impact depends on
supply dynamics, consumer behavior and the regulatory environment [16,17].
Transformation Path 4 (TP4): Biological principles and processes can be used largely independently of
biomass streams’ industrial applications, such as in the case of enzymatic synthesis and “biomimicry”.
Many countries with bioeconomic ambitions have high expectations for this knowledge and
technology-intensive TP (see Section 2). Corresponding transformative processes result, inter alia,
from providing cheaper and more environmentally friendly production methods or completely
new products.

The above-mentioned transformation pathways can be driven by both production (supply) and
consumption (demand) dynamics. We focus primarily on supply side dynamics in this paper. However,
it is noteworthy that promoting sustainable consumption through regulations and incentive systems is
one among many of the governance challenges of the sustainable bioeconomy.

3. Governing the Bioeconomy: Theoretical Framework

3.1. Governance to Promote Sustainable Bioeconomic Dynamics

The four paths of bio-based transformation presented in the last section offer opportunities
as well as risks for a sustainable transformation of our existing economic and social systems.
As shown above, one of the major opportunities of a comprehensive bio-based transformation is
the possibility of promoting sustainable growth across economic sectors. However, a sustainable
bio-based transformation cannot be taken for granted.

Current literature on bioeconomy repeatedly emphasizes the great potential of the bioeconomy
for sustainable developments towards SDG achievement, but simultaneously points out that the
realization of these potentials is facing considerable hurdles. Some researchers argue that the
path dependence of economic and political development is the root cause of the problem [18].
This means that previous decisions in politics, economics, and society—taken before the bio-based
transformation paradigm emerged—have shaped the economic system in a way that today hampers the
development of a bio-based economy even though it may bring about significant sustainability gains.
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First, problems of path dependencies may arise from a lack of adaptation of existing institutional
frameworks to the specific needs of the bioeconomy. Indeed, the political and legal institutions (such as
intellectual property rights, consumer protection, environmental rights), which govern our current
economic systems, have developed over long periods, during which the technological possibilities of
the current bioeconomy were unknown. Given this, the chances are high that existing institutions
are poorly aligned to the institutional demands of a rapidly developing and innovative bioeconomy.
Institutional path dependencies might thus lead to a situation in which the bioeconomy faces high
regulatory and transaction costs, which, in turn, may prevent the transformative dynamics of the
bioeconomy from unfolding.

Further, problems of path dependency occur at the level of industrial organization and
production. Many existing value chains are specialized in an efficient use of fossil-based resources
and pre-biotechnological production processes. The same applies to existing infrastructure (transport
systems), on which these economic activities are based. Naturally, this leads to lock-in effects [19,20].
Even if bio-based transformations promise long-term sustainability gains for both individual
companies and society as a whole, companies currently avoid incurring the costs of changing their
organizational structures and methods of production towards bio-based processes, since under the
given conditions such changes would still compromise their competiveness. To conclude, it seems that
current economic systems that have been shaped through the utilization of fossil-based resources and
pre-bioeconomy production techniques are not yet able to provide the necessary incentives to leverage
comprehensive bio-based transformations.

Both points have in common that they conceptualize path dependency problems as problems of
economic incentives that ill-inform individual economic decisions. From these rational choice-based
approaches, a structural approach can be distinguished. From a sociological perspective, both our
identity and knowledge about the world is defined by culture, social norms, and ideology and,
ultimately, these social structures also determine our economic conduct [21].

Obviously, normative and cognitive structures that incrementally manifest in a given society are
even harder to change than economic incentives. At the level of social structures, path-dependency
problems limiting bioeconomic dynamics may, therefore, be even stronger than at the level of economic
institutions, organizations and production techniques. Misinformation, including limited knowledge,
about the properties of bio-based products or a conceptual reduction of the bioeconomy to risk
technologies can undermine consumer confidence (a phenomenon well known from the debate around
genetically modified organisms). The bioeconomy has an influence on almost all areas of social life.
It changes what we eat, how we live, how we move, how we dress, and much more. Consumption
patterns in all these areas are deeply rooted in the cultural habits of societies and, therefore, extremely
difficult to change [8].

