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Abstract

Biofuels are renewable energy sources that are aternatives to the current fossil fuels which
dominate energy supply systems. Since energy is a domestic necessity and also a factor of
production (enabling a variety of services such as transportation, heating, and food
production), the widespread production and use of biofuels can facilitate low-carbon,
resource-efficient and socialy inclusive economic development. However, biofuels do not
automatically deliver these development benefits. If managed incorrectly, biomass can be
harvested at unsustainable rates, lead to increased emissions and environmental pollution,
displace food security and livelihoods, and increase poverty. Therefore, appropriate
management and governance will be needed to ensure that the transition towards biofuels is
tailored to the loca social, economic, and ecological context in order to achieve sustainable
development benefits. Responding to this challenge dictates that new concepts and research
tools be applied to represent and mode the complex nature of biofues systems. In addition, a
multi-level perspectiveis needed to revea the scale and levels of hierarchy in the system, and
understand the diffusion and market uptake of biofuels. This chapter uses system dynamics

tools and a multi-level approach in order to reveal the various factors that will influence the
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transition to biofuels as part of a new socio-technical system, and to identify components that
will regulate the behaviour of the system. Different stages of the biofuels system (biofuel
feedstock production, biofuels production, and biofuels market uptake) were analysed using
causal loop diagrams in order to identify influencing variables and important regulating
feedback loops that determine the systems behaviour. This revealed that the transition to a
sustainable biofuels future would require a spectrum of wide-ranging, interrelated changes in
technology, markets, social and cultural preference, policy and governance. Due to the
complexities and scale of a biofuels transition, a coordinated response from government,
business and civil society will be needed support the biofuels transition and reorient
development towards a green economy and sustainabl e devel opment path.

5.1 Introduction

Biofuels are renewable energy fuels derived from biomass (biological matter). They include
liquid, solid and gas fuels (i.e. wood-pellets, biogas, bioethanol and biodiesel) which are used
to deliver energy services such as heating and cooling, electricity and transportation. The
globa energy system is dominated by fossil fuels (coal, petroleum and natural gas), which
account for over 80 per cent of the world's total energy consumption.! Compared to fossil
fuds, biofuels deliver arange of benefits to society; including a reduction of greenhouse gas
emissions, areduced dependency on finite fossil fuels, new opportunities for agriculture and
rural development. However, if managed incorrectly, biofuel developments can cause a range
of socid and environmental impacts. This includes the consumption of water; the loss of sail
carbon; pollution from fertilisers, pesticides and herbicides; biodiversity loss, and damage to
ecosystems.23456.7.89.10 Fyrthermore, since there is alimited amount of fertile land available,
the use of land for biofuels can result in the expansion of agriculture into natural areas and
competition with the production of food and other valuable biomass products (food, fodder,
timber, fine chemical, fibre production).1! The sustainability of biofue developments can be
attributed to context-specific issues, such as past land-use, crop preferences, management
practices, and the prevailing environmental and social conditions where the feedstock is
grown.121314 Therefore, the complex interactions between agricultural activities, locd
ecosystems and society require that agricultural planning and practices are well understood,
integrated and effectively managed. If developed appropriately, bioenergy projects offer an
opportunity for the production of renewable energy and the displacement of fossil fuels as



energy sources, and aso the development of more integrated and sustainable agricultural

systems that are based on energy efficiency and improved natural resource management.1516

Biofuels are produced from various biomass feedstocks. wood fuels, agro-fuels and various
industrial and municipal wastes. Wood fuels include &l types of woody biomass derived
directly and indirectly from trees and shrubs grown on forest and non-forest lands. Agro-fuels
are biofuels obtained as products of agriculture and co-products from farming and industrial
processing of agricultural products, and include agricultural crops, agricultura residues, and
dedicated biofuel crops. Municipal and industrial wastes are produced by urban populations
and include wastes from the residential, commercial, industrial and public sectors. The solid
wastes are typically sent to landfill sites and the liquid wastes treated at wastewater treatment
plants. Both of these wastes sources have a significant biomass component that can be used

for bioenergy, but in many cases this opportunity is not realised.

