Applied Energy 177 (2016) 823-838

Contents lists available at ScienceDirect

AppIie!' erg)

Applied Energy >

journal homepage: www.elsevier.com/locate/apenergy ‘l’:—:

An integrated approach for modeling the electricity value of a sugarcane
production system

@ CrossMark

Shingirirai Savious Mutanga *>*, Marne de Vries ?, Charles Mbohwa ¢, Dillip Das Kumar ¢, Holger Rogner ¢

2 Department of Industrial and Systems Engineering, Faculty of Engineering, Built Environment & IT, University of Pretoria, Pretoria, South Africa
b Human Science Research Council (HSRC), Pretoria, South Africa

€ Faculty of Engineering and the Built Environment, University of Johannesburg, Johannesburg, South Africa

d Department of Civil Engineering, Central University of Technology, Bloemfontein, Free State, South Africa

€ Energy Program, International Institute for Applied Systems Analysis (IIASA), Luxemburg, Austria

HIGHLIGHTS

« Electricity value of a sugarcane industrial ecosystem is modeled using a SSD model.
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« Projected bio-derived electricity generation can substantially reduce emissions.

« Proposed approach broadens the understanding of bio-derived electricity generation.
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The spatial system dynamics model (SSDM) of sugarcane industrial ecosystem presented in this paper is
towards an integrated approach to simulate a bio refinery system suggesting directions for bagasse and
trash-derived electricity generation. The model unpacks the complexity in bio-derived energy generation
across the conversion pathways of the system from land use change, sugarcane production, and harvest-
ing and electricity production amid a plethora of challenges in the system. Input data for land use and
sugarcane production in the model were derived from remote sensing and spatial analysis. Simulated
and validated results indicate that the alternative scenario of combined bagasse and trash with enhanced
mechanisation and technology efficiency provides the highest efficiency in terms of electricity generation
and emission avoidance compared to the business as usual or base case scenario. The applied SSDM
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g?oe.reglictridw demonstrates that modeling of feedback-based complex dynamic processes in time and space provide
Sugarcane better insights crucial for decision making. This model provides a foundation for the broader study for
Bagasse cost benefit analysis of electricity production from a sugarcane industrial ecosystem.

Trash © 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing demand for biofuels and bio-energy has moti-
vated the use of lignocellulosic materials as feedstock [1,2]. Sugar
cane, grown widely in African countries including Mauritius, is
known to be one of the most productive species in terms of its con-
version of solar energy to chemical potential energy [3,4|. However
the sugar industry faces a plethora of threats, challenges and com-
plexity in bio-electricity generation hindering the deployment and
diffusion of this technology option on large scale. Among these has
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been the decline in sugar prices, which witnessed the reformation
of the sugar industry in countries such as Mauritius, and inefficient
production plants [5], which have stalled the potential of sugar-
cane in electricity generation. The situation has been worsened
by massive competing priorities for land and water resources [6],
which are required for biomass production. The latter has also
witnessed debates over food security versus energy over the past
decades [7]. More-so many projects have been blamed for under-
mining the social and environmental equity promises of biofuels
development [8]. Others fear that such development could under-
mine ecological systems and traditional egalitarian land use in
many African countries, which could lead to greater vulnerability
for the majority of the population [9]. In some instances macro-
economic factors, and inadequate regulatory regime, and land
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policies such as the case of Zimbabwe have subsequently affected
the sugarcane production trends [10]. The array of factors high-
lighted is not only a cause for concern to the sugar industry but
have a significant bearing on the feedstock required for electricity
or biofuel generation. Let alone the aforementioned challenges
demonstrate that bio derived energy encompasses a highly hetero-
geneous set of socio-technical systems (land, water, energy,
finance and human capital) [11] each requiring different structures
in production, distribution and consumption as well as financial
relationship therein. In every sector, there are different require-
ments for human resources, know how, natural resources and cap-
ital [11,12]. Concurrently planning, decision and policy making
often occurs in separate and disconnected institutional entities
[6,13]. As such often the analytical tools used in support of the
decision making process are equally fragmented [13].

Commonly used tools for energy analysis include MESSAGE
[14], MAKRAL [15], and ETP TIAM [16] and LEAP [17,18] Models.
For water resources analysis WEAP [19] is often used. The models
however tailored to focus on specific aspects of the energy systems
hence they lack components required to conduct integrated policy
assessment [6]. The focus of the models is on one resource ignoring
the interconnectedness with other resources. According to Loulou
[16] existing models assist with scenario analyses that are imprac-
tically long term. The CLEW modeling framework propounded by
Welsch et al. [20] attempted to respond to this issue. However
the framework heavily depends on the aforementioned individual
models described above. Approaches such as Life cycle assessment
[4,21], and eco-efficiency [22] of bio-refineries have also responded
to the aforementioned interconnected challenge. Lessons drawn
include the fact that trash and bagasse can enhance or maximise
electricity production sufficient to meet industrial phase demands.
However the work does not show feedback based complex
dynamic processes which are critical for decision making for sus-
tainable future expansion of sugarcane based electricity produc-
tion [2] if not second generation ethanol [23]. This paper
demonstrates how this interconnectedness and complexity chal-
lenge can be addressed using spatial systems dynamics approach.
Closely linked to this is the work of Ahmad and Simonovic [24]
and Scheffran and Hannon [25], who modeled feedback based
complex dynamic processes in space and time. While Scheffran
and Hannon study focused more on high yield perennial grasses,
no study focused on the complexity and feedback processes around
the conversion pathways from biomass production to electricity
production and the net environmental benefits thereof, on sugar-
cane production systems.