In conclusion, it can be said that not only the economic institutions, organizations, and production
techniques that evolved in the era of fossil resource utilization but also the societal structures that
developed during this period may hamper the emergence of a dynamic bioeconomy. Against this
background, it is not surprising that scholars interested in bioeconomy research currently regard
the creation of an appropriate governance framework that is capable of overcoming the various
path-dependency problems as one of the most pressing political challenges in the development of a
sustainable bioeconomy.

However, which specific governance mechanisms can governments use to address this challenge?
One governance tool, often discussed in this context, presents the implementation of a comprehensive
research and development strategy to promote investments in technological innovations whose
costs and risks private actors are not willing to incur under the given conditions. [5] Further,
political support measures can aim at increasing the competitiveness of bio-based products through
subsidies, thereby creating markets for the bio-economy that do not independently develop in the
economy [22]. Industrial location policies may have similar effects [23]. Political support measures
such as the creation of favorable legal frameworks, state-supported training of the labor force or
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the promotion of industry clusters are all intended to make it more attractive for companies to
invest in the bioeconomy. This form of political support for the bioeconomy also includes measures
for strategic international research collaborations and foreign direct investment. Finally, states can
promote bio-based transformation at a societal level through deliberate political campaigns to increase
the legitimacy and acceptance of the bioeconomy [8].

Table 1 provides an overview of such governance mechanisms that states can use to promote
bio-based transformative processes. In the following empirical section of this paper, this serves
as a typology for the policy instruments that states actually intend to use to promote their
respective bioeconomies.

Table 1. Overview of the means for enabling governance.

(I) Promoting research and development for a bio-based transformation

- Funding of research projects
- Establishment of specific research facilities
- Promotion of research networks and strategic partnerships
- Promotion of knowledge and technology transfer (science-praxis-nexus)

(II) Improving the competitiveness of the bioeconomy through subsidies

- Quotas for the bioeconomy
- Promotion of bio-based public procurement
- Promotion of sustainable consumption behavior
- Tax benefits
- Specific credit programs

(III) Industrial location policies for bio-based industries

- Promotion of industry clusters in the field of bioeconomy
- Promotion of knowledge and technology transfer between research and industry
- Promotion of labor education in the field
- Creation of appropriate intellectual property rights
- Promotion of foreign direct investment (FDI) in the field

(IV) Political support for bio-based social change

- Promote public dialogues to increase understanding of the functioning of the bioeconomy
- Promote public dialogues on technological risks in the field of bio-economics

3.2. Governance of Risks and Goal Conflicts

The creation of a favorable political framework within which the bioeconomy can thrive presents
one major governance challenge. However, political support measures alone will not suffice to ensure
the development of a sustainable bioeconomy. The problem is that, as much as the bioeconomy can
contribute to the achievement of a range of different SDGs, it can also undermine the achievement of
SDGs [24,25]. An effective political regulation of these conflicting objectives presents the second major
challenge for a sustainable governance of the bioeconomy.

The concept of bioeconomy rests on the idea of applying biological principles and processes in all
sectors of the economy and to increasingly replace fossil-based raw materials in the economy with
biogenic resources. However, the question whether or not bioeconomic transformations will either
lead to more sustainability or produce new sustainability risks remains debated. The following table
(Table 2) provides an overview of some common aspects of this debate.
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Table 2. Possible opportunities and risks of bioeconomic transformation.

Sustainability Dimension (SDG) Opportunities Risks

Food security (SDG 2) Increase via higher yields and
new production methods

Reduction due to food price
increases

Poverty/inequality (SDG 1, 10) Reduce via transfer of
technology and leapfrogging

Increase via exclusion from
technical progress

Natural resources (SDG 7, 14, 15) Conserve by improving
production methods

Degrade/loss through inefficient
production and overuse

Health (SDG 3) Improve through new and
refined forms of therapy

Risk/damage through improper
use of risky technologies

Climate Change (SDG 13) Mitigate through emissions
reductions

Exacerbate through direct and
indirect land use change

Sources: [26–28].