A range of conversion technologies can be used to process biomass feedstocks into biofuels
through thermochemical, physical-chemical or biochemica processes.t” Various forms of
biofuds can be produced (ethanol, biodiesel, biogas, methanol, butanol, hydrogen and
synfuels), but only bioethanal, biodiesel, and biogas have been devel oped to a commercialy
mature stage and have been termed conventional or first-generation biofuels.18 These biofuels
are technologically mature and therefore can be readily adopted with relatively little risk that
the technologies will not perform as expected. In addition, commercialy mature biofuds,
such as bioethanal, biodiesel and biogas offer current opportunities to displace fossil fuelsin
the market, since they can utilise the existing petroleum infrastructure and be used as a

transportation fue; either in pure form, or by blending with petroleum fuels.

There are several stages of the biofuels life cycle, such as biomass production, transportation,
biofuds production, biofuels distribution to market and biofuds end use.’® The biomass
feedstock can be converted into biofuels in one of three ways: biochemical, thermochemical

and physico-chemical, as shown in Figure 5.1.
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Figure 5.1 An overview of biofuels showing the stages of biomass production, biomass
provisioning, biofuels production, biofuels distribution and biofuels use?°

The transition from an energy system based on fossil fuels to one based on renewable fuelsis
not only driven by technology innovation and environmental concerns. The socia behaviour,
values and strategies of individua actors and institutions, the policies and regulations, and the
infrastructure and markets will shape the widespread uptake of biofuels?1. Understanding how
energy transitions might be brought about is therefore a major transdisciplinary research
challenge. Transdisciplinary research requires a multi-level perspective that views biofuels
development as a socio-technical system- consisting of the scientific knowledge, engineering
practices, production process technologies, product characteristics, skills and procedures,
institutions and infrastructures. Hence, the biofuels system encompasses the production,
diffusion and use of a technology that should respond to social needs and improve the well-

being of the environment and soci ety.?223

5.2 Methods. Systemsthinking approach to
under standing the transition to biofuels

A

Commented [SB1]: Please ensure that this heading does not
stand alone at the bottom of the page




The widespread use of renewable biofuels to replace fossil fuels is predicated on facilitating
the required changes in broader social, economic and political systems. Technology uptake or
adoption depends on other competing technologies, physical surroundings and context,
human behaviour, cultural practices, policies and procedures. The widespread uptake of
biofuds therefore involves a socio-technical transition. A socio-technica transition requires
the reconfiguration and reorientation of technology research and devel opment with, industry,
markets, policy and culture to move a system to a desired future state or trgjectory that is
sustainable and defined by a vision “the future we want”.2* The study of socio-technical
systems requires a multi-level perspective to consider a range of social, environmental and
economic criteria and how they interact to help determine the behaviour of the system. This
perspective enables an improved understanding in terms of technology development and
adoption, by describing the complex adaptive processes that constitute the interdependencies
between materials and society.? Biofuels fulfil socially valued functions and also condition
the ways these functions are conceived and perceived. For example, the production of biogas
from human and animal manures provides methane-rich biogas that can be used as a cooking
fuel. Biogas adoption changes the perceptions of the way to achieve the provision of a
cooking fuel by considering a biofue (biogas) instead of traditional fuels (wood or charcoal).
It also changes the way that waste is perceived, because human and animal manures are used

as avaluable biofud resource instead of presenting an environmental and a health burden.

The transition to biofuels on alarge scale requires careful and considered strategies and plans
to ensure that biofuels contribute to the green economy and a sustainable development path-
characterised by lower carbon emissions, improved resource efficiency and enhanced socia
inclusivity.?® Such an energy transition will face challenges of coordination and coherence
across the many sectors and actors involved, as aresult of the inherent system complexity and
the difficulties in managing the transition. A lack of planning and co-ordination may lead to
negative impacts — the use of arable land needed for food production; the use and control of
limited resources such as land, water, soil nutrients and genetic resources; loss of
biodiversity; unintended greenhouse emissions from direct and indirect land use change; and
deepening problems with land tenure and governance.228 In this study, a systems thinking
approach was used to facilitate the understanding of the biofud socio-technical transition.®
Systems comprise interdependent groups of elements forming a unified pattern. Systems
thinking requires a departure from examining isolated events and their causes, to the