This paper seeks to demonstrate the electricity value of sugar-
cane production systems using an integrated model based on sys-
tems dynamics and spatial analysis to:

o Examine the effects of land use change dynamics on the current
and future potential of cogeneration.

e Determine the potential electricity and threshold of bagasse/
trash as an energy source in Mauritius.

e Predict the environmental benefits from optimizing electricity
value of sugarcane production systems.

In order to demonstrate the usefulness of the model and its user
friendliness in decision support, it is applied in Mauritius’ sugar-
cane industrial ecosystem to provide insights for other emerging
economies. Not only does this decision support tools aid in broad-
ening the understanding of electricity generation but provide ways
of enhancing the energy value of sugarcane production systems in
an integrated manner.

The remaining content of the article is structured as follows.
Section 2 provides background context on Mauritius and its energy
sector landscape. Section 3 presents the input data, requirements

and constraints for the systems dynamics demonstration model.
Based on the requirements, Section 4 defines the constructional
components (four sub models) of the system dynamics demonstra-
tion. Sections 5 and 6 present results and a discussion, concluding
in Section 7 with suggestions for future work.

2. Background on mauritius and the energy sector landscape

Mauritius is a small island developing nation with a total area of
1860 km? and a population of 1.3 million. Approximately 90% of
the arable land is under sugar cane and produces around 600,000
tonnes of sugar a year by processing around 5.8 million tonnes of
cane [4]. The sugar recovery process produces the fibrous fraction
of the cane stalk in the form of bagasse, which is composed of 50%
fibre, 48% moisture and 2% sugars. When bagasse is burnt, steam
and electricity could be produced to meet the energy requirements
of the cane sugar factory.

As in many emerging and developing economies, the energy
sector has been identified as a major pace setter for social and eco-
nomic development in Mauritius. Like other Small island develop-
ing states, Mauritius has limited known exploitable energy
sources; hence approximately 83% of its energy is derived from
imported fossil fuels in the form of fuel oil, diesel and coal. Among
these, coal and oil still play a significant role and are the dominant
sources of energy [26]. The principal energy needs include electric-
ity production and transportation, and these are purported to have
driven the island’s economic growth. The stability of the energy
sector is, however, threatened by the declining stocks of fossil fuels
with ever-fluctuating prices, exacerbated by the current global
financial crisis and the high cost of transportation, which make
the import process very expensive.

The country’s power plants are owned by either the Central
Electricity Board (CEB) or private companies. Approximately
52 MW of Mauritius’ 364 MW installed capacity resides as inde-
pendent thermal capacity at sugar estates. CEB is currently manag-
ing Power Purchase Agreements with 5 independent power
producers 3 of which employ the take or pay principle. This means
CEB pays for the contractual energy amount produced by the
power plant even if the energy is not dispatched. The other option
for the remaining two is a negotiated part tariff model which treats
plant capacity and energy charges as two different cost elements.
In 2011 the Independent Power Producers produced 55% equiva-
lent to 1337 GW h, of the total electricity consumption in Mauri-
tius [26]. CEB estimated that peak electricity demand will grow
on average by 3.5% per year in areas such as Rodrigues, and this
trend will reach 8.83 MW by the year 2022. No doubt efforts and
innovations in increasing the generation capacity from sugarcane
will go a long way in ameliorating the energy demand. Matching
the electricity demand with generation capacity forecasts shows
that IPPs will still play a major role in the energy sector providing
over 60% of the national demand by 2022 [26].

3. Input data, requirements and constraints

This study used remote sensing data and systems dynamics
modeling principles. Requisite statistical data both from published
and unpublished literature and documents from recognised insti-
tutions were in Mauritius were collected. Apart from statistical
data, unstructured interviews with policy makers, independent
power producers, academics provided an in-depth understanding
and holistic view of the sugarcane industrial ecosystem in Mauri-
tius. Subsequent to information gathering was parameterization
of the major control factors influencing electricity generation in
the sugarcane industrial system. These were thus considered in
the model development.
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3.1. Assessing land use change using earth observation

Land use change dynamics was considered to be one of the sali-
ent factors that determine sugarcane production, a proxy for feed-
stock production. Therefore mapping and monitoring sugarcane
production systems is essential in planning bio-electricity produc-
tion. Satellite imagery in the form of Landsat data, with a spatial
resolution of 30 m was used to depict the changes in land-use pat-
terns. Fig. 1 illustrates the schematic framework and methodology
for land use change mapping applied in this study. Essentially the
images were pre-processed using ERDAS imagine software [27] to
select the best images free from clouds and also for geo-
referencing. Both supervised and unsupervised classifications were
applied on the land cover mapping. Classification is an abstract
representation of the situation in the field using a well diagnostic
criteria [28]. The unsupervised classification an iterative self-
organising data analysis technique (ISODATA) cited in [29] was
used. This approach uses minimum spectral distance from clusters.
Supervised classification uses a sample of known identity (pixels
already assigned to classes) to classify pixels of unknown identity
[30]. The maximum likelihood classifier was used, given that it is a
well-known parametric approach based on the assumption that
data may be modeled by a set of multivariate normal distributions
[31]. Prospective users of maps and data derived from remotely
sensed images quite naturally ask about the accuracy of the infor-
mation they use [29]. Accuracy defines the correctness measuring
the agreement between a standard assumed to be correct and a
classified image of a known quality. In this regard a confusion
matrix [29] was used to identify not only the overall errors for each
category (classified land use/cover) but also misclassifications due
to confusion between categories. Site specific accuracy of the clas-
sified maps relied on field based GPS coordinates and their attri-
butes. On mapping the land use change primary focus was on
changing patterns in sugarcane production land over the years
1972, 1991 and 2010.