Both the above-mentioned optimistic and critical views on the impact of bioeconomic
transformation on SDGs achievements (Table 2) depend strongly on assumptions about how and
in which contexts new bio-based technologies and principles will be used. We illustrate this point in
the following examples.

Example 1: The EU promotes biofuels with the aim of reducing emissions (SDG 13). This can
lead to a global loss of tropical forests through direct and indirect land use change, but also to the
spread of environmentally hazardous and health-threatening production methods (which conflicts with
SDGs 3, 14, 15). Both technological innovation (e.g., improving production of biomass at marginal sites
with higher yields) and governance mechanisms (e.g., implementing existing legislation to prevent
illegal deforestation or misuse of agrochemicals or incentive systems for sustainable production) can
help alleviate this conflict.

Example 2: Developed countries promote bio-based applications in chemical or pharmaceutical
sectors (SDG 3). Due to restrictive patent rights and often lengthy and costly licensing procedures,
the associated benefits accrue only to the affluent segment of the world’s population. This might
create a conflict with SDG 10. This conflict could be mitigated by innovation transfer, more efficient
administrative structures and a more inclusive patent system.

These two examples show how narratives of the bioeconomy that highlight the potentially
associated risks often assume that regulations constraining the bioeconomy are ineffective, or that
existing technologies and processes that might be able to increase the efficiency of the bioeconomy
remain inaccessible. On the other hand, perspectives that highlight the opportunities inherent in
bioeconomic developments assume that efficient biotechnologies will evolve and diffuse and that
appropriate governance frameworks can be set up to regulate the remaining potentially negative
effects of the bioeconomy.

The political support measures that enable the evolution and diffusion of efficient biotechnologies
have been discussed above (enabling governance). In the following, we focus on the question of
what states can do to constrain economic activities related to the bioeconomy where necessary
(constraining governance). Looking into this issue of regulating the bioeconomy, it strikes us that
various governments and non-government actors have already developed a variety of rules to
govern bioeconomic activities in different areas of the bioeconomy. For example, multi-stakeholder
initiatives such as the Global Bioenergy Partnership or the United Nations Voluntary Guidelines
on the Responsible Governance of Tenure, Land, Fisheries, and Forests in the Context of National
Food Security both aim to ensure the priority of the right to food in the bioeconomy to prevent land
grabbing. Other examples include the International Draft Standard DIN EN ISO 14046: 2015-11,
which sets out guidelines for determining the water footprint of products based on a life cycle
assessment, or the United Nations Convention on Biological Diversity, which aims to connect the
bioeconomy to conservation initiatives.
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Given this relatively well-developed normative basis, the central challenges in developing
an effective regulatory framework for the bioeconomy clearly emerge in the later stages of the
governance cycle, i.e., in the implementation and enforcement of the existing rules [29]. The adoption of
regulations into state legislation is one possibility, but it presupposes the existence of functioning state
enforcement mechanisms, which do not exist in many emerging and developing countries. In addition,
state regulations operate only within the territory of a state, but they have no reach to regulate
cross-border economic processes, and they have less influence again on global economic dynamics,
both of which are becoming increasingly important in the global bioeconomy. An expansion of
international law might provide a solution, but is itself subject to major compliance problems due to the
absence of an authority beyond the individual states that could enforce compliance with international
law [30]. Of course, states can refrain from a pure legal enforcement logic and create positive
incentives to regulate a global bioeconomy (e.g., payment for ecosystem services [31]), and support
softer instruments, such as private standards and certification systems along global value chains [32].

Ultimately, an effective form of regulation for the bioeconomy can only be created through the
use of a combination of different public and private mechanisms. We summarize the individual
regulatory approaches that states may support to achieve this goal in Table 3 below.

Table 3. Overview of regulatory mechanisms.