examination of whole systems comprising of inter-connected and interacting parts. This



approach to the biofuels transition reveals the complex, multi-scale, adaptive and emergent
properties of a biofuels transition and can thereby help incorporate sustainability into

devel opment decisions.30

Systems thinking and causal loop diagrams (CLDs) are used to capture and investigate the
interrelationships between heterogeneous individuals, groups, institutions and networks, as
well as variables such as policy, technology, resources, and infrastructure. CLDs display the
causal interactions or relationships and their polarity, and often reveal feedback |oops that
help to regulate the system’ s behaviour. The feedbacks that regulate the system’ s behaviours
and offer opportunity for control and management.3! A positive, or reinforcing, feedback loop
reinforces change, often a an ever-increasing rate. The rate of change may appear to be
minor during the early stages of positive feedback, but the change becomes magnified
through reinforcing effects, to reach significant proportions. A negative, or balancing,
feedback loop imposes regulating or stabilising system effects, which can be either desirable
or undesirable (e.g. an undesirable effect could be the resistance a feedback imposes in terms
of enabling desirable system change). Since many of these effects will occur with different
time scales (and some may occur after a considerable delay), the response and overall
behaviour of the system will be determined by the dynamics of the interactions. CLDs
increase our understanding of cause-and-effect and the consequences of certain actions,
thereby offering insights into system behaviour.. CLDs are therefore valuable tools for

decision makers and offer new opportunities to regulate, manage and control the system.

5.3 Resultsand discussion: Analysis of the biofuels
transition

The recent global climate change, food and economic crises have urged a reorientation of the
economy to a low-carbon, resource-efficient and socialy inclusive development path. This
global landscape and the green economy®? are influencing the development agenda and the
biofuels transition. The transition to a biofuels socio-technica system requires an appropriate
regime with enabling and supportive policy and governance to increases the awareness,
uptake and diffusion of renewable energy and biofuels.333* Since biofuels are currently in

their infancy in Africa, the policy support and biofuels market will need to be devel oped;
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with support for niche biofuels developments and enabling the diffusion and uptake of
biofuds until they become the prevailing socio-technical regime that completely displaces
carbon-intensive petroleum fuels. Achieving biofuels technology uptake and diffusion will
reguire strong support in terms of governance, fiscal incentives and appropriate policies, so
that biofuels are competitive with petroleum fuels in terms of market price and economic
viability. The wide-sca e adoption of biofuelsin Africa can be enabled by taking a ‘ latecomer
advantage’ with the use of ‘tried and tested’ commercialy available biofues technology and
the existing petroleum fuels infrastructure (i.e. motor vehicle engines, pipelines, and refilling
gtations). In addition, there will need to be awareness and communication of the biofuel
technology innovation and its perceived advantages, so that society may value biofuels
beyond the competitive price set by current petroleum fuels — and thereby positively
influence their value function,222235

a

5.3.1 Identifying the biofudls socio-technical landscape, regime
and niche

Technology refers not only to the designed and engineered material objects, but also to the
embedded components of socio-technical systems in which producers, infrastructures, users,
consumers, regulators and other intermediaries are al embroiled, 24436 In such a system,
technical and social elements are co-constitutive, interacting and shaping each other with

exchanges in both directions.3”

It follows, therefore, that biofuels are not just a series of engineered parts which ultimately
perform an energy conversion. The biofuels system also entails the configuration of socia,
economic, technological and governance aspects of development; and may have emerged
contingently in particular contexts and mirror the wider global governance and policy. For
example, the need to mitigate climate change and adopt renewable energy, such as biofuels,
has resulted not only from policy response and climate governance by responsible
governments, but aso from the market forces of human individuals and groups with pro-
environmental behaviour that demands renewable energy and other green goods and
services.38 These individuas and groups have various roles, responsibilities, norms and
perceptions, which in turn shape the socio-ecological system to influence the wide-scale
adoption of biofuels.

3
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Transitions of socio-technical regimes are considered to be complex, long-term processes
niches makes their evolution uncertain and the transition process complex. The transition
towards a biofuels-led energy regime can be represented by a multi-level framework on three
different levels: the niche, regime and landscape (see Figure 5.2). These levels are described
bel ow.