The datasets derived from land use spatial mapping was used
for modeling and simulation of the land sub model described in
the later subsection of this study. The methodology applied for
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Fig. 1. Schematic framework for land use change mapping.

modeling and simulation is discussed in the next section and is
grounded on systems analysis concepts and approaches.

3.2. Systems applications and systems dynamics in energy modeling

Systems thinking make explicit causal-effect assumptions
between related variables in a system, enabling independent
assessment and improvement of mental models behind particular
thinking [32]. Therefore at the heart of the methodological frame-
work for this paper is systems analysis which can be defined as a
structured way of analysing complex interrelationships that are
problematic or simply of interest to mankind. In this context sys-
tem dynamics is observed to be one of the most suitable to analyse
complex socio-economic systems, having cause and effect and
feedback relationships among the variable influencing the system.
Systems dynamics is epitomized by the use of causal loop diagrams
which bring causal relationships between different elements of the
systems. System dynamics propounded by Forrester [33-35] pro-
vides means to capture complex relationships and feedback effects
within a set of interrelated activities and processes [36]. For quan-
titative representation of the relationships systems dynamics [37]
grounded in the control theory [38] and modern theory of nonlin-
ear dynamics [11] has been applied and represented using the
stock and flows diagrams. Inputs of changing sugarcane land
dynamics captured during the preceding phase are also taken into
account in this phase. This follows the key principle that at the
heart of systems thinking factors behind the problematic situations
are interdependent, while the causal effect between these factors is
often two-way, and that the impact of action is neither instanta-
neous nor linear. Application of system dynamics provides policy
makers with a practical tool that they can be used to solve impor-
tant problems [39]. System dynamics is therefore a useful simula-
tion tool to understand the complex adaptive processes and to
experiment with scenarios and policies for sugarcane production
systems.

4. Model development

Based on the above premise system dynamics models were
developed to optimise electricity value of the sugarcane produc-
tion system in Mauritius. Fig. 2 presents the models assumptions
and boundaries. The next section provides the key assumption
and the constructional elements of the model.

4.1. The main assumptions and constraints of the model

The model assumes a homogeneous landscape when simulating
the land use change dynamics. The spatial variations on the land-
scape are not taken into consideration hence the production of sug-
arcane is influenced by the area under cultivation. The land
available for sugarcane production is controlled by the total area
under cultivation. A percentage of arable land is used for sugarcane
production; however the changes in land use or total arable land
might vary with increase in other crops. Since this study was
undertaken for the entire Island, the threshold of sugarcane area
has been based on the highest area under sugarcane production
of 78,000 ha.

This study extracted the electricity production process require-
ments and parameter estimates from a previous study by Ramjea-
won [4] on life cycle assessment of sugarcane production systems
in Mauritius as illustrated on Figs. 2 and 3 respectively.
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Fig. 3. Process flow diagram for electricity generation from sugarcane bagasse [4].

4.2. Parameterization for identifying major indicator/variables for the
model

The spatial mapping process and estimation of feedstock pro-
vided a basis for the identification of indicators or variables for
bio-electricity production. According to Hardi and Zdan [44], the
selection of indicators should be based on policy relevance, sim-
plicity, validity, availability of time series data, good quality,

affordability and the ability to aggregate information. It has been
evident from the validation of remote sensing component that
bio-fuels production and development involves diverse actors
including among others policy makers, technology developers,
investors, the community and assessment practitioners [11]. Vari-
ables for the model therefore encompass heterogeneous factors
which are not limited to social, economic, environmental and
political factors. These factors display characteristics of a complex
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system. The inter-connected sectors and variables provided a basis
for the development of a multi-paradigm energy model using spa-
tial systems dynamics. Table 1 illustrates some of the identified
variables for the constructional components of the SSDM.

The variables identified were used for mental modeling captur-
ing the feedback relationships between the variables and repre-
sented them using causal loop diagrams. The next section
provides the constructional components of the model and how
the identified parameters have been interlinked.

4.3. Constructional components of the spatial systems dynamics model

The model is divided into three key sub components namely
land use change dynamics, sugarcane production, and feedstock
supply-electricity generation. The first section presents the quali-
tative dimension through causal loop diagrams and infers or con-
siders some quantitative aspects as it describes the linkages
between the selected variables. This followed, by the quantitative
dimension represented through stock and flow diagrams and the
contribution of the stock and flow in the systems dynamics model.