(I) State regulation of the bioeconomy
(II) Governmental development of positive incentives (e.g., payments for environmental services)
(III) Government support for private standards and certifications
(IV) International cooperation (through international organizations and regimes)

4. Methods

We conducted a qualitative document analysis [33] of national bioeconomy strategy documents
using ATLAS.TI software. We provide an overview of the countries and documents analyzed in
Appendix A at the end of this article. The tables above (Tables 1–3, and Figure 1) served as a codebook
guiding the systematic coding of the strategy documents. We have used Table 1 as providing the
themes to analyze the enabling governance means for achieving national development goals as well as
contributing to addressing selected global sustainability goals contained in Table 2. Table 3 serves as a
heuristic conceptual overview of possible regulatory mechanisms grouped into four (I–IV) dimensions.
The methods used draw mainly upon techniques of qualitative content analysis [34]. The analytic
procedure entailed selecting and appraising passages contained within the policy documents with
regard to the themes of the codebook and connecting them to other lines, quotations about political
means chosen to address a certain issue. This, for example, is related to the finding of anticipated
negative impacts of implementing the bioeconomy policy on land and water resources and the
governance means chosen to address them. Such document analysis yielded data in the form of
excerpts, quotations, or entire passages chosen according to the major themes and categories from the
codebook [35].

5. Results and Discussion

Having laid out our preferred indicators to distinguish and classify national strategies,
in this section we now discuss our findings from the empirical analysis of national bioeconomy
strategies. Specifically, our empirical analysis of 41 different national bioeconomy strategies aims to
contribute to answering the following three questions:

1. Type of bioeconomy: Which of the four bio-based transformation pathways or combinations of
transformation paths are individual countries pursuing in their strategies?

2. Enabling governance: Which means of governance do countries employ in their
political strategies to overcome problems of path dependencies in the development of a
sustainable bioeconomy?
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3. Constraining governance: Which goal conflicts in the development of a sustainable bioeconomy
have the individual countries identified in their strategies, and which political means have the
individual strategies used to regulate these goal conflicts and reduce resulting risks?

5.1. Types of Bioeconomy

Practically all countries with explicit bioeconomy strategies aim to foster transformation processes
along at least two of the pathways outlined in Figure 2. In countries that explicitly envision only two
transformation pathways, particular emphasis is often placed on the efficient provision of biomass for
TP1, both domestically and for trading partners, as in the case of Brazil.

 

Figure 2. Transformative pathways by country.

By contrast, the majority of industrial nations, as well as some emerging economies, envisage or
currently implement more diversified strategies along all four TPs. In the majority of cases,
the selection of and focus on individual TPs in the examined strategies reflects three aspects:
the respective resource availability of the countries (e.g., availability or scarcity of agricultural area);
historically developed pioneering roles in special technology and research areas (e.g., biotechnology);
or country-specific development deficits to be overcome. For example, the German bioeconomy
strategy specifically focuses on applications in the field of recycling waste streams and the more
efficient or cascading use of biomass (TP2). In turn, China’s bioeconomy strategy relies strongly on
bio-based substitution of fuels and materials (TP1).

5.2. Strategies to Enable the Bioeconomy

How do the individual states intend to promote their bioeconomies politically, and what concrete
political means do they use to do so? In this context, Figure 3 below shows the intentions of the
individual states to provide political support to their bioeconomies. In Table 2 of our conceptual
framework, we distinguished between four political support measures that states can draw upon in
promoting their bioeconomies. Our analysis of these national strategies is based on those categories,
and reveals that the individual states are indeed intensively using all these means to strategically
promote the development of their bioeconomies.
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It becomes clear that almost all states with an explicit bioeconomy strategy rely on at least three of
the political support measures identified, and the majority of states even deploy all four measures
mentioned above. In other words, they pursue a targeted research and development strategy for
bio-based transformation and want to improve the competitiveness of their bioeconomy through
subsidies. In addition, many countries pursue active industry location policies aimed at improving the
overall conditions for bio-based industries, and plan to improve the acceptance of the bioeconomy
through education and other capacity-building and awareness-raising campaigns. Thus far, we can
state that many countries with bioeconomic ambitions declare comprehensive bioeconomies as a
strategic political goal (see Figure 2) and are prepared to intensively promote this development
politically (see Figure 3). Overall, this suggests that the bio-based transformation may gain momentum
in the coming years.