Figure 5.2 The multi-level level perspective of a socio-technological system.3® The biofuel
regime will have a defined socio-technical system boundary that does not necessarily
coincide with a physical boundary. Arrows indicate the desired transition to the biofuels
socio-technical (ST) system.

5.3.1.1 Landscape

The biofuels landscape lies at macro-level. Developments at the landscape level are largely
externa to developments in the regime and niches, but do influence them. Examples include
material infrastructure, institutional factors, socia values, beliefs, politics and culture.®® For
biofuels developments, the existing landscape can be broadly be described by the current
volatility in global oil/fuel prices and the ‘peak oil’ crisis; an increasing awareness of the

impacts of ar pollution and climate change from the use of fossil fuels, a growing
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acknowledgment of the key role that agriculture plays in development; and the renewed
interest in low-carbon economic growth and the green economy offering a pathway to

5.3.1.2 Regime

The biofuels regime is composed of the dominant social, technica and economic forces that
support the technology and its physical and non-physical infrastructure.r The dominant
regime typically exerts a certain resistance against new or novel niche development, such as
protectionist policies and subsidies for fossil fuels. Support for biofuels (or reduced support
for fossil fuels) may be needed to help ensure that biofuel developments overcome these
barriers and fulfil sustainable development imperatives. Fiscal incentives (eco-taxes,
incentive payments/subsidies, eco-labelling, and environmental markets) may be needed to
reorient the existing regime by adjusting the market to better account for the sustainability
benefits of biofuels.

Given the contextual nature of biofuel developments, there is a need for sustainability
certification schemes (such as Forest Stewardship Council, the Roundtable on Sustainable
Biofuels, the Globa Sustainable Bioenergy project, the Sustainable Biodiesel Alliance, and
the Roundtable on Sustainable Palm Oil) and the standardisation of biofuels. The latter is
required to control and regulate the quality of biofuels to ensure that performance and
warranty on engines are not compromised; and thereby gain market acceptance. These
requirements could place additional costs on vehicle owners, resulting in resistance to the

adoption of biofuels.

5.3.1.3|Niché

Niches provide space for learning and innovation. The biofuds niche provides platforms for
learning processes, such as technica specifications, user preferences, public policies and
symbolic meanings. Niches are areas where it is possible to deviate from the rules in the
existing regime, and experiment and explore new rules. A niche market develops into a new
socio-technical regime by means of diffusion. This diffusion involves the communication of

the technol ogy innovation and its perceived advantages that change the structure and function
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changes in government mechanisms and the existing regime. In many developing countries,
such as South Africa, the lack of investment capital, fiscal incentives and policies supporting
biofuds has hampered development. South Africa could take the lessons learnt from newly
industrialised countries, such as Argentina and Brazil, in the successful transition to biofuels.
It could aso heed some unintended consequences of biofuels development. For example,
there are various concerns that the industrial agriculture model adopted by Brazil has

marginalised resource-poor farmers, who depend on a multitude of agricultural and forest

5.3.2 Causal loop diagramsto represent the biofuelstransition

CLDs are atool used in system dynamics (SD) to identify and explore the relationships and
effects between components of a system. The interactions between elements of the system
cause system behaviour, and can create emergent properties that cannot be described or
predicted when looking at elements in isolation. A CLD creates a conceptua understanding
of how changes in important variables will influence the system, and can be the first step to
develop a quantitative stock and flow model. The inter-related causal variables can either
change in the same direction (indicated with a ‘+’) or change in the opposite direction
(indicated with a ‘~'). Processes that have feedback in the same direction are caled
reinforcing processes (indicated with ‘R’) since they amplify the effect. Similarly, processes
that have feedback to give a change in the opposite direction are balancing (indicated with
‘B’) and negate or dampen out the effect. Using this approach, a CLD which captures major
aspects of biofud production was developed (Figure 5.3).
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Figure 5.3 Genera CLD of the biofud system