4.4. Mental modeling: the use of causal loop diagrams

This section presents causal loop diagrams a technique for map-
ping feedback loop structure of a system. The polarity of the feed-
back loops is labelled using either positive feedback loops also
known as reinforcing loops and are denoted by a+ or R, while neg-
ative loops sometimes called balancing loops are denoted by a— or
B. The determination of loop polarity is basically the calculation of
what is known in control theory as the sign of the open loop gain
[45]. The term gain referring to the strength of the signal returned
by the loop. The identified sub sectors of the model are deemed
sufficient to provide an illustration of the complexity in bio-
electricity production. To note causal diagrams can never be com-
prehensive, neither are they final but they evolve and improve
understanding as the purpose of the modeling effort evolves.

4.4.1. Land use sub model

Land has been identified as one of the major constraints in any
bio-electricity production system. The model development classi-
fied land into two major classes of land namely agriculture and
other land use for simplicity reasons. The agriculture land was fur-
ther classified into sugarcane, land, abandoned sugarcane land and
other crops land. The total land and elasticity of agriculture land
available determines the total agriculture land, which subse-
quently determined the land available for sugarcane production.
The above land categories were considered as stocks except for

Table 1
Selected indicator variables for the model sub-components.

Land use sub model Sugarcane production
e Agriculture land e Sugarcane land
e Sugarcane land o Total agriculture land

e Abandoned sugarcane land e Normal yield rate

e Sugarcane market price e Policy interventions
¢ Policy interventions e Water availability and high yield vari-
e Other land use ety seed
e Fertilization, crop intensity, de-rocking
e Delay

Feedstock supply and electricity production
o Trash/offcuts/bagasse e Plant power capacity
e Green harvesting e Steam power plant efficiency
e Traditional harvesting e Boiler pressure
(burning) o Total electricity generated
e Preservation e Emission avoidance
o Distance to mill
e Feedstock quality

the total land which was considered as an auxiliary, in the model
development. Essentially the model considers that with time there
is land use conversion particularly from agriculture to other land
use, hence the need for policy intervention to restrain the conver-
sion rate in consideration of the need for sugarcane production
land to meet the bio-electricity land demand.

Despite the strength in modeling complex feedback processes,
systems dynamics’ ability to represent spatial processes is weak
and cannot describe the spatial factors in the system. This sub
model incorporated the cellular automata model as applied in He
et al. [46] where the process of land use dynamics can be defined
as an iterative probabilistic system [47], in which the probability
of P(x,y) that cell (y;,) is occupied by a land use (K) in a time (;) is
a function of the concerned factors of land suitability S(x,), land
policy ('), land use profitability effect (‘Ni.x,) and stochastic per-
turbation (,;). The stochastic perturbation is approached from a
probability point of view.

[PK‘x.y :f(tsl(.x.ya [NK,X,}M [IK,XJ7 vt) (1)

Considering this approach, the probability that an area change
its land use is a function of the aforementioned factors working
together in a time plus the stochastic perturbation. The various fac-
tors are captured in the causal loops diagram presented in Fig. 5.

Fig. 4 presents a conceptual diagram indicating the causal and
feedback relationships among the variables. Sugarcane land being
a fraction of the agricultural land, is influenced by the conversion
to other uses, and is considered as a function of its initial value
and the conversion rates. The political will to convert agricultural
land may reduce the decline in availability of sugarcane land
through a positive feedback loop (R1). Various exogenous factors
such as reduced sugar market price can lead to land abandonment
or can influence the conversion of sugarcane land to other land
use through a balancing loop (B1 & B2). Essentially the drop in mar-
ket price hinges on the sugar industry as sugarcane farming
becomes an un-lucrative or unviable practice. The model develop-
ment considered that any increase in other land use reduces the
available land for agriculture prompting the need for policy interven-
tions which can ultimately provide additional land for agriculture
as illustrated on balancing loop (B3). Such policy interventions
may entail increasing the desired land for sugarcane production
and thus consider de-rocking and provision of incentives to farmers
increasing the conversion rate from other to agricultural land. The
total land area is the simulation of all the sub categories of land
areas and remains constant over the projected time period. The
conversion rates of various land uses from one class to the other
are considered as rate variables, which are functions of conversion
fractions. The conversion fractions were obtained from the spa-
tially modeled time series data and primary survey results for land
area available under all the categories of land areas as depicted in
the land use mapping section.

4.4.2. Sugarcane production sub model

The sub model for sugarcane production is developed by con-
sidering variables such as available sugarcane land, yield rate and
various inputs influencing yield rate of sugarcane production.
Fig. 5 shows the causal feedback relationship among the various
variables. Normal sugarcane production is considered to be a func-
tion of available sugarcane land area for which is a part of the total
agricultural land obtained from the land use sub model (see the
reinforcing loop “R1” on Fig. 5), and the normal yield rate. The
model considered the intrinsic yield Hertzel et al. [48]. Often there
is the average yield observed as a function of the planted crop.
However often the heterogeneity of the land where the sugarcane
is grown influences the yield.
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Therefore intrinsic yield is less than or equal to observed aver-
age yield. This could be represented using the following equation:

Y, =Y,S2 s

sugarcaneland

where S sugarcaneland is the share of sugarcaneland in total agri-

culture land

S; = share of land use in sugarcaneland

Fig. 5. Conceptual causal loop diagram for sugarcane production.

= observed average yield for land use
Y, = calibration parameter to match historical data on land use.

@) From the above equation everything on the right hand side are
observed data except for *% and 1.