 

Figure 3. Enabling policy means in national bioeconomy strategies.

5.3. How Do States Regulate Their Bioeconomies?

The complex task of creating expedient regulatory measures for managing conflicting interests
throughout the development of a bioeconomy is the second governance challenge. Figure 4 shows
the extent to which national bioeconomy strategies give political answers to the risks and potentially
related goal conflicts mentioned in Table 2 above.

Most national strategies pay little or no attention to risks and goal conflicts (26 out of 41 states).
This includes countries with potentially large bioeconomies, such as the USA, Russia, Brazil,
and Argentina. In contrast, China and a few African states explicitly recognize the need to manage
risks as a crucial political challenge in shaping a sustainable bioeconomy. Overall, European states
show the highest political sensitivity to potential risks and goal conflicts.

Table 4 compares the identification of conflicting goals in national strategies. It shows that states
are particularly concerned with negative impacts of the bioeconomy on land and water resources,
as well as on global food security. This reflects the discourses about the sustainability risks associated
with the first generation of biofuels. Other negative effects potentially associated with the bioeconomy,
such as inequality and poverty, climate, or health risks, have only played a minor role in national
strategies so far.
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Figure 4. Anticipated risks in national strategy documents of 41 countries.

Table 4. Overview of conflicting goals and associated risks identified in national bioeconomy strategies.

Country Nutrition Poverty/Inequality
Nat.

Res. (Air)
Nat. Res.
(Forests)

Nat. Res.
(Land)

Nat. Res.
(Water)

Health Climate

Austria
Denmark

France
Germany
Ireland
Kenya

Lithuania
Mexico

Mozambique
Norway

South
Africa

Sweden
Thailand
United

Kingdom
China

Total 12 2 2 6 15 7 2 3

Our content analysis also shows (see Table 5) that states rely heavily on soft regulatory means,
such as self-regulation of global value chains through private standards and certification regimes,
to manage bioeconomy-related risks. In addition, most states advocating more comprehensive
regulation to avoid conflicting goals (as in the case of Germany) aim to intensify international
cooperation in this field. Despite this, the need to react to bioeconomic conflicts of interest by
means of concrete legislative amendments was not a central focus of the national bioeconomy strategies
examined. Our analysis also does not reveal a broad willingness of countries with bioeconomy
strategies to safeguard the protection of natural resources through the development of positive
incentives, such as the widely discussed instrument of payments for ecosystem services [34].
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Table 5. Overview of regulatory mechanisms by country.

Country
State

Regulation

Creation of Positive
Incentives by
Governments

Private
Standards and
Certifications

International
Cooperation

Total

Austria 1
Denmark 1
European

Union 1

France 4
Germany 4
Ireland 4
Kenya 1

Lithuania 3
Mexico

Mozambique 2
Norway 1

South Africa 3
Sweden 2
Thailand 2
United

Kingdom 4

China 4

Total 8 6 14 10

5.4. Regional Developments

The last sections have provided a global overview of national bioeconomy strategies.
In the following, we complement this view by a short regional assessment. In doing so, it becomes clear
from the various figures and maps presented above, that European states have developed the most
advanced sustainable bioeconomy strategies, notably the UK and Germany. These results reflect the
role of the European Union as an active partner in promoting bioeconomic transformations. It strikes us
that most Eastern European Countries are, so far, absent from these developments. Despite the fact
that compared to other regions European countries have developed the most advanced bioeconomy
strategies, in Europe a substantial governance gap still exists between promoting and regulating
the bioeconomy.

The Western Hemisphere presents a further world region in which most individual states are
currently advancing comprehensive bioeconomy strategies. Different from the European bioeconomy
strategies, which have at least partly integrated some measures to regulate the bioeconomy, regulatory
aspects that deal with potential sustainability risks associated with the rise of the bioeconomy are
almost completely absent in the strategies drafted by countries located in the Western Hemisphere.
The gap between promoting and regulating the bioeconomy is, therefore, even greater here than in
Europe. Overall, our results make clear that both North and South American countries are currently
undertaking significant efforts to enhance their bioeconomic sectors.