The global and national policies and incentives that support renewable energy and biofuel
development will increase the land allocated to the production of biofuel feedstock and the
production of biofuels. Increased biofuels production will improve human well-being through
the reduction of emission of greenhouse gases and other pollutants, as well as providing new
opportunities for employment and improving livelihoods. These improvements in human
well-being and qudity of life will increases the socia preference for biofuels, which will
stimulate the biofuel demand and thereby increase biofuel production. This reinforcing loop
of increasing biofud production, is represented by R1. Another reinforcing loop, R2,
similarly shows that the biofuels socia preference will influence biofuel policy to provide
incentives for increasing biofuel production. The consegquent reductions in greenhouse gas
emissions and improvements in employment and livelihoods (attributed to the production and
use of biofuels), will stimulate an increase in biofuel production. Although, biofuel
production and demand will largely be a reflection of the biofuel market price, it will be
positively influenced by biofuel subsidies, incentives and biofuel socia preference. There
will be also factors limiting an ever-increasing supply of biofuels. The reinforcing effects that
increase biofud production is constrained by a baancing effect, B1, that occurs when the

biofue supply exceeds demand, resulting in more biofudl available on the market (market



saturation) and less land allocated to biofuel production. In addition, other factors will affect
the amount of land alocated to biofuel feedstock production; such as the biofuel crop type,
competing land uses, and aternatives uses for the biofuels feedstock (competition with the
production of food, fodder, timber, fibre and fine chemicals). Thereis threat that biofuels will
reduce food security since both biofuels and food production compete for arable land and
other the agricultural inputs of water, soil carbon and fertiliser. This competition may cause
an increase global food prices; such as the 30 per cent increase in grain price from 2000 to
2007 and the 20 per cent increase price of vegetable oil price in 2014 that has been associated
with the increased market demand from biofuels blending mandates.*344 The land available
for biofuels will also be constrained by the need to conserve biodiversity in order to ensure
the provision of ecosystem services, on which human livelihoods depend. Thisis particularly
relevant in developing countries such as Africa, where most of the population live in rural
areas and depend on natural resources for their livelihoods, but have customary land rights

and are not land owners with legal tenure 454647

The biofuels socio-technical system can be explored in greater depth by analysing the stages
of the biofuels life cycle — biofuel feedstock production, biofuels production, and biofuels
market uptake. The CLD developed for biofuel feedstock production, Figure 5.4, reveals that
the biofuel feedstock market price will determine the allocation of land for the cultivation of
biofuel feedstocks. Other important externa variables that determine the land available for
biofuels production include the price of land, the land currently under cultivation for other
agriculture and forestry products, and thetotal land areathat can be cultivated whilst ensuring
the conservation of biodiversity and ecosystems. Given positive market prices and signds,
the land area under cultivation for biofuels and associated agriculture inputs will increase to
yield more biofudl feedstock. The increase in biofuels feedstock supply will reduce the
feedstock price, which will reduce the amount of land allocated to biofuel feedstock
production. This self-regulating balancing loop of biofuels feedstock supply is shown as B1.
In addition, the biofuels feedstock supply will be regulated by the biofuels feedstock demand,
since the supply and demand together determines the biofuels feedstock price. Increasing
biofud s feedstock supply will reach market saturation so that the biofuel feedstock demand is
reduced, causing a reduction in biofuel feedstock price and a reduction in land area under
cultivation for biofuels— represented by the balancing loop, B2. Furthermore, the biofuels
feedstock demand and price will be influenced by other factors that influence the preference
for biofuels; such as biofuels price and the competing markets for biofuels feedstock.
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Figure 5.4 Biofuels feedstock production