These parameters are correlation co-efficiency parameters
informed by the historical data on yield. The normal yield rate is
dependent on the inputs such as normal fertilizer input and normal
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area under high yield variety (HYV) seeds. However, under the nor-
mal circumstances as a gradual reduction of agricultural land avail-
able for agricultural crop and with no enhanced inputs in other
variables, the production is also expected to decline (see the rein-
forcing loop “R2” on Fig. 5). Policy interventions advocating for
enhancements on these variables are necessary to improve the
sugarcane production. Improved mechanisation, inputs in fertilizer,
increased crop intensity and bringing a larger area under HYV seeds
individually and compositely has a positive feedback loop charac-
terized by a positive influence on the yield rate, which in turn
increases the total production (see reinforcing loop “R3” in Fig. 5).

Similarly, an increase in crop intensity and in the political will to
convert to agricultural land will increase the availability of agricul-
tural land and sugarcane land respectively (R1) for production and
thereby influence the total sugarcane production (R2) positively.
Furthermore, as the production increases there will be an increase
in the inputs through their feedback relations among the sugarcane
production and the causal variables (R3). Thus, as understood from
the causal feedback relationships, policy interventions which can be
referred to as “political will” in the form of an increase in fertiliser
input through government subsidies, incentives for an increase in
area under HYV seeds and an increase in the cropping intensity are
essential for improving the agricultural production and therefore
are considered in the model. At the same time a delay in implemen-
tation can have a positive influence on policy intervention. The
delay effect is also incorporated in the model as they practically
influence the system.

4.4.3. Feedstock supply and electricity production sub model

A key consideration for the feedstock supply and electricity gen-
eration sub-model is that bio-electricity generation is heavily
dependent on the availability of feedstock supply. Essentially the
feedstock in sugarcane production systems can be in the form of
bagasse, trash or offcuts. Generation of electricity can be from either
a combination of these though it's often bagasse in most sugar
based electricity generation plants. The availability of the feedstock
depends on the way the sugarcane is harvested, be it green harvest-
ing processes which do not burn trash in the field, or the traditional
burning of trash. There are quite a number of exogenous factors for
consideration in the generation of electricity, spanning from tech-
nological to economic considerations. The sub model took into
account the physical properties of the feedstock in terms of the
calorific value of the bagasse and possible processing and preserva-
tion of the feedstock as described in Alena and Sahu [49]. In the
model this has been captured as briquetting a way of preserving
biomass waste. The technological efficiency took into account fac-
tors such as the effects of boiler pressure on steam power plant effi-
ciency, and plant power capacity as described by Mbohwa [50]. The
foundation of the sub model is based on the availability of feed-
stock supply.

Fig. 6 illustrates the conceptual diagram indicating the causal
and feedback, relationships among the variables. Feedstock supply
heavily depends on the available sugarcane production as deter-
mined by the causal loop (R1). Assuming that the often-used tradi-
tional harvesting approach of burning is used, factors such as
distance to the mill and transportation of the sugarcane may influ-
ence the available generated feedstock i.e. bagasse at the milling
plant. The generation of electricity using bagasse as a feedstock also
has its array of requirements among which may include bagasse
quality in terms of moisture content. The moisture content influence
the bagasse electricity production for the standard required mois-
ture is 50% implying the higher the moisture the lower the total
electricity generated., Lower cost of production may positively
influence investment in trash and offcuts processing thereby
increasing trash and offcuts supply for electricity generation. On
the other hand lower cost enhances bagasse electricity production.

Cost can also positively influences the plant capacity and plant effi-
ciency which in turn can positively influence the total electricity
production. These requirements can positively influence the total
amount of electricity generated from the bagasse. An increase in
electricity generation can positively influence the net profit of
the technology option in terms of emission avoidance and cost of
electricity thus promoting more sugarcane production as shown
on the reinforcing loop (R2).

With green harvesting technologies [40,51] high sugarcane yield
imply additional supply of feedstock in the form of trash and off-
cuts at the sugarcane processing mill. In addition to the factors dis-
cussed above on bagasse feedstock, processing trash and offcuts
may require additional investment for processing these. Among
the various options, the trash and offcuts could possibly be pro-
cessed into briquettes. Briquettes can then be used to produce elec-
tricity adding more value to the total generated electricity at a
plant thus closing the loop (R3). In essence the more the feedstock
supply the higher the likelihood of electricity generation at the plant.
Other variables that influence the supply of bagasse and trash feed-
stock includes the crop season and such have not been shown in
the causal loop diagram.

The model built and its simulated results were validated using
Sterman’s approach, which considers validation as a continuous
process of testing and building confidence in the model [45]. No
model can be validated using a single test. Similarly the study
applied structural, behavioural as well as behavioural structural
tests [39]. This was done to test if any structural flaws exist in
the model, and that the model does not contradict the knowledge
of real systems [33,52]. This was followed by algorithm examina-
tion of their correctness. The model was then also validated against
the observed trends as suggested by Forrester [34], Kumar [53],
Welch et al. [54]. The built scenarios were also compared with
results computed using other energy models such as LCA [4]. The
next section provides the results of the changing land use patterns
for Mauritius as this provides some of the spatial co-efficiencies
used in the model.

5. Landuse change results and discussion

The first set of results presented provides the changing spatial
dynamics in relation to the production trends over the years (see
Fig. 7). This is followed by scenario building looking at the poten-
tial electricity generation threshold and the environmental bene-
fits accrued from increasing electricity generation from sugarcane
feedstock.