Again, a different picture emerges in Asia and Australia. In this region, we find many
states—especially major states such as China, India, Russia, and Australia—that have adopted
advanced bioeconomy strategies. However, we also find a significant number of states without
explicit bioeconomy strategies. Different from the states located in the Western Hemisphere, among the
Asian states at least two states (China and Thailand) pay some attention to the sustainability risks
associated with a rise of the bioeconomy.
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In Africa, we find the smallest share of countries with bioeconomy strategies. Nevertheless,
the countries located in the southern parts of Africa show with their strategies that they see very
large potential in the bioeconomy to foster their economic developments in a sustainable way.
Among these countries, South Africa and Mozambique stand out in having developed the most
advanced bioeconomy strategies. They also include some regulatory aspects. Overall, there is still very
large potential for African states to develop more explicit bioeconomy strategies.

6. Concluding Remarks

Summarizing the results of our analysis, it is evident that many countries seek to develop and
expand their bioeconomies. In order to achieve this, states are willing to support their bioeconomies
through comprehensive political means. It is also clear that countries around the world have
embraced the first major governance challenge of enabling bio-based transformation. However,
the second challenge of deploying political means to address the potential risks and goal conflicts of
bio-based transformation does not appear to be wholeheartedly addressed. Only a minority of states
even mentioned the potentially negative implications of bio-based transformation for sustainable
development. Those states pursuing comprehensive strategies rely largely on soft political means of
risk mitigation and conflict management.

The notion of governance includes the process of how societies adapt their rules to new
challenges [9]. In this article, we explored the question of how nation-states globally aim to adapt their
rule systems to the governance challenges associated with an emerging bioeconomy. This raises further
questions: why are the respective national strategies different? How effectively do individual states
implement their strategies? What are the real impacts on SDG achievement that follow when states
implement their bioeconomy strategies? In conclusion, it can be said that national governments widely
regard the development of a modern bioeconomy as a central strategy to promote their economies
and to ensure sustainable development worldwide. However, to achieve these goals, national
bioeconomies need an effective and globally coordinated governance framework. Future research
should contribute to identifying key ingredients of such a framework and support their effective
implementation, for example by documenting implementation processes and outcomes in all relevant
sustainability dimensions.

A prerequisite for creating effective governance arrangements is the development of
comprehensive approaches for measuring and assessing the bioeconomy [36]. Inadequate monitoring
and a lack of impact assessment could otherwise lead to over- or under-regulation of the bioeconomy.
The risks associated with the business-as-usual scenario of a fossil-fuel-based future global economy
must be confronted with the bioeconomy-specific risks in order to comprehensively assess risks and
conflicting goals [35]. This exceeds the scope of this chapter, but we strongly emphasize the need to
investigate these issues in future research.
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Appendix A

Table A1. Overview of national bioeconomy strategies.

Country Title Author

Austria

FTI-strategy for a bio-based industry in
Austria

Federal Ministry for Traffic,
Innovations and Technology

Bioeconomy—Position Paper

Austrian Association for
Agriculture, Life and

Environmental Sciences with BIOS
Science Austria

Belgium

Bioeconomy in Flanders—The vision
and strategy of the Government of

Flanders for a sustainable and
competitive bioeconomy in 2030

Flemish government

France

The new face of industry in France Ministry for Economic
Regeneration

Les usages non alimentaires de la
biomasse Interministerial

A Bioeconomy Strategy for
France—Goals, Issues and

Forward Vision
French Republic

Germany

National Policy Strategy on Bioeconomy Federal Ministry of Food and
Agriculture

Bioeconomy—Baden Württenberg’s
path towards a sustainable future

Federal state of
Baden-Württenberg, with Federal

Association BIOPRO

National research strategy
bioeconomy 2030

Federal Ministry of Education and
Research

Ireland

Harnessing Our Ocean Wealth Ministry for Agriculture, Food and
the Marine

Delivering our Green
Potential—Government Policy

Statement on Growth and Employment
in the Green Economy

Government of Ireland

Towards 2030—Teagasc’s Role in
Transforming Ireland’s Agri-Food
Sector and the Wider Bioeconomy