The investment in biofuels production facilities will largely be dictated by financial
feasibility; since the ability to generate biofuel profits, or being profitable, is seen as a signal
for further biofuels investment. As revealed in the CLD in Figure 5.5, these investments in
turn will generally decrease the unit cost of biofuels production, with a subsequent increase in
profit and a furthering of biofuels investment and biofuels production —shown by the
reinforcing loop, R1. The actua biofuels profit, or return on investment, will be determined
by the biofuels unit price and the price of other co-products (e.g. seed cake and glycerol co-
products from biodiesel production); and there is growing trend in the development of
biorefineries that produce a spectrum of products from the biomass resource.*® The biofuels
capital investment that is directed towards research and development of biofuels is likely to
result in a decrease in unit cost of biofuels production, an increase in biofuel profit, and an
increase in biofud capital investments — as shown in the reinforcing loop, R2. The biofuels
unit cost of production will also beinfluenced by the price of the biofuel feedstock, aswell as
the availability and price of other inputs such as water, fertiliser and labour.
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Biofuels diffusion entails market uptake and the successful distribution, storage, blending and
dispensing of biofuels at retail locations. The market uptake and diffusion of biofuels are
predicated by the biofuels demand, as shown in the CLD of Figure 5.6. An increase in
demand for biofuels will result in an increase in biofuels retail price and a subsequent
decrease in in consumer preference for biofuels and a reduced demand — as represented by
the balancing loop, B1. Similarly, the increased demand for biofuels will result in an
increased market uptake, the expansion of biofuel retailers and increased biofuel supply until
market saturation is reached, which will reduce the biofuel demand as shown in the balancing
loop, B2. The biofuel demand will aso drive the expansion of biofuel retailers through
influencing biofue retail prices and biofuel retailer profits, resulting in an expansion of
biofud retailers, an increase in biofuel supply and a decrease in biofuel retail price that will
reduce the further expansion of biofuels — represented by the balancing loop, B3. The
biofuels retail prices will aso be influenced by biofuels social acceptance and supporting
policy and governance that influence market prices by providing a green premium or

financia incentive for biofuds.
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Figure 5.6 Biofuels diffusion and market uptake

The cost competitiveness of biofuels is a very important factor that could affect the regime
transition from fossil fuels to biofuels. Although the current fossil fuels regime has known
negative environmental, human-health and societal impacts whose costs are largely
externalised, their continued use is also influenced by the existing infrastructure and status
quo, local perceptions, risk appetite and price sensitivity. Since a major cost component of
biofuds is the cost of feedstock, the use of wastes or appropriate energy crop(s) can ensure
financial viability and the renewable supply of feedstock that does not compromise food
security. In general, biofuels are not yet economically competitive with liquid petroleum
fuels. Incentives to account for the benefits of biofuels and the removal of current incentives
favouring petroleum fuels will be needed to support the development and market uptake of
biofuels.

5.4 Conclusion

Biofuels encompass a highly heterogeneous set of socio-technical systems involving a variety
of actors in the economy. The transition to a sustainable biofuels future will require the

coordination of a wide spectrum of interrelated changes in order to shift from the current



fossil fuels based system to a biofuels one. These multi-level changes involve the
reconfiguration of technology, markets, social and cultural preference, policy and

governance.

A multi-level approach that involves systems thinking and system dynamics tools provides
useful insight into complexities and scale, and helps reveal the various factors that will
influence the transition to a sustainable biofues system. . An anaysis of different stages of
the biofuels system (biofuel feedstock production, biofuels production, and biofuels market
uptake) and their representation in causal loop diagrams helps to identify influencing
variables and reveal important regulating feedback |oops that control the system’s behaviour.
This enables the identification of components that will control and regulate the behaviour of
the system and offers opportunities to manage the biofuels socio-technical transition.
Although biofuels are not yet economically competitive with liquid petroleum fuels, market
prices poorly reflect the value that biofuels can bring to society. These benefits include the
generation of renewable energy that improves energy availability and access in rural areas,
enhancing national energy security, and reducing the emission of greenhouse gases and other
environmenta pollutants. Furthermore, since energy powers the economy through a range of
services (transportation, space heating/cooling, cooking/chilling and eectricity); a regime
shift from fossil fuds to biofuels can drive low-carbon, resource-efficient and socialy
inclusive economic growth. The biofuels transition and its dynamics will be strongly
influenced by biofuels policy, market mechanisms, user preference, cultura norms and
values. Considering the established dependency on fossil fuels, the biofuels transition will
require increased government support from fiscal incentives (eco-taxes, incentive
payments/subsidies, eco-labdling, and environmental markets) and an improved awareness
of the benefits that biofuels can bring to society, so that their value can be better incorporated
into market prices. A coordinated and systemic approach from government, business and civil
society will be needed support the biofuels transition and reorient development towards a

green economy and sustainable devel opment path.
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