Sugarcane production land declined steadily from over
80,000 ha during the 70s to nearly 65,000 ha in 2010. This has been
in-line with the country’s diversification strategy first into manu-
facturing, and second into services sector during the 90s [45].
The decline had no systematic correlation with sugarcane produc-
tion as shown on the graph of Fig. 8 [46]. The sugarcane production
has been irregular as it is highly dependent on vagaries of nature.
The drought of 1999 which affected the sugarcane yield could help
explain this other than the change in hectorage for sugarcane pro-
duction. The reformation of the sugarcane sector witnessed a
decline in sugar refineries from a total of 19-11 in 2004. The fluc-
tuations indicate that there are a number of exogenous factors that
contribute to the irregular sugarcane production trends.

Notable is the discrepancy between the different figures for
2001 because not every hectare under sugar cane cultivation is
harvested every year. This long term decline in hectares harvested
is due to urbanisation encroaching on agricultural lands. At the
same time the rockiness in some 40,000 ha of sugarcane lands hin-
ders the adoption of advanced mechanisation in sugarcane produc-
tion systems.
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To note is the abandonment of sugarcane production land.
Approximately over 5000 ha have been abandoned during the last
few years. The continued declining trend is a threat to the current
co-generation given the risk of limited bagasse supply. While Mau-
ritius Sugar Research Institute has noted this as an unwelcoming
trend for Small Island states like Mauritius, which import most of
their foodstuff to ensure food security, let alone there is a growing
concern over the need for sustainable energy solutions. More-so
Mauritius’ GDP per capita share of the sugarcane sector has fallen
from over 25% to 3.5% [56].

6. Simulation results and discussion

This section simulates and forecast the sugarcane industrial
ecosystem complexity for the period 2012-2035 for Mauritius
under different scenarios. The forecast across the different sub sec-
tors is based on the causal effect of influential factors. Section 6
illustrates the effect on land use change dynamics. The graphical
illustrations are followed with a description of the various
scenarios.

6.1. Land use change dynamics

The effects of land use change dynamics on the current and
future potential of cogeneration is presented in three scenarios,
namely, business as usual, alternative and the pessimistic
scenarios. Fig. 9 depicts the different scenarios for land use
change.

The business as usual (BAU) scenario in Fig. 9 shows a gloomy
picture for the sugar industry of Mauritius, characterized by a con-
tinued decline in land for sugarcane production. The depicted
decline from the simulation is likely to continue if no intervention
policy measures in the sugar industry are put in place. With rapid
population growth and growth of other sectors, such as tourism,
continued conversion of agriculture land to other land uses is

unavoidable. Projections show a continuous decline of land and
reduction to less than 55,000 ha by 2035, if no or little intervention
measures are put in place.

The alternative land use (AL) scenario in Fig. 9, simulates policy
interventions in the form of de-rocking [57], and intensified incen-
tives to farmers to protect the sugarcane farmlands in the island.
Although, land converted from agriculture to other developmental
priorities, such as infrastructure development cannot be reclaimed
for sugarcane production, there is room for optimizing the avail-
able land resources. As illustrated on the alternative scenario
alarming rates of abandoned land can be reduced. With good inter-
vention measures the sugarcane industry may retain some of its
land for sugarcane production purposes. Among the possible land
retained is abandoned land, which is predicted to decline up to less
than 4000 ha by 2025. Retaining abandoned land may contribute
to an increase in sugarcane land of more than 70,000 ha by 2025.
However the simulated threshold is not more than 75,000 ha,
which is far less than the original sugarcane production land envis-
aged to be over 85,000 ha more than four decades ago (illustrated
in Fig. 8). The construction sector is deemed to increase the infras-
tructure developed areas over the years.

The pessimistic scenario illustrated in Fig. 9, indicates a decline
in abandoned land to less than 4000 ha. Sugarcane production land
and agriculture land may decline too over the years and the
expense of built up areas which is projected to reach over
40,000 ha by 2035. Despite effective intervention measures to
reduce abandoned land as alluded to in the alternative that the
island imports most of its food stuff from abroad. This explanation
is in light of the controversial debate around food vs. energy secu-
rity, coined by many scholars as the debates of first generation
feedstock and second generation feedstock.

The next section provides scenarios for land use change dynam-
ics in relation to actual crop production. In other words this pro-
vides the potential effects of land use change dynamics on the
current and future potential feedstock supply for cogeneration.
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6.2. Scenarios for sugarcane production and land use change dynamics

The simulated scenarios partially respond to the first objective
of examining the effects of land use change dynamics on the cur-
rent and future potential feedstock supply for cogeneration. The
effect of land use change dynamics has an influence on the dynam-
ics in sugarcane production. This is based on the premise that land
is one of the key factors required for ensuring supply of electricity
production feedstock. The current and future potential of sugar-
cane supply required for producing feedstock needed for cogener-
ation is presented in three scenarios, namely, business as usual,
alternative and the pessimistic scenarios.

The business as usual scenario in Fig. 10, illustrates a continued
decline in sugarcane production to as little as just above 45,000
tonnes by 2035. This is not only a threat to the sugar industry
but also the energy sector, which has been relying largely on the
contribution of bagasse derived energy production. This decline
is in tandem with the declining sugarcane production land and
increased use of land for infrastructure development.