Teagasc—The Agriculture and
Food Development Authority

(Intersectoral)

Italy
BIT—Bioeconomy in Italy: A Unique

Opportunity to Reconnect the Economy,
Society and the Environment

Government of Italy

Lithuania National Renewable Energy Action Plan Lithuanian Government

Netherlands
Green Deals Overview Ministry of Economic Affairs

2012 Bioenergy Status Document Ministry of Economic Affairs

Portugal
Estrategía Nacional para o Mar

(2013–2020) Government of Portugal
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Table A1. Cont.

Country Title Author

Russia

State Coordination Program for the
Development of Biotechnology in the

Russian Federation until 2020
“BIO 2020” (Summary)

Government of the
Russian Federation

Spain
The Spanish Bioeconomy
Strategy—2030 Horizon

Ministry of Economy and
Competitiveness

Denmark

Growth Plan for Water, Bio and
Environmental Solutions The Danish Government

The Copenhagen Declaration for a
Bioeconomy in Action March 2012

The Danish Council for
Strategic Research

Finland The Finnish Bioeconomy Strategy Interministerial document

Norway

Research Programme on Sustainable
Innovation in Food and

Bio-based Industries
The Research Council of Norway

National strategy for biotechnology Ministry of Education and
Research

Marine Bioprospecting—a source of
new and sustainable wealth growth Interministerial document

Familiar resources—undreamt of
possibilities—The Government’s

Bioeconomy Strategy
(English Summary)

Interministerial document

Sweden
Swedish Research and Innovation
Strategy for a Bio-based Economy

The Swedish Research Council for
Environment, Agricultural

Sciences and Spatial Planning
(commissioned by the
Swedish Government)

Great Britain

A UK Strategy for Agricultural
Technologies Interministerial document

UK Bioenergy Strategy Interministerial document

UK Cross-Government Food Research
and Innovation Strategy Interministerial document

Kenya

A National Biotechnology
Development Policy Republic of Kenya

Strategy for developing the Bio-Diesel
Industry in Kenya (2008–2012)

Ministry of Energy
(Renewable Energy Dept.)

Mozambique
Politica e Estrategia de

Biocombustiveis Council of Ministers

Namibia
National Programme on Research,

Science, Technology and Innovation

National Commission on Research,
Science and Technology

(government)

Nigeria
Official Gazette of the Nigerian
Bio-fuel Policy and Incentives Federal Republic of Nigeria
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Table A1. Cont.

Country Title Author

Senegal

Lettre de Politique de Développement
du Secteur de L’Energie Interministerial document

Biofuels in Senegal—The Jathropha
program

Enda Energy, Environment,
Development Programme (NGO)

(sourced from Ministry of Agriculture)

South Africa

The Bio-Economy Strategy Department of Science and
Technology

A National Biotechnology Strategy for
South Africa Unspecified

Public Perceptions of Biotechnology in
South Africa

HSRC, Human Sciences Research
Council (TIA, Technology

Innovation Agency)

Tanzania National Biotechnology Policy Ministry of Communication,
Science and Technology

Uganda

Biomass Energy Strategy
(BEST) Uganda

Ministry of Energy and Mineral
Development (support UNDP)

National Biotechnology and
Biosafety Policy

Ministry of Finance, Planning and
Economic Development

The Renewable Energy Policy For
Uganda

Ministry of Energy and
Mineral Development

Canada

Growing Forward 2 In Newfoundland
and Labrador

Government of Newfoundland
and Labrador

British Columbia Bio-Economy Minister of Jobs, Tourism and
Innovation

Mexico
Estrategia Intersecretarial de los

Bioenergéticos Interministerial document

USA

Farm Bill Congressional Research Service

Strategic Plan for a Thriving And
Sustainable Bioeconomy

Bioenergy Technologies
Office—U.S. Department of Energy

National Bioeconomy Blueprint The White House

Argentina
Biotecnología argentina al año 2030:
Llave estratégica para un modelo de

desarrollo tecno-productivo

Ministry of Science, Technology and
Productive Innovation

Brazil

Plano Decenal de Expansão de
Energia 2023 Ministry of Mines and Energy

Política de Proteção de
Desenvolvimento da Tecnologia Brazilian Government

Colombia
Politica para el Desarrollo Commercial

de la Biotecnología a partir del Uso
Sostenible de la Biodiversidad

Council for Economic and Social
Policy (Interministerial)