However, the alternative scenario in Fig. 10 indicates that the
highest recorded sugarcane production of 580,000 tonnes can still
be achieved by the year 2028 through enhanced policy interven-
tions. More-so the projections also anticipate a rise beyond
600,000 tonnes by 2035. While production of sugarcane is not
dependent on land only, other variables, such as, climate factors,
improved mechanisation, change of crop varieties and improved
fertilization have been considered as key factors that can improve
yields. This alternative scenario factors take into account the need
for monitoring and forecasting crop growth to aid in ensuring opti-
mum yield production as explained in Section 4 for the good of the
sugar industry.

The pessimistic scenario illustrated in Fig. 10 indicates a slow
growth in annual sugarcane production from 50,000 tonnes with
a marginal increase of not more than 15,000 tonnes over the
23 year period. Despite the policy interventions, the higher
demand of land for other uses, such as infrastructure developed
land, may outweigh the sugarcane production threshold. This sce-
nario is characterized by a decline in sugarcane land to nearly
45,000 ha.

6.3. Scenarios for feedstock supply

Feedstock availability depends not only on the overall sugar-
cane production modeled in the previous sub-model, but the har-
vesting techniques also contribute to the type and quantity of
feedstock. This sub-model primarily focuses on building scenarios
for the preservation of sugarcane waste, in particular bagasse and
trash. The sub-model infuses the green technology options that can
be undertaken to ensure better utilization of sugarcane waste. The
simulated scenarios presented in Fig. 11 are based on green har-
vesting and traditional harvesting the latter involves burning trash
in the field. This therefore provides a consolidated response to the
first objective of the SSDM demonstration which seeks to determine
the future potential of feedstock supply for cogeneration. Essentially
the sub-model provides three basic scenarios namely the business
as usual, alternative and pessimistic scenario.

The business as usual illustrated in Fig. 11 shows a continuous
decline in bagasse supply from over 150,000 tonnes to less than
125,0000 tonnes over the simulated time frame. The decline sce-
nario is in tandem with the simulated decline in international
sugar market price predicted to be less than 15 cents by the year
2035. This scenario is based on the premise that there is limited
policy intervention in the conversion pathways of sugarcane pro-
duction described in the previous sub model scenarios as explained
in Figs. 10 and 9. In addition the harvesting approach is assumed to
be burning; hence the feedstock supply is bagasse only.

The alternative scenarios (AS) illustrated in Fig. 11 assumes
intervention measures and hence demonstrates a rising supply of
bagasse over the years. This is projected to be close to 158,000 ton-
nes by 2035. In addition to good sugarcane production is the intro-
duction of green harvesting techniques [40]. This provides
additional sugarcane waste. The preservation and processing of
sugarcane waste provides the additional feedstock from trash
and off cuts. As shown in Fig. 11 feedstock supply is incremental
with time with an initial supply of over 250,000 tonnes in 2017
to over 1000,000 tonnes by 2035. The simulated trash and offcuts
supply starts around 2017, with the consideration of building the
trash processing plant and subsequent full scale running of
the plant providing additional supply for electricity generation.
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Fig. 9. Land use change dynamics simulation scenarios.

The total processed feedstock provides the overall bagasse and pro-
cessed trash and off cuts ready to use to generate electricity. The
feedstock supply shows an increasing trend over simulated time
span. The scenario provides overall supply from both bagasse and
trash supply.

The pessimistic scenario illustrated in Fig. 11 shows an increas-
ing trend in total feedstock supply similar to the alternative sce-
nario. However the total projected additional bagasse is less than
the alternative scenario. Over the years between 2012 and 2035
bagasse is projected to increase by 8000 tonnes and less than
2000 tonnes between the alternative and optimistic scenario
respectively. The total processed feedstock shall increase with
time. However by 2035 this will be 910,000 tonnes and 850,000
tonnes between the (AS) and (PS) scenarios compared to closely
125,000 tonnes projected for the same year under the (BAU)
business as usual scenario. Despite vagaries of nature together
with decline in land for sugarcane production the alternative and

simulated scenarios point to the potential of policies in ensuring
optimum supply of feedstock over the projected time period. The
next scenarios seek to determine the potential electricity genera-
tion threshold from bagasse/trash as an energy source in Mauritius.

6.4. Scenarios for electricity generation

Scenarios built in this sub model provide the potential electric-
ity generation threshold from bagasse/trash as an energy source in
Mauritius. The sub model takes into account an array of factors
among which feedstock supply and technology efficiency are crit-
ical factors for optimum electricity production [5] The sub model
builds scenarios comparing bagasse feedstock based plants includ-
ing trash and offcuts feedstock, taking into account other compet-
ing priorities for this feedstock. Essentially the sub model provides
three basic scenarios namely the business as usual, alternative and
pessimistic scenario.
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Fig. 10. Land use change dynamics and sugarcane production.

The BAU presents current electricity generation from bagasse
only as a feedstock. The bagasse supply is anticipated to decline
with time from about 300 GW h to as little as 50 GW h by 2035
as illustrated on Fig. 12. This projection assumes no intervention
measures at all to protect and promote sugarcane production in
the sugar industry. The slight increase in the year 2021 and
2027, from 135GWh to 150GWh and 60GWh to about
70 GW h respectively and this is far less than half of the current
generation. In essence the decline in electricity production is in
line with the declining trend of bagasse supply projected to be less
than 125,000 tonnes by 2035. In essence this scenario shows a
gloomy picture for the bio-derived electricity generation industry.

In contrast assuming the current feedstock supply is retained,
and intervention measures are in place, the alternative scenario
illustrated in Fig. 12 shows an increase in bagasse derived electric-
ity to more than 400 GW h per annum by 2035. This scenario is

dependent on constant supply of sufficient feedstock (bagasse).
The alternative scenario also provides additional electricity gener-
ated from trash and off cuts feedstock. Projections point to an addi-
tional 80 GW h of electricity by 2035, leading to a combined
electricity generation total of nearly 500 GW h which is about
60% increase in electricity generation from sugar derived feedstock.
Simulated projections illustrate that trash feedstock derived elec-
tricity will begin around 2017 instead of the base year and that sig-
nificant generation of electricity can be around year 2022 with
more than 400 GW h, owing to the given delay and time for invest-
ment and construction of trash and off cuts processing plant.

The pessimistic scenario illustrated in Fig. 12 indicates a posi-
tive future for the bio-derived electricity generation sector. The
total amount of electricity generation is projected to be approxi-
mately 450 GW h by 2035. This scenario is far more encouraging
compared to the business as usual scenario. The difference in the
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Fig. 11. Bagasse and trash generation potential.
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two is nearly 250 GW h of electricity over the same year (2035).
The scenario however shows a surge in electricity supply from
trash especially around the mid-term of the simulated time frame.
Bagasse derived electricity is equally on the rise although this is
less compared to the alternative scenario. The cumulative effect
of the various factors explained in Figs. 11, 10 and 9 including feed-
stock supply and the response to vagaries of nature may help
explain the envisaged pessimistic scenario.

6.5. Emission avoidance from sugarcane derived electricity production

The simulated results of this sub section models the emission
avoidance based on the total annual sugarcane based electricity
generation. In particular predictions focus on carbon dioxide and
sulphur dioxide avoidance based on the total annual electricity
generation potential. In other words the scenarios extracted from

the sub model thus aid in predicting the environmental benefits
from optimizing electricity value of sugarcane production systems.
Benefits are derived from emission avoidance from bio-derived
electricity generation compared to highly fossil fuel dependent
co-generation plants. Fig. 13 therefore illustrates the business as
usual, alternative and pessimistic scenarios respectively.

The business as usual scenario illustrated in Fig. 13 indicates a
decline in both CO, and SO, over the simulated time frame. Essen-
tially carbon dioxide is projected to decline from 300,000 tonnes to
30,000 tonnes between year 2012 and 2035 respectively. A similar
trend is projected for sulphur dioxide from 3000 tonnes to 95 ton-
nes over the same period. This trend is based on bagasse electricity
generation only.

It is observed from the alternative simulated scenario (illus-
trated in Fig. 13) that bio-derived electricity generation can
achieve more than 400,000 CO, tonnes and close to 45,000 SO,
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Fig. 12. Bagasse and trash electricity generation potential.

tonnes of avoided emissions by 2025, as illustrated in Fig. 13. This
trend is anticipated to increase with time with projections rising
up-to over 450000 for CO, and 50,000 for SO, respectively by
2035. Apart from the increasing trend contrary to the business as
usual is the significant increase in the total emissions avoided
due to increase in total electricity generation from the sugar
industry.

The pessimistic scenario (illustrated in Fig. 13) similarly indi-
cates increased emission avoidance over the total simulated time
span. CO, emission avoidance is projected to increase from
310,000 to nearly 430,000 tonnes per annum. On the other hand
SO, emission avoidance is projected to increase to 420,000 tonnes.
Although this is comparatively less than the alternative scenario,
this point to the needed environmental benefits that can be
accrued from optimizing electricity produced from the sugar based
industrial systems. Essentially the three simulated scenarios

illustrated on this sub model illustrate the environmental benefits
accrued in terms of emission avoidance over the projected time
line.

7. Conclusion and future work

The simple system dynamics model of land use change, sugar-
cane production, harvesting and electricity production from
bagasse and trash presented in this paper demonstrates the ability
of systems analysis to simulate scenarios for bagasse and trash
derived electricity generation in Mauritius. Systems dynamics cou-
pled with GIS based data can model the complexity in bio-derived
electricity generation across the conversion pathways from bio-
mass production to the net environmental benefits. The model pro-
vides knowledge expansion on ways of optimizing bio-electricity
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Fig. 13. Emission avoidance from sugarcane derived electricity production.

generation from sugarcane production systems. The ‘what if sce-
narios presented in the form of different scenarios evaluate the
sensitivity of the system to important and realistic alterations in
those factors driving not only on land use change, but also the elec-
tricity generation production process and positive environmental
spinoffs. Among the insights gained, the study showed that effec-

production. Further work can focus on cost benefit analysis, net
socio-economic transformation indicators such as employment
opportunities. While societal perception has been incorporated in
the land use sub model, a complementary analysis of the policy
and institutional framework may provide a basis for determining
the feasibility of and need for optimising sugarcane production

tive policy interventions and capital investment on technological systems.
development can optimise the electricity value of sugarcane pro-
duction systems throughout the simulation period. The developed Acknowledgements

model may complement more established empirical approaches in
land change science and sugarcane production, enhancing the
understanding of complex interactions in sugarcane based electric-
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