Paraguay
Politica y Programa Nacional de
Biotecnología Agroprecuaria y

Forestal del Parauay
Agriculture Ministry

Uruguay
Plan Sectorial de Biotechnología

2011–2020 Interministerial document
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Table A1. Cont.

Country Title Author

China

12th Five-year Plan (2011–2015) on
Agricultural Science and
Technology Development

Ministry of Agriculture

National Modern Agriculture
Development Plan Ministry of Agriculture

13th Five-Year Plan for
Environmental Protection

State Council of the People’s
Republic of China

13th Five-Year Plan For economic and
social development of the People’s

Republic of China (2016–2020)

Central Committee of the
Communist Party of China

13th Five-Year Plan for the
Environmental Health Work of

National Environmental Protection

Ministry of
Environmental Protection

The National Medium- and
Long-Term Program for Science and

Technology Development (2006–2020)

National Development and
Reform Commission

13th Five-Year Plan for Energy Saving
and Emission Reduction General Office of the State Council

13th Five-Year Plan for
Bioindustry Development.

State Council of the People’s
Republic of China

Policies to Promote Quick
Development of Biological Industry.

2009

State Council of the People’s
Republic of China

13th Five-year Plan for National
Strategic Emerging Industries

State Council of the People’s
Republic of China

13th Five Year Plan of Renewable
Energy Development

State Council of the People’s
Republic of China

India

National Biotechnology Development
Strategy 2015–2020 Ministry of Science & Technology

The Bioenergy Roadmap (2012) Ministry of Science & Technology

Japan
The 3rd Fundamental Plan for

Establishing a Sound Material-Cycle
Society 2013

Ministry of the Environment

Malaysia

National Biomass Strategy 2020: New
wealth creation for Malaysia’s
biomass industry Version 2.0

National Innovation Agency of
Malaysia

Bioeconomy Transformation
Programme

Ministry of Science, Technology
and Innovation (Commissioner)

Biotechnology for Wealth Creation
and Social Wellbeing

Ministry of Science, Technology
and Innovation

South Korea

Biotechnology in Korea (2013) Ministry of Science, ICT and
Future Planning (Commissioner)

Status of Biotechnology in Korea Biotech Policy Research Center

Vision 2015: Korea’s Long-term Plan
for S&T Development

Ministry of Science and
Technology

Biovision 2016—For Building a
Healthy Life and a

Prosperous Bioeconomy

Ministry of Science and
Technology
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Table A1. Cont.

Country Title Author

Sri Lanka National Biotechnology Policy Ministry of Science and
Technology

Thailand

Thailand’s National Biotechnology
Policy Framework (2012–2021)

Ministry of Science and
Technology

Alternative Energies Development
Plan 2012–2021 Ministry of Energy

National Roadmap for the
Development of Bioplastics Industry

(2008–2012)

Ministry of Science and
Technology

Australia

National Collaborative Research
Infrastructure Strategy

Department of Industry,
Innovation, Climate Change,

Science, Research and
Tertiary Education

Opportunities for Primary Industries
in the Bioenergy Sector—National

Research, Development and
Extension Strategy

Rural Industries Research and
Development Corporation
(Semi-Government agency)

2011 Strategic Roadmap for
Australian Research Infrastructure

Department of Industry,
Innovation, Climate Change,

Science, Research and
Tertiary Education

New Zealand

2014 Sector Investment
Plan—Biological Industries

Research Fund

Ministry of Business, Innovation
and Employment

The Business Growth Agenda Ministry of Business, Innovation
and Employment